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ABSTRACT: Laser annealing is a competitive alternative to conven-

tional oven annealing of block copolymer (BCP) thin films enabling
rapid acceleration and precise spatial control of the self-assembly
process. Localized heating by a moving laser beam (zone annealing),
taking advantage of steep temperature gradients, can additionally

yield aligned morphologies. In its original implementation it was a0Ms

limited to specialized germanium-coated glass substrates, which h

on §j

s

absorb visible light and exhibit low-enough thermal conductivity to
facilitate heating at relatively low irradiation power density. Here, we
demonstrate a recent advance in laser zone annealing, which utilizes a
powerful fiber-coupled near-IR laser source allowing rapid BCP annealing over a large area on conventional silicon wafers.
The annealing coupled with photothermal shearing yields macroscopically aligned BCP films, which are used as templates for
patterning metallic nanowires. We also report a facile method of transferring laser-annealed BCP films onto arbitrary surfaces.
The transfer process allows patterning substrates with a highly corrugated surface and single-step rapid fabrication of

multilayered nanomaterials with complex morphologies.
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lock copolymers (BCPs), thanks to their ability to self-
B assemble into ordered nanometer-scale morphologies,

have been long recognized as a convenient synthetic
platform for various nanostructured materials.'" While BCPs
have found use as bulk heterogeneous materials, e.g., high-
performance elastomers,” their anticipated potential lies in
solution-based” and thin-film applicationsf‘_7 As thin films,
these periodic nanostructures can be utilized as filtration®™ "
and ion-conducting membranes,"' ™" lithography masks,'*~"*
and electronic™® and photovoltaic materials."” ™' Despite
numerous efforts, reaching the point when practical
implementation of BCP self-assembly can compete with
conventional top-down fabrication remains a challenge. It is
primarily hindered by impractically slow self-assembly kinetics
caused by high viscosity of these materials and by high density
of kinetically trapped structural defects present in sponta-
neously ordered films.”*® Typically, spontaneous self-
assembly yields only short-range ordered BCP morphologies
with grain size not exceeding several repeats of the spacing
between the microdomains.”* The introduction of directing
biases during the microphase separation, known as directed
self-assembly (DSA), induces long-range order and, frequently,
shortens the time of annealing.”> Currently, the arsenal of DSA
techniques is very extensive and includes methods based on
physical and chemical interactions.”*™*® The former include
utilization of electric®™>* and magnetic fields,** ™" mechanical
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shearing,”®*” and graphoepitaxy.”™*" The latter rely on

altering chemical interactions between block copolymers and
their environment. Notably, chemical epitaxy DSA involves
patterned substrates, which induce preferential or neutral
wetting of BCP blocks.'”**~*" Alternatively, self-assembly can
be accelerated by lowering BCPs’ viscosity by blending them
with low molecular weight polymers*® or other plasticizers
such as small molecules during exposure to solvent vapor*~>"
or immersion in a poor solvent.””>

Thermal zone annealing DSA methods utilize nonuniform
temperature fields, which, through steep temperature gradients,
impose a directional bias on the §rowth of BCP domains,
leading to long-range alignment.””** Depending on the
temperature regime of an experiment, “cold zone annealing”
(CZA)**** or “hot zone annealing” (HZA)**™*° can be
pursued. In the case of HZA, the ordering and alignment
proceed when the polymer is cooled from the isotropic melt
through the order—disorder transition temperature, Topr,
resembling directional solidification of crystalline materi-
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als.*”*" Cold zone annealing experiments, where the BCP

undergoes order—order transition (OOT), have also been
reported,”” but typically, the material is moved across a
thermal zone with lower-bound temperature above the T,
enabling morphological rearrangements, but with upper-bound
temperature well below the Topr or Toor-°

Recently, new hybrid zone annealing methods have been
proposed. In particular, dynamic sharp temperature gradient
zone annealing (S-CZA) proposed by Singh et al. exploits
morphology-directing shearing effects present when nonsta-
tionary, sharp thermal gradients are induced by the movement
of a hot wire under the BCP film.”*** The shearing caused by
thermal expansion effects can be further amplified by
application of a soft elastomeric PDMS pad on top of the
BCP, leading to large-area uniaxial alignment of cylindrical
domains in the heated-zone movement direction in soft-shear
CZA (SS-CZA).*® A nonthermal analogue of this approach is a
combination of solvent vapor annealing plasticizing the BCP
and soft mechanical shearing caused boy swelling and expansion
of the PDMS reported by Vogt et al.’ and further explored by
Epps and co-workers.®”

As recently reviewed by Tan and Wiesner®® and by Nowak
and Yager,” laser processing of complex structured materials
has recently gained momentum as an alternative to conven-
tional processing techniques primarily for its superior spatial
control and time efliciency but also due to the advent of
affordable high-power laser sources. It has been employed in
processing polymeric materials ranging from photoresists and
polymeric inks to block copolymers. Laser annealing (LA)
experiments, which utilize nonstationary beams, can be
effectively classified as zone annealing methods due to the
highly localized nature of the photothermally heated
zone.”"’°~"* Depending on the power density of laser
illumination, the maximum temperatures reached in the
experiment may exceed”>””® or may not reach the Topr of
the material,””’® analogous to HZA or CZA, respectively.
Laser heating enables very fast ordering of BCP morphologies
by providing extremely rapid access to annealing temperatures,
which would otherwise irreversibly damage the material during
the prolonged exposures.'”’® Acceleration of grain-growth
kinetics and shortening of the annealing duration to mere
milliseconds”*”*”*7® and even to a sub-millisecond regim668'70
have been reported in photothermal annealing experiments.

More complex laser annealing techniques were proposed;
Singer et al. have demonstrated how a combination of
directional evaporation of residual solvent and a highly
localized laser directs the orientation of polymeric micelles in
PS-b-PDMS thin films.”” The soft-shear laser zone annealing
(SS-LZA) technique stems from SS-CZA utilizing a focused
laser line to induce an elongated “hot zone” in the BCP film
clad with a thick elastomeric pad.”*™ Large differences
between thermal expansion coeflicients of a BCP-supporting
substrate and the elastomer induce soft shearing and alignment
of BCP morphology. This approach is effective in the
alignment of various BCPs provided that the time scales of
photothermal shearing are faster than morphological relaxation
of the polymer.78 To achieve eflicient photothermal shearing,
steep temperature profiles rapidly advancing across the BCP
substrates are required. For the alignment of macroscopic
samples, line- or ellipse-shaped laser beams are used with the
long-axis of the beam oriented perpendicular to the motion
direction.””® Such profiles can be induced at relatively low
aerial power density of laser illumination (p) only in the
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substrates with low thermal conductivity such as glass or fused
silica (k ~ 1 W m™ K™"); however the transparency of such
substrates to the visible and near-IR photons (4 = 0.4—2.7 um)
introduces another challenge.”*”>”® To alleviate this problem,
BCP-supporting substrates can be coated with light-absorbing
layers, ef., sputtered germanium (5_32 nm, 3 W, p,, ~ 10 W
mm™~2)** or spin-coated graphene’® (1064 nm, p,, ~ 20 W
mm™?). In addition, the germanium-glass substrates require
passivation with a thin layer of silicon nitride if further
chemical conversion of the BCP is necessary.”” Utilization of
silicon substrates, which are the gold standard in BCP research,
seems to be the natural direction in which laser annealing
methods should evolve. It is however quite a difficult task to
photothermally heat a macroscopic area of a standard silicon
chip (0.5 mm thick) due to the very high thermal conductivity
of this material, k = 148 W m™" K™', comparable to that of
aluminum alloys®’ and rapid dissipation of the deposited
energy. This difficulty can be overcome by decreasing the size
of the illuminated spot along with increasing the illumination
power density. This approach, with the use of a (532 nm, 350
mW) laser focused with a microscope objective (0.66 um,
Gaussian fwhm, p,, ~ 350 kW mm™2) called focused laser
spike (FLASK) annealing, has been demonstrated by Singer
and co-workers,***> who also took advantage of the “self-
focusing” properties of Si, i.e, the decrease of its thermal
conductivity with temperature, which in a positive feedback
loop helps the heating. Similarly, Thompson et al. have used an
ellipse-shaped near-IR beam (980 nm, 60 W, p,, &~ 120 W
mm~?) to reach temperatures above the order—disorder
transition temperature (700 °C) of a PS-b-PMMA BCP.”*

~

RESULTS AND DISCUSSION

We present a recent advance in the laser zone annealing
method that enables large-area uniaxial alignment of BCP
samples on conventional silicon substrates. Our method
combines laser heating (980 nm, 30 W laser) with soft
shearing, allowing rapid monodomain-type ordering of
cylinder-forming polystyrene-block-poly(2-vinylpyridine) (PS-
b-P2VP) block copolymers over a macroscopic area (>2 cm?)
during a few-minutes-long annealing experiment. Photothermal
annealing is performed in the cold-zone thermal regime, i.e.,
without crossing the Topy. We describe the construction of a
small-footprint annealing device powered by an industrial fiber-
coupled diode laser and characterize its optical parameters and
thermal performance. We examine the influence of key BCP
processing parameters such as illumination intensity, the
duration of annealing, and base temperature on the efficiency
of BCP morphology alignment and demonstrate the
application of our method in patterning complex BCP motifs
on various substrates. Our study also addresses the problems
that inadvertently arise in the high-power laser annealing. In
particular, we emphasize the necessity of the reproducible
thermal-grounding and adequate dissipation of heat from the
sample, which prevents uncontrollable bulk heating due to the
significant accumulation of energy deposited by the beam.
Figure la shows an overview of the two principal elements of
our laser annealing setup: the IR diode laser head and the
vacuum chamber mounted on a motorized stage. We utilize a
30 W laser with a 980 nm multimode diode emitter dedicated
for industrial cutting and engraving applications with custom-
built power control. The 980 nm radiation selected for our
experiments presents a compromise between the photon
absorption depth in silicon (& 100 um),** light intensity losses
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Figure 1. Overview of the compact laser annealing setup. (a)
Cutaway view of the optical head shaping the beam into a narrow
line with a connected optical fiber. The beam is projected onto a
sample inside a low-profile vacaum chamber mounted on a linear
translation stage. (b) Block copolymer thin-film sample on a
silicon substrate capped with a layer of transparent PDMS
undergoing laser annealing in soft-shearing mode (SS-LZA). The
line-shaped beam is continuously rastered across the sample with a
PDMS cap acting as a shear-inducing element. (c) Metallic
platinum nanowires on Si obtained by templated synthesis in the
aligned cylindrical PS-b-P2VP diblock copolymer film after 8
cycles of photothermal annealing at 0.32 mm s~ with 24 W beam
power.

due to reflection (R ~ 30%),** and commercial availability of
high-power laser diodes. It is worth noting that the 980 nm
beam can be detected by an off-the-shelf digital camera, which
is very helpful at the stage of alignment and operating the
setup.

The use of fiber-optics to deliver the beam to a small
cylindrical head with beam-shaping optics renders the setup
very compact (<20 cm X 20 cm X 20 cm) and minimizes its
overall footprint in a laboratory. Block copolymer samples on
silicon substrates are placed on the aluminum baseplate. A
thin, 50 um, layer of high-temperature resistant vacuum grease

is used to secure Si chips and to provide thermal contact with
the plate. The baseplate is placed inside a low-profile vacuum
chamber evacuated to <1 mbar, which prevents oxygen
degradation of polymers at high temperatures. The chamber
is mounted on a translation stage, enabling controlled
bidirectional motion of the substrate. The light emitted by
the optical fiber is focused by a set of spherical and cylindrical
lenses into a long narrow line oriented perpendicularly to the
motion direction (Figure 1b). The BCP films are clad with a
transparent layer of cross-linked polydimethylsiloxane
(PDMS) elastomer, which due to high coefficient of thermal
expansion, imposes shear stress that directionally aligns the
underlying BCP morphology.” Figure 1c shows an example of
an aligned layer of cylinder-forming polystyrene-b-poly(2-
vinylpyridine) with a total molecular mass of 116 kg mol™’
(C116) converted to a platinum nanowire replica® after 8
bidirectional passages (cycles) of the laser line at 0.32 mm s~
velocity. The cylinders align parallel to the laser passage
direction.

The optical profile of the line at the sample plane shown in
Figure 2ab is approximately 120 ym (fwhm) by S mm
(fwhm), dictated primarily by the diameter and numerical
aperture of the optical fiber (0.22 and 100 ym, respectively),
and a ratio of focal lengths of the lenses (more details provided
in the Supporting Information). As expected, the optical
emission profile of the multimode diode laser is non-Gaussian.
After focusing, intensity inhomogeneities (spots) are present in
the 2D profile of the laser line (Figure 2a). Due to the
resolution of the optical profiler, they are less pronounced in
the short-axis profile of the laser line and only manifest as
beam-broadening sidebands but are clearly visible along the
length of the line (SI Figure S3). These inhomogeneities,
however, are mostly suppressed in the resultant thermal
profiles due to the high thermal conductivity of silicon (Figure
2¢). It should be noted that both PS-b-P2VP and PDMS are
transparent to 980 nm IR radiation,”**” and both are heated
indirectly by heat conducted away from the irradiated surface
of silicon. Despite poor heat conduction of polymeric materials
(~1 Wm™ K™), due to negligible BCP film thickness (<100
nm) and relatively low laser line velocity used here, the
variation in temperature of the polymer in the direction normal
to the surface can be neglected and assumed to be equal to that
of the underlying Si surface.’”® Surface temperature profile
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Figure 2. Optical and thermal fields used in laser annealing. (a) 2D optical profile of the laser line recorded at the sample position. (b)
Transverse profile of illumination intensity profile, integrated over a 2-mm-wide central portion of the line. A fit to a Gaussian function is
shown in red. (c) Silicon surface temperature profile across the laser line at 27 W of incident power recorded in vacuum. Data points
obtained by melt-mark analysis and conventional thermocouple measurements are marked by black and blue circles, respectively. The red
line is a guide to the eye. Full-width at half-maximum parameters are provided for both optical and thermal profiles.
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shown in Figure 2c recorded at 27 W of incident laser power
was obtained by combining melt-mark analysis™* data (SI
Figure S4) near the center of the line with conventional thin
gauge thermocouple measurements in the far field. The rise in
temperature over the ambient value, AT, caused by laser
illumination, rather than the absolute temperature value, is
shown in the plot to facilitate conversion between different
power of illumination and changes in absorption due to the
presence of an antireflective BCP layer.*®

Due to the short time scales of heat diffusion (~ 0.4 s, see eq
3 and Figure S7 in the SI) and fast thermal equilibration, the
stationary temperature profile acquired under static beam
illumination is closely matching the instantaneous temperature
distribution in the sample during steady slow motion (<1 mm
s7') laser sweep.”* While the thermal history of the sample
during each laser sweep can be conveniently obtained from
temperature profiles by converting the spatial coordinate to
time, it is worth noting that heat dissipation is fast enough to
limit heat accumulation over consecutive annealing cycles and
bulk sample heating. Therefore, all laser sweeps and annealing
cycles performed at constant velocity and laser power are
thermally identical.

The width of the thermal zone in Si (fwhm,,,, ~ 1000
um) is significantly broader than that previously reported for
LZA experiments, which utilized germanium-coated glass
substrates (3 W, fwhm,, = 20 um, fwhmyemy = 92
um).”* At the same time, the peak temperature is reduced from
500 °C to 300 °C. The hot zone shapes differ due to several
factors: the larger width of the optical profile of the 980 nm
laser line, much larger thermal diffusivity of Si (~90 mm? s™")
compared to glass (~0.5 mm?* s7'),*" and larger depth of
penetration for 980 nm (absorption depth z, = 102 pm)**
compared to germanium (<100 nm for 532 nm). For the
above-mentioned reasons, it is not possible to obtain equally
high and steep temperature profiles in Si as in poorly
conducting substrates without resorting to much more
powerful laser sources. Alternatively, at the expense of the
size of the annealing zone, the beam can be focused to a
smaller elliptical or circular spot. A quantitative comparison of
temperature profiles induced in Si and glass/Ge substrates
during laser annealing is presented in SI Figure S11.

Notably, we found that proper thermal grounding, i.e., stable
thermal contact between the bottom Si surface and the sample
carrier bar, is of primary importance in photothermal annealing
experiments. A thin layer of vacuum grease or other thermally
stable heatsink compound is necessary to prevent thermal
runaways. In contrast to the glass-germanium substrates, where
the heat diffusion process is primarily determined by poorly
conductive glass,”* thermal resistance of the grease layer has to
be taken into account in high-power laser heating of Si
(Section S of the SI). To ensure reproducibility of thermal
profiles in each laser annealing experiment, we devised a simple
tool allowing precise gap-alignment during sample mounting
(SI Figure S10).

Temperature gradients are necessary to induce the soft-
shearing effect responsible for laser alignment of BCP
morphologies both in the hot-">”> and cold-zone modes of
BCP processing.”® The in-plane shear stresses accumulate in
the locally heated zone at the boundary between two materials
with different coefficients of thermal expansion (ag = 2.57
ppm K7, apg = 70 ppm K™).*" This effect can be greatly
enhanced by the application of a macroscopically thick (~0.5
mm) cross-linked polydimethylsiloxane pad on top of the BCP
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film (atppys = 320 ppm K™').”° We have chosen this approach
as particularly effective in the cold-zone mode of laser
annealing, in which the elastomeric pad transduces shear
stresses to the underlying BCP domains. The domains remain
in an ordered microphase-separated state throughout the
process and align over a macroscopic area in response to shear
stresses. Conversely, highly localized hot-zone processing,
applicable to systems with accessible Topr, does not require
shear enhancement and was demonstrated to locally guide the
BCP patterns.””

Due to the thermal properties of silicon outlined above,
surface temperature gradients in this work (63 K mm™" at
fwhm of the AT profile) are more than 1 order of magnitude
smaller than those in glass (~10° K mm™').>® Lower
temperature gradients lower the shear stresses in the BCP
film, which, in turn, translate to lower shear rates in the
dynamic annealing experiments. In our experiments we have
tested the influence of high-temperature transients and soft
shearing on thin films of PS-b-P2VP, the material whose
propensity for the SS-LZA alignment has previously been
shown to be relatively insensitive to the shear rate.”® Despite
much lower temperature gradients and lower peak temper-
atures used in the current work, the morphology of cylinder-
forming PS-b-P2VP BCPs macroscopically aligns in the
direction of laser line movement. Figure lc shows a scanning
electron microscope (SEM) image of a well-ordered and highly
aligned monolayer-thick film of C116 processed by laser
annealing at optimized conditions after conversion to a
metallic replica,”’ which clearly demonstrates the utility of
our approach. It has been previously shown that PS-b-P2VP is
quite insensitive to the shear rate employed in photothermal
processing and responds by morphology alignment in soft-
shearing experiments performed over a broad range of laser
sweep velocities.”® Following this observation, we have
selected a constant laser line passage velocity of 0.32 mm s~
to test the influence of thermal fields on BCP ordering in this
study. This relatively fast velocity helps mitigate thermal
damage to the samples caused by a prolonged residence of
BCPs in the hot zone. The results of annealing at faster sweep
velocities are presented in SI Figure S12.

Figure 3 shows the influence of the number of annealing
cycles and the ambient temperature (T}, base temperature of
the thermal profile) on the quality of alignment of C116
morphology. We quantitatively assessed the degree of
alignment by analyzing azimuthal spread of fast Fourier
transform (FFT) spectra shown in the insets of SEM images
expressed as a circularly wrapped orientational order
function:”>”*

1—772
1+172 —4172 cosz(p

I(p) =

where 7 is the orientational order parameter and ¢ is the angle
along the arc of the FFT image. Interestingly, a significant
improvement in the quality of alignment compared with
experiments performed at maximum laser power can be
attained after lowering it to 24 W and compensating it with
increased base temperature (T,) without encountering a
problem of thermal damage to the sample observed at the
maximum power (SI Figure S17). To investigate this effect, we
selected three different base temperatures, 30, 60, and 90 °C.
We intentionally selected the maximum Tj, value not to exceed
the T, of both blocks (~ 100 °C) to limit the isotropic BCP
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30°C

60°C

Figure 3. Influence of base temperature and the number of soft-
shear laser annealing cycles on PS-b-P2VP C116 morphology.
SEM images show metallic Pt replicas of the BCP after LA
experiment at 24 W and 0.32 mm s~ laser sweeping speed at the
base temperature of 30 °C (a—c), 60 °C (d—f), and 90 °C (g—i).
The insets show FFTs with calculated orientational order
parameter (1) values.

ordering in the regions located on the shoulders of the laser-
heated zone. Furthermore, we tested the influence of the
annealing time (number of cycles) on the degree of alignment.
Even at the lowest base temperature, just 2 cycles of annealing,
lasting only 2 min, are sufficient to order the BCP and orient
its morphology (Figure 3a). Nevertheless, the decrease in laser
power results in the proportional down-shift of the thermal
profile, and only a moderate degree of morphology alignment
is observed, as shown in Figure 3a—c. For the increased base
temperature series (60 °C), we observed a moderate
improvement in 7 but a lack of clear progression of this
parameter with time (Figures 3d,e). Increasing the Ty even
turther, to 90 °C, radically improves the quality of alignment.
After 32 cycles of processing (Figure 3i), 5 reaches a near-
saturation value, and its deviation from unity results from the
initial choice of the analysis parameters (background cutoff
value in FFTs) which are set for all analyzed images. We
postulate that this effect results from the widening of the hot
zone in which the BCP resides and in which its morphology
can respond by aligning to relieve the accumulated stress field
induced by expansion of the PDMS. Importantly, the zone has
to be hot enough to enable such morphological rearrangement,
thus the observed increase in order parameter with the number
of annealing cycles.

Extending the width of the heated zone and increasing the
corresponding residence time in the hot zone has a negative
impact on polymer thermal stability. Block copolymer
morphologies have been shown to survive exposure to
surprisingly high temperatures provided that the residence
time at elevated temperatures is adequately short.”*’>"* To
test the threshold of thermal damage of laser-heated PS-b-
P2VP BCPs in vacuum, we performed a series of high-power
(27 W), high base temperature annealing experiments. We
identified the cumulative residence time of approximately 10 s
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at 300 °C (arbitrary reference temperature) to be the safe limit
for thermal damage, as seen in the sample processed at Ty, = 60
°C for 8 cycles at 0.32 mm s~, which does not present signs of
thermal degradation (Figure 4a). Conversely, an increase of
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Figure 4. SEM morphologies of C116 PS-b-P2VP after ordering at
the maximum laser power (27 W) with corresponding FFT circular
average plots. (a) After 8 cycles of laser passage at a base
temperature of 60 °C and (b) displaying symptoms of thermal
degradation after 32 cycles at 90 °C. Laser line velocity was 0.32
mm s~'. The images show a metalized (Pt) replica of the minority
P2VP domains. The insets show FFTs with calculated orienta-
tional order parameter (#) values. In circularly averaged plots g,
indicates the primary peak position in the FFT and d, is a
corresponding real-space periodicity.

base temperature to 90 °C, which increases the residence time
at 300 °C to 25 s, leads to thermal damage at the same
processing conditions. Even though the macroscopic symp-
toms of thermal degradation and dewetting were still not
observed, the quality of alignment quantitatively measured by
the azimuthal spread of the FFT of the SEM image indicates a
large spread in the in-plane orientation of the domains.
Moreover, we observed an increased deviation in the cylinder-
to-cylinder distance manifested by the widening of the FFT
correlation peak in the radial direction (Figure 4b). We
attribute this effect to partial degradation of BCP and chain
fragmentation, which increase the polydispersity index of
polymer chains."

Furthermore, at high-power processing conditions, we
periodically encountered a problem of uncontrolled PDMS
delamination from the BCP surface during the soft-shearing
experiments, leading to instantaneous degradation and ashing
of the elastomer (SI Figure S17). We observed that such
incidents are usually triggered by the hot-spots located near the
air pockets entrapped near the solid particulates at the
boundary between PDMS and BCP. To reduce this type of
surface contaminants, we microfiltered BCP solutions prior to
deposition on Si and removed air bubbles trapped under
PDMS by an application of vacuum.

We tested the utility of soft-shear laser annealing in
alignment of homologous PS-b-P2VP cylindrical diblock
copolymers of various molecular weights, starting from 45
kg/mol (C45), to relatively large molecular weight, 188 kg/
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mol (C188) and 275 kg/mol (C275), materials. Under the LA
processing conditions optimized for annealing (P =24 W, T}, =
90 °C, v = 0.32 mm s™*) and after 8 cycles, the ordering and
alignment were observed in all tested systems as shown in
Figure Sa. Although the dislocation defects in the BCP
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Figure 5. Platinum nanowires templated from laser-aligned
cylinder-forming PS-b-P2VP homologues of different molecular
weight obtained by the optimized SS-LZA procedure (24 W, 90 °C
base temperature, 8 cycles at 0.32 mm s™*). (a) Orientational order
parameters 7) that were calculated from FFTs of SEM images
indicate high quality of BCP morphology alignment. (b) AFM
height images and their cross sections reveal the topography of the
wires replicating the cylindrical shape of the poly(2-vinylpyridine)
cylindrical domains.

morphologies were not completely eliminated, we have
observed that we can minimize their density by optimizing
the thickness of the film. We found the optimum value to be
~20% greater than the BCP periodicity (L,). The periodicity
values inferred from analysis of SEM or AFM images analysis
(Figure Sb and c) equal 30, 45, 70, and 82 nm for C4S, C116,
C188, and C275, respectively. The panels in Figure Sb
represented cross sections of AFM images perpendicular to the
orientation of the BCP nanowire replica, revealing their three-
dimensional cylindrical shape. The difference in height
between C4S5 and C116 is quite significant, around 15 nm.
On the other hand, heights of C116, C188, and C275 are
similar (21—24 nm). It is likely that the AFM tip was not able
to scan deep enough to probe the absolute height value.

The fact that high-molecular-weight BCPs, e.g, C275, are
alignable using our laser annealing method underlines the
utility of this technique for processing large-MW BCPs for
which the microphase separation and kinetics of the grain-
growth process rapldly decrease with the polymer’s degree of
polymerization.”> Moreover, C116, C188, and C275 PS-b-
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P2VP homologues do not form well-ordered horizontal
cylinder morphologies during conventional thermal annealing.
Instead, they self-assemble into poorly ordered vertical
cylinders (SI Figure S18), which indicates the importance of
the soft-shearing component.

ALIGNED BCP AS SYNTHETIC TEMPLATES FOR
MULTILAYERED NANOMATERIALS

We used block copolymer films aligned in our laser-annealing
apparatus as selective deposition templates for patterning
inorganic nanomaterials on various substrates. Block copoly-
mers containing 2-vinylpyridine blocks can be readily
converted to a metal or a metal oxide rephca in processes
known as aqueous metal reductlon (AMR)”" or sequential
infiltration synthesis (SIS),”® respectively. Here, we take
advantage of the high-throughput capability of our laser
annealer, which allows preparation of large-area aligned BCP
films on Si substrates, which are subsequently used as
patterning templates. As demonstrated herein, the aligned
master templates can be floated onto a water surface and easily
transferred onto new substrates (Figure 6a). The flotation and

Figure 6. Wet transfer technique of patterning surfaces with laser-
aligned C116 PS-b-P2VP BCP films. The flotation of the aligned
film on the water surface after dissolution of the poly(4-styrene
sodium sulfonate) sacrificial layer (a). The aligned film retains the
high quality of morphological alignment after it is collected on a
fresh Si wafer and metalized to produce an array of Pt nanowires
(b). The wires conformally coat a sharp step near the edge of the
wafer (c). Two-layer rectangular Pt nanomesh obtained after
single-step metalization performed after stacking the aligned BCP
films (d).

transfer steps rely on the use of water soluble sacrificial
polymer® or acid-soluble oxide layer’” underlying the BCP
film. After performing several experiments with various
sacrificial-layer materials, poly(acrylic acid) (PAA), poly-
(diallyldimethylammonium chloride) (PDADMAC), and
polystyrene sodium sulfonate (PSSS), we concluded that
only PSSS is fully compatible with our laser annealing process
and, unlike PAA, it does not develop cracks even under
extreme heating conditions. Moreover, as opposed to acidic
PAA and PDADMAC, it does not have a tendency to form the
ionic or hydrogen-bonded complexes with the vinylpyridine
residues in PS-b-P2VP. After rapid dissolution of a 500 nm
thick sacrificial PSSS layer and flotation on the water surface,
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the aligned BCP films can be readily transferred onto a new
substrate without compromising the quality of alignment.
Figure 6a shows the Pt replica of the C116 film aligned by the
optimized SS-LZA protocol after the transfer onto another Si
wafer. The BCP conformally adheres to the new substrate
during gentle air drying followed by metalization and plasma
removal of the organic template. An array of Pt nanowires
oriented perpendicularly to the diced edge continuously coats
a deep (~2 pm) vertical step and its edges without visible
wrinkles, providing a clear evidence of the conformality of the
coating. To demonstrate that, we have transferred the aligned
S2VP C116 layer onto an edge of a diced silicon wafer.

As demonstrated previously, BCP-derived nanostructures
can be assembled in a step-by-step fashion, leading to
multilayered structures of interesting architectures and
functionalities.”””* ™% Unfortunately, this step-by-step ap-
proach in which each deposited layer is individually annealed
(or aligned) is rather laborious and time-consuming. Our
approach to multilayered BCP-derived nanoarchitectures
consists in stacking multiple layers of prealigned BCP film,
i.e., pieces of the large-area template with a control of registry
of alignment between the layers. After the stacking and drying,
the layers are converted to the inorganic nanomesh replica in a
single conversion step. We show the utility of this approach by
assembling a double-layered rectangular nanonet (Figure 6d)
composed of two orthogonally crossed arrays of Pt nanowires
derived from a stack of two C116 layers metalized by a single
exposure to a platinum salt solution. The quality of the NW
array of the top layer slightly deteriorates compared with the
bottom one, as evidenced by the broadening of the FFT
resulting from the lateral shifting of the NWs from the former
P2VP cylinders’ equilibrium positions. On closer inspection,
we ascribe these shifts to the lateral movements of the NWs
during the plasma etching, rather than to deformations in the
BCP film during the transfer, since the latter were not observed
during the monolayer transfers. It is likely that the top-layer
NWs displace when the oxygen plasma is undercutting the
polystyrene layer by which they are supported. The exposed
NWs tend to be attracted to their nearest neighbors due to the
preferential interaction energy between the freshly formed
metallic surfaces.

We tested the robustness of our patterning method by
transferring the aligned BCP films onto colloidal silica particles
(~800 nm in diameter) sparsely deposited on a Si surface.
Electron microscopy images of the silica spheres trapped under
the Pt nanonets are presented in Figure 7a—c. Interestingly, the
nets adhere tightly to the top half of the spheres and detach
from the curved surface near the equator, reminiscent of a
drop-cloth draping. The free-standing part of the net forms a
~30° angle with the Si surface and a 35° angle with the sphere,
relative to the normal surface vector at the point of contact.

CONCLUSIONS

In conclusion, we have demonstrated a facile way of obtaining
large-area uniaxially aligned cylindrical PS-b-P2VP BCP films
on easily accessible silicon substrates by cold-zone (i.e., without
crossing the Topr) laser annealing coupled to soft shearing.
Our method utilizes an industrial-grade diode laser, which is an
economical alternative to research-grade laser sources. The
diode radiation is coupled to an optical fiber and delivered to a
lightweight processing head, which renders the annealing setup
extremely compact. We believe that these features of our setup
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Figure 7. Patterning high-curvature 3D objects with nanonets
made from two layers of block copolymer. Side-view (a) and top-
down (b and c) SEM images of 800 nm silica spheres draped with
platinum nanonets obtained by metalization of two layers of
aligned cylindrical C116 PS-b-P2VP crossed at ~90°. Mechan-
ically, the crossed meshes are more stable than single-layer arrays,
which do not withstand plasma-ashing removal of the BCP
template and tend to form bundles in the unsupported regions (d).

facilitate broader utilization and development of the laser
annealing technique.

We have also demonstrated that all steps of laser annealing
can be successfully performed on BCP films coated on top of a
water-soluble sodium poly(styrenesulfonate) sacrificial layer
allowing transfer of the aligned BCP films onto arbitrary
substrates. A key advantage of the presented fabrication
approach is the acceleration of the previously described step-
by-step laser-assisted fabrication of multilayered BCP archi-
tectures.””" In principle, only a single laser-annealing step is
needed to prepare a reservoir (e.g, long sheet or roll) of well-
aligned BCP film, which can be readily transferred and stacked
on a new substrate. Interestingly, this wet transfer approach
yields conformal coating of highly corrugated substrates.

METHODS

Materials. Standard ~500 um thick single-sided polished
electronic-grade boron-doped (100) Si wafers purchased from
ITME, Poland, were used as polymer substrates. Cylinder-forming
polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) with PS major-
ity block and the composition 33.3 kg/mol-b-11.0 kg/mol (PDI =
1.05), 79.0 kg/mol-b-36.5 kg/mol (PDI = 1.05), 135 kg/mol-b-53 kg/
mol (PDI = 1.18), 185 kg/mol-b-90 kg/mol (PDI = 1.10) were
obtained from Polymer Source. In correspondence to the their
cylindrical morphology and total molecular weight, they are
abbreviated as C4S, C116, C188, and C27S5, respectively.

Thin Film Casting. The polymers were dissolved in dry toluene
(GPC grade, Carl Roth) to yield 1% (C4S) and 1.5% (C116, C188,
C275) w/w solutions. Solutions were filtered with a 0.20 yum PTFE
syringe filter. Silicon substrates (12 mm X 12 mm) were briefly
cleaned with oxygen plasma (PE-25, Plasma Etch, 150 mTorr O,, 100
W RF power, 120 s) immediately before the spin coating (SPIN150j,
SPS-Europe). Spin-coating speeds were adjusted to target dry-state
film thicknesses corresponding to approximately 1.2 cylinder-to-
cylinder distance (L) in each BCP, e.g,, 60 nm obtained at 2000 rpm
for 60 s in the case of C116 PS-b-P2VP for which L, = 45 nm. Film
thicknesses were measured using an optical reflectometer (F-20,
Filmetrics).
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Laser Annealing Setup. A high-power (30 W) solid-state 980
nm near-IR fiber diode laser supplied by Tomorrow’s System Ltd. was
used in photothermal annealing experiments. The beam emitted by
the fiber (NA = 0.22) was first collimated and then focused by a pair
of AR-coated plano-convex spherical and cylindrical lenses to project
a narrow line (120 ym fwhm by approximately 7 mm) onto the
horizontal plane of the substrate. The focus position was adjusted
with a micrometer-screw-driven translation of the optics pair, which
allowed compensation of the focus-plane shift due to the presence of
the vacuum window or controlled deliberate defocusing. Optical
profiles of the laser line were recorded by a CMOS beam profiler
(CinCam CMOS-1201-Nano, CINOGY) with a sensor positioned in
the sample plane. Laser power calibration was performed with a
thermal power sensor (PM310D, Thorlabs) positioned behind the
vacuum chamber window to accurately measure light intensity
arriving at the sample. Far field surface temperature profiles were
acquired under laser irradiation using a temperature logger with a fine-
gauge thermocouple sensor (K-type, SO um diameter, Omega
Engineering Inc.) secured at the center of the Si test chip surface
with a small amount of high-temperature cement (Omega Engineer-
ing Inc.). The test chip was mounted on the XY-translation stage in
place of a regular sample and scanned in 100 ym steps in the direction
perpendicular to the laser line to obtain the transverse temperature
profile of the hot zone. The scans were repeated at different positions
along the laser line. In the optical configuration used in this study, at
the illumination power of 27 W the width of the thermal profile was
1020 ym (fwhm) with the maximum temperature reaching 310 °C.
Length-wise thermal profiling revealed that the temperatures are
highly uniform within the central portion of the line and drop by 10
°C from the maximum temperature 3 mm away from the center. The
setup is equipped with electrical resistive heaters to provide an
additional degree of control over the base processing temperature
(Ty) of the chamber and fan cooling to help stabilize the temperature
by dissipating the heat delivered by the laser beam.

Laser Annealing with Soft Shearing. Si substrates with BCP
films were mounted on the polished surface of the aluminum
baseplate after application of a thin layer (50 ym) of nonvolatile
silicone grease (Dow Corning, high-vacuum silicone grease). The use
of grease, which provides thermal contact between the silicon and the
baseplate, is critical to prevent thermal runaways during laser
annealing in vacuum. Polydimethylsiloxane pads of 700 pm thick
(PDMS, Dow Corning, Sylgard 184, S:1 ratio of resin-to-cross-linker)
were prepared by curing a deaerated mixture under mild vacaum (0.1
bar) at 80 °C for 24 h. The pads were cut to wafer size and gently
transferred onto the top surface of the polymer films. The carrier bar
supporting the samples was placed inside a thermostated vacuum
chamber (= 1.0 mbar) fitted with a transparent glass window attached
to a motorized motion stage (ILS 250CC, Newport). The base
temperature of the chamber was stabilized for 15 min before starting
the laser heating. During laser annealing experiments, a constant laser
power of 24 W was used. The samples were swept across the laser line
at the constant velocity 0.32 mm s, previously optimized in terms of
the alignment response of PS-b-P2VP to photothermal shearing.” If
multiple sweeps were performed, the stage was moved across the
beam in both directions in a cyclic manner. PDMS pads were peeled
off from BCP samples immediately after the annealing was completed.

Transferrable Polymer Film Preparation. A 15% w/w solution
of poly(4-styrene sodium sulfonate) was obtained by diluting the
commercial 30% solution (70 kg/mol Sigma-Aldrich) with DI water.
Silicon substrates were coated with a SO0 nm thick water-soluble
sacrificial layer of PSSS by spin-casting at 2000 rpm for 60 s followed
by air-drying on a hot plate at 100 °C for 300 s. BCP films were spin-
cast onto PSSS-coated Si substrates immediately after cooling them to
room temperature in a stream of dry nitrogen. The coating and laser
annealing followed the same protocol as in the case of regular Si
substrates. The aligned BCP film transfers were performed after
dissolution of the sacrificial PSSS layer and floatation of the films on
the surface of DI water. To keep track of the alignment direction, the
films on Si were scribed with a rectangular pattern with a tip of a
hypodermic needle. The substrates were slowly immersed in water at
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a 45° angle to avoid mechanical damage of the BCP layer. Progressive
dissolving and immersion was continued until only one edge
remained attached to the substrate and the floating thin film could
be easily picked up by the new substrate. This allowed control of the
domain alignment direction, particularly important in the case of the
double-layered BCP stacks.

Conversion of BCP Films to Metallic Replicas. P2VP domains
in PS-b-P2VP block copolymers were selectively coordinated with Pt
complex salt by immersion in 20 mM K,PtCl, in 0.5 M HCI for 45
min at room temperature and converted to Pt metallic replicas by
plasma etching (120 mTorr O,, 120 W RF power for 300 s, 35 kHz,
plasma etcher PE-25, Plasma Etch) following the protocol described
by Buriak and Aizawa.*® For the double-layered BCP stacks, it is not
necessary to metalize each layer separately; two stacked layers of
aligned BCPs were complexed and metalized during a single exposure
to Pt salt under the same experimental conditions, except for the
longer etching time in oxygen plasma equal to 600 s.

Electron Microscopy and Image Analysis Routines. Following the
conversion to metallic replicas, the samples were imaged under
scanning electron microscopes (FE-SEMs Zeiss Merlin and Hitachi S-
4800) operating at 2 keV utilizing an in-lens detector of secondary
electrons. FFT analysis and quantification of the degree of alignment
in BCP morphologies were performed utilizing Python-written
routines from the SciAnalysis package developed by Dr. K. Yager.'**

Atomic Force Microscopy. AFM measurements were performed
using a Dimension Icon instrument (Bruker, USA) in PeakForce
tapping mode utilizing ScanAsyst-Air cantilevers with 70 kHz
resonant frequency (k = 0.4 N m™'). Height images (2 ym X 2
um) of metalized samples were obtained in 512 X 512 pixel resolution
at 1 Hz line scan rate. The 3D surface visualization images were
rendered using Gwyddion software.'®
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