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Abstract
Polymer self-assembly commonly suffers from retarded equilibrium structure
formation caused by the large diffusion barrier of long-chain molecules. In particular, the defect annihilation kinetics of high-χ block copolymers (BCPs) are
generally sluggish because of a slow inter-block chain diffusion process from
strong inter-block segregation. Therefore, long-range order of high-χ BCPs still
hard to be obtained by conventional approaches. Here, we introduce nearinfrared laser photothermal treatment to effectively promote high-χ BCP selfassembly and demonstrating highly aligned nanoscale patterned structures on
silicon substrates. Adequate molecular weight selection of high-χ PS-b-P2VP
system enables one-time laser hot-zone annealing, resulting in highly ordered
nanodomains along laser writing direction. Facile sub-sequential metal ion
loading to P2VP cylinders enables the formation of highly aligned metal nanowires. Moreover, a commonly used silicon substrate without a photoabsorbing
layer is employed as a photo-thermal substrate, demonstrating that the laser
writing process is compatible with conventional semiconductor processes.
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1 | INTRODUCTION
Block copolymer (BCP) self-assembly offers a viable
nanolithography method for ultrafine nanoscale features
based on the periodic microphase separation of immiscible
polymer blocks.1,2 Much research effort on “BCP nanolithography” has been carried out and successfully used in
various nanodevice applications including semiconductor
devices, sensors, energy devices, and optical devices.3–9
Despite this successful progress as nanofabrication processing,
J Appl Polym Sci. 2022;139:e52291.
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the potential applications of BCP lithography in other
scientific and technological areas have been severely
limited by the intrinsic limitations of the typical
processing methods. Conventional BCP thin film selfassembly, including spin coating of uniform BCP thin
film and subsequent annealing process, inhibit areaselective processes as well as the efficiency of continuous
roll-to-roll processes.10
Synergistic interplay between light and matter has
enabled viable routes to control the structure and properties
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of various materials and devices.11 Laser photothermal processes have been widely utilized for silicon crystallization,12
radiative synthesis of organic/inorganic materials,13–15 and
3D patterning16,17 owing to their broad selectivity for wavelength and dimension, rapid continuous processing, and
area selectivity.18 Motivated by the versatility of the photo
process, researchers have attempted to introduce laser
photo-thermal processes to molecular self-assembly.19–34
Visible to IR lasers have been widely utilized for photothermal process for molecular self-assembly to prevent
decomposition of organic/polymeric species. In particular,
extreme thermal fields from localized laser heating and millisecond transient heating have received the most attention,
and rapid and directed molecular assembly based on laser
photo-thermal processes have been reported.
Laser cold-zone annealing (CZA) is one of the predominant mechanisms for laser BCP assembly, whose maximum
process temperature, Tmax, is well below the order-todisorder temperature, TODT of the BCP system.27,29–31,35
The long-range ordering of BCP nanodomains is occurred
by enhancing defect annihilation kinetics during multiple
scanning, showing a relatively low degree of order. Thus
supplementary ordering mechanisms such as soft-shear
from soft capping layer27 or solvent mediation19 has been
introduced for the further enhancement of long-range
ordering. Hot-zone annealing (HZA) is another zone
annealing mechanism whose Tmax is higher than TODT.
Thus, BCP nanodomains can be aligned by a one-time
scanning process without additional guiding effect.24,36
Therefore it is well applicable to the high efficient roll-toroll process. Moreover, vertical BCP structure also can be
aligned by HZA mechanism and no polymer residue issue
from soft capping layer. Despite these advantages, it has
been limited to low-χ BCP systems because of the intrinsically high TODT of high-χ BCP systems owing to their
strong segregation strength.
This study demonstrates that the laser writing process can be utilized for the long-range alignment of
high-χ polystyrene-b-poly 2-vinyl pyridine (PS-bP2VP) nanodomains in a thin-film geometry on a
conventional silicon substrate. Adequate molecular
weight selection and compatibilization effects37,38 from the
underlying polymer brush layer can synergistically reduce
the segregation strength of the BCP, enabling high alignment of the PS-b-P2VP in-plane cylinder structure through
the laser writing process. Unidirectionally aligned sub10-nm gold (Au) nanowires (NWs) over a large area were
also acquired by simple subsequential metal ion loading39
to aligned P2VP nanodomains. Moreover, all the laserwriting processes were conducted on a conventional silicon
substrate rather than a specially prepared photo-thermal
conversion substrate, demonstrating that the laser writing
process can be universally applicable to various substrates.
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2 | RESULTS A ND DISCUSSION
Figure 1a shows a schematic illustration of an aligning
cylinder forming PS-b-P2VP using a laser writing process.
An experiment was conducted using silicon wafers cut
into 2 cm  2 cm pieces as photo-to-heat conversion substrates without any additional photo-thermal conversion
layer. Cylinder-forming BCPs (SV33, PS-b-P2VP, Mn of PS
and P2VP blocks = 23 and 10 kg mol1, respectively) were
spin-coated on a polystyrene (PS) brush-treated silicon
substrate with a thickness of 1 L0 (30 nm) (e.g., forming
monolayer in-plane cylinders) using a 0.5–1 wt% toluene
solution. During the laser writing, a quasi-static near-IR
laser (ytterbium-pulsed fiber laser, λ = 1064 nm, pulse
frequency = 300 kHz, pulse duration = 200 ns) was used
to avoid photodegradation of the polymer. In particular, to
generate a high thermal gradient during the laser writing process, the laser beams were focused into an ellipsoid shape on the substrates through simple optics
(dx = 600 μm, dy = 100 μm) (Figure S1). Unlike our previous studies,24 regular silicon substrates, instead of
chemically modified graphene (CMG)/glass substrates,
were used as photo-to-thermal conversion substrates.
Using bare silicon as a light-to-heat conversion substrate, without additional processes of graphene oxide
(GO) coating and chemical modification, allows for BCP
self-assembly through simple laser writing. However, to
reach an adequate temperature (>200 C) for BCP selfassembly using the photothermal effect on a silicon substrate, a laser beam with one order higher power density
(>2.12  104 W/μm2) was needed (vs. 2.33  105 W/
μm2 for CMG/glass substrate). Using the thermal gradient
from the localized photothermal heating on the substrate,
BCP self-assembly was performed through directional laser
scanning with varying velocity from 100 nm/s to 10 μm/s.
Once the BCP self-assembly using laser writing was completed, the BCP films were submerged in an acidic aqueous
solution of 5 mM HAuCl4 for 10 min to selectively deposit
the Au ionic precursor on the P2VP cylinder domain.
Finally, all organic compounds, including BCP, were
removed using oxygen plasma to leave behind only Au
NWs. Figure 1b shows a representative scanning electron
microscopy (SEM) image of a PS-b-P2VP in-plane cylinder
aligned through an optimized laser writing process (power
density: 2.76  104 W/μm2, v = 100 nm/s). This shows
that highly aligned sub-10-nm Au NWs along the laser writing direction are generated through Au ion loading on the
aligned P2VP cylinders.
Figure 1c shows images of localized heating areas
with photothermal effects on silicon substrates captured
by a thermal imaging camera. A beam with a power
density of 2.76  104 W/μm2 can heat the substrate
up to a significantly elevated temperature near 300 C.
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F I G U R E 1 (a) Schematic
illustration of laser writing of PS-b-P2VP
in-plane cylinders. (b) Representative
scanning electron microscopy image of
highly aligned Au nanowires originating
from laser writing-directed PS-b-P2VP
in-plane cylinders (c) thermal imaging of
laser photo-thermal heating on a silicon
substrate and (d) temperature profile
along the line in (b) [Color figure can be
viewed at wileyonlinelibrary.com]

The temperature profile in Figure 1d shows that it can
also generate a temperature gradient of 0.4 K/μm on a silicon substrate. This is a much lower value than the temperature gradient of 1.65 K/μm from CMG/glass because
the thermal conductivity of silicon is higher than that
of CMG, easily diffusing the heat generated from
photothermal conversion to the surrounding area (κsilicon:
130 W/mK40 >> κ CMG: 2.87 W/mK41). Despite the lower
thermal gradient on the silicon substrate, it should be
noted that PS-b-P2VP nanopatterns can be aligned on the
substrate by laser writing.
Laser power density significantly affects the pattern
alignment during laser writing process. To assess the
impact of the laser power density on the alignment of a
PS-b-P2VP cylinder, laser writing was conducted at a
fixed scan velocity v of 100 nm/s with different power
densities (Figure 2). The extremely low scanning
speed enables the order/disorder boundary to be a
quasi-static boundary.36,42 At this quasi-static boundary, nanodomains are aligned toward minimizing the
interfacial energy. Therefore, at temperature that
enables HZA, an in-plane cylinders tend to be aligned
parallel to the direction of the laser scan.36 The inset
figure illustrates the fast Fourier transform (FFT) and
an orientation mapping image of patterns in each
SEM image to visualize the alignment of the patterns.
Under the optimized conditions shown in Figure 2a, an

in-plane cylinder tends to be aligned in the direction of
the laser scanning, and most of the occasional defects
are dislocations with low formation energy. The locations of the FFT peaks show that the interval of the
patterns is up to 26.5 nm. A laser beam with a higher
power density caused the BCP film to be dewetted and
burned out (Figure S2). Under these conditions, the
image in Figure 2b, with a slightly lower laser power
density (2.55  104 W/μm2), shows increased undulation of the pattern, but the in-plane cylinder still tends
to be aligned in parallel with the direction of the laser
scanning. Further, it shows a definite increase in the frequency of dislocations compared with the previous conditions, and shows some disclinations, defects with high
formation energy. However, when the power density was
reduced less than 2.33  104 W/μm2 (Figure 2c,d), the
alignment of the in-plane cylinder pattern decreased to
the point where it was difficult to find a correlation
between the cylinder pattern and the scanning direction.
For a more quantitative comparison, the disclination
density and orientation ordering parameters were compared under different power density conditions. Similar
to what was observed in the previous SEM images, as the
power density increases, the disclination density plummets (Figure 2e and Figure S3). The annealing time (τ)
required to remove defects can be calculated using the
Kramers-like approach as follows26,43
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F I G U R E 2 Pattern alignment
variation with a laser power density of
(a) 2.76  104 W/μm2,
(b) 2.55  104 W/μm,
(c) 2.33  104 W/μm, and
(d) 2.12  104 W/μm. Each inset
shows an orientation-mapping image.
Laser power density-dependent
(e) average inter-spacing between
neighboring disclinations (d1/2, d:
Disclination density) and (f) orientation
order parameter [Color figure can be
viewed at wileyonlinelibrary.com]

τ≈



ξ2
Eb
,
exp
D0
kb T

ð1Þ

where D0 is the diffusion coefficient of the BCP chains
and ξ is the length scale of the BCP diffusion. The existence of defects causes an energy penalty to the entire
system, but to remove them, the energy barrier Eb must
be exceeded. As indicated in the above formula, the
higher the temperature, the shorter the time required to
remove defects, making it possible to remove more
defects in a limited time, leading to a lower disclination
density.

Nevertheless, regular heat treatment does not
increase the orientation ordering value, even when a
higher annealing temperature lowers the defect density,
generating grain growth. This is because, in this case,
grain growth occurs in an isotropic manner. Figure 2f
shows how the orientation order parameter changes with
the laser power density; as the laser power density
increases, the orientation order parameter also increases
(Figure S4). When the power density was the lowest
(2.12  104 W/μm2), the orientation ordering value was
close to 0, meaning that the pattern is totally isotropic
without any preferred direction, and there is a negligible
effect of unidirectional alignment owing to laser writing.
However, as the power density gradually increases, the
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orientation order parameter reaches as high as 0.7 at
2.76  104 W/μm2. This shows that a higher power density induces not only coarsening grains owing to the higher
temperature, but also controls the orientation of the pattern
through a directional scanning process. Nevertheless, in the
optimized process, the orientation ordering parameter is
approximately 0.7, which is much lower than the value previously reported for PS-b-PMMA on a CMG/glass substrate
system. This may be caused by the much lower temperature
gradient formed by the photothermal process on the silicon
substrate than on the CMG/glass substrate, and a difference
in the zone annealing mechanism resulting from the higher
segregation strength of the PS-b-P2VP system, which will be
discussed in detail later in this paper.

F I G U R E 3 Pattern alignment
variation with laser scan velocity, v,
(a) 100 nm/s, (b) 500 nm/s, (c) 1 μm/s,
and (d) 10 μm/s. variation of (e) average
inter-spacing between neighboring
disclinations, d1/2, and (f) orientation
order parameter against laser scan
velocity [Color figure can be viewed at
wileyonlinelibrary.com]
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The scan velocity (v) is another key factor in the laser
writing assembly, and its effect on the alignment of the
PS-b-P2VP cylinder pattern is shown in Figure 3. The
power density was fixed at 2.76  104 W/μm2, where
PS-b-P2VP self-assembled properly, and v was adjusted
for the experiment. As observed in Figure 2a, at 100 nm/s
the in-plane cylinder is aligned parallel to the laser scanning direction. However, when the scan rate increases to
500 nm/s, the unidirectional alignment decreases. When
v increases up to 1000 nm/s, the pattern alignment
appears to deteriorate significantly, but some correlation
seems to remain between the cylinder pattern and the
scan direction. Furthermore, when the scan velocity is
increased to 10 μm/s, the size of the grains in PS-b-P2VP
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becomes significantly smaller, and it seems that there is
no effect of laser writing on the alignment.
To verify how the laser scan velocity affects the pattern of grain growth, defect annihilation behavior was
observed. As BCP pattern growth is caused by the
sequential annihilation of defects, one can infer the relationship between laser writing and BCP pattern growth
by observing defect annihilation behavior. Typically, the
inter-disclination distance d1/2 of a BCP pattern is
known to follow the power law44–47:
d1=2 ðt Þ  t ϕ ,

ð2Þ

where ϕ is the growth exponent and t is the time for
annealing. For laser writing conditions, the resident
annealing time at one location is inversely proportional
to the scan velocity, v.35 Therefore, the formula can be
modified as follows:
d1=2 ðt Þ 



1
v ðt Þ

ϕ

:

ð3Þ

With this relationship, based on the d1/2 value experimentally obtained in Figure 3e, the growth exponent was
calculated by fitting to obtain a ϕ value of 0.457. Generally, a one-layer in-plane cylinder with low structural diffusion barriers with grain growth through conventional
thermal annealing has a ϕ value of 0.25 or lower. Thus,
the ϕ value of 0.457 shows that annealing using laser
writing accelerates grain growth compared with regular
isotropic thermal annealing. The orientation order parameter is also close to zero when the scan velocity is exceedingly high at 10 μm/s, but as the scan velocity decreases,
the parameter increases to 0.7 or higher at v = 100 nm/s.
This implies that as the scan velocity decreases, the alignment effect of the laser writing becomes stronger.

FIGURE 4

In order to confirm molecular weight dependency of
aligning effect, laser writing of PS-b-P2VP with different
molecular weight was carried out. As shown in Figure 4,
three different molecular weights were selected; (1) SV27
(PS-b-P2VP, 18-b-9 kg mol1), (2) SV33 (PS-b-P2VP, 23-b10 kg mol1), and (3) SV58 (PS-b-P2VP, 40-b18 kg mol1) and performed laser writing (v = 100 nm/s,
laser power density: 2.76  104 W/μm2). SV27 was
blended with PS homopolymer (6 kg mol1) (9:1 weight
ratio) to obtain cylinder structure and denoted as SV27
+ PS (Figure S5). Compare to previously confirmed
SV33, cylinder structure of SV27 + PS is also well aligned
along the laser scan direction. But the period of SV27
+ PS (38 nm) is larger than SV33 (26 nm), probably
due to selective swelling of PS domain relying on “dry
brush” effect.48 In contrast, randomly aligned in-plane
cylinder structure was obtained for SV58 regardless of
laser scan direction.
To verify the alignment effect on a PS-b-P2VP inplane cylinder over a large area, SEM images show that
the Au NWs are aligned in parallel with the laser writing
direction in an area 10 μm wide (Figure 5a). To visualize
the alignment on the large surface, the insets of Figure 4a
present the FFT and orientation mapping images. The
FFT image does not show dot patterns in a shape
expected with perfect alignment, but a crescent pattern
perpendicularly to the scan direction. This implies some
deviation and undulation of the aligned pattern to the
preferred orientation. Based on the fact that the orientation map is red in the entire area, which indicates a pattern parallel to the scan direction with some deviation in
the color, the pattern has a slight deviation from the
alignment direction. In the zoomed-in SEM image, the
cylinder pattern appears to be aligned in parallel to
the laser scan direction, but undulation of the pattern is
observed along with dislocations (orange circles) with
lower defect energy (Figure 5b). To further verify the
alignment on a large surface, Moiré patterns between
the SEM image pixels and BCP nanopatterns are shown

Laser writing of PS-b-P2VP with different molecular weight. (a) SV27 + PS, (b) SV33, and (c) SV58
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F I G U R E 5 (a) Unidirectionally
aligned Au nanowire (NW) over a
macroscopically large area, and
(b) magnified scanning electron
microscopy image. Dislocations are
marked as orange open circles.
(c) Unidirectional Moiré patterns from
au NW array [Color figure can be
viewed at wileyonlinelibrary.com]

in Figure 5c. This image also shows that the Au NW
patterns are aligned in parallel with the laser writing
direction over an area larger than 10 μm in width.
The mechanism that generates the pattern alignment of
PS-b-P2VP through laser writing needs to be considered. As
mentioned before, BCP zone annealing using a thermal gradient can be roughly divided into CZA and HZA depending
on the relationship between Tmax and the order-to-disorder
transition temperature, TODT. Generally, HZA (Tmax > TODT)
can form highly aligned patterns by a one-time scan through
directional reassembly from the disordered melt to the
ordered state in the vicinity of the Tmax region.24 Therefore, it
has been known that it is hard to utilize HZA to high-χ BCPs
due to their high TODT. In contrast, CZA (Tmax < TODT) does
not cause order–disorder transition during the whole process,
and defects are removed through coupling in the process of
defects being forced out via scanning of the thermal field,
which is expected to accelerate grain coarsening compared
to regular thermal processes.35,49
Figure 6a shows how the segregation strength (χN) of
the SV33 and SV58 changes with temperature. In the FloryHuggins interaction parameter χ, the enthalpic term is
inversely proportional to the temperature. Thus, as the temperature increases, the segregation strength of the BCP
decreases.
χðT Þ ¼ χ s þ

χH
:
T

ð4Þ

Generally, PS-b-P2VP is known to be a high-χ system
with χ 250 C  0.087,50 but the value is lower than that of
other major high-χ BCPs (c.f., χ 250 C,PSPDMS  0.21451).
Thus, with a sufficiently low molecular weight, the segregation strength can be significantly reduced. For the SV33
used for this experiment, at a maximum temperature of
300 C when the laser power density was 2.76  104 W/μm2,
χN was reduced to approximately 24.
To indirectly verify the phase behavior of the BCP in
the Tmax region (the area with the highest temperature
within the process, at the center of the laser target), the
self-assembly structure of the SV33 monolayer film was
observed through hot-plate heat treatment in a regular
N2 glove box. After self-assembly of the film through heat
treatment, the film was submerged in ethyl alcohol for
10 min to induce reconstruction of the P2VP cylinder to
readily observe phases by SEM. First, Figure 6b shows
that the self-assembly structure after 10 min of heat treatment at 250 C has well-segregated phases with macroscale grains in the in-plane cylinders. This indicates that
highly ordered microphase separation occurs around
250 C without order to disorder transition (ODT). In contrast, in the samples after 10 min of heat treatment at
300 C, there were no well-developed in-plane cylinder
structures, but instead a worm-like structure with significantly degraded ordering similar to the weak segregation
structure near ODT (Figure 6c).
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F I G U R E 6 (a) Theoretical temperature-dependent segregation strength of SV33 and SV58. Morphology evolution of monolayer PS-bP2VP in-plane cylinder with conventional hot plate annealing of (b) 250 C for 10 min and (c) 300 C for 10 min [Color figure can be viewed
at wileyonlinelibrary.com]

During the optimized laser process, the value of the
segregation strength, χN  24 in the Tmax area, did not
reach the ODT point in bulk, even when considering the
cylinder forming fraction (wP2VP  0.30). However, the
system considered in this study is an in-plane monolayer
cylinder with a thickness of 30 nm, which demonstrates
a significant decrease in the TODT for thin films compared
to that in bulk by a number of researchers. In our case,
the PS short polymer brush on the substrate provides
surface-induced compatibilization between the two block
components, significantly lowering the effective
TODT.37,38 Thus, during laser writing of the SV33 monolayer, it can be deduced that the segregation strength of
the BCP system can be effectively reduced close to the
ODT in the Tmax region. For SV58, however, χN of 42.6 is
well above ODT in Tmax region. From such a high χN, no
pattern alignment occurred during the laser writing process (Figure 4c). Therefore, it is noteworthy that although
PS-b-P2VP has a high χ value, it is feasible to effectively
direct self-assembly using laser writing relying on HZA
mechanism, by thin film geometry, with the selection of
an appropriate molecular weight.52

3 | C ON C L U S I ON
This study demonstrated that pattern formation of
high-χ BCP, PS-b-P2VP systems can be directed by the
laser writing process. Proper selection of the molecular
weight and thin film geometry effectively suppress the
segregation strength, enabling the HZA mechanismbased laser writing process. Based on this strategy,
laser-writing process could be expanded to the other
high-χ BCPs with low molecular weight. Moreover, this

one-step continuous process could be readily applicable to fab-friendly roll-to-roll process. In addition,
P2VP blocks can be selectively loaded with different
ion precursors, and an aligned wire structure of
sub-10-nm scale can be easily formed with different
functionalities using PS-b-P2VPs aligned through laser
writing. It is expected to be used in various applications, including optical devices, catalysts, and sensors.
To open-up unexplored potential applications based on
laser writing of BCPs, nanoscale area-selective laser
writing process is one of the potential future research
directions. Nanoscale area-selective BCP nanopattern
with desired direction is expected to be particularly
important for various potential applications including
photonic waveguides, metasurfaces, semiconductor circuits, and nanosensors. Beyond the conventional focused
laser beam (resolution over microscale), a nanoscopic
focused beam from two-photon absorption53 or other
nanofocusing approaches54 could be exploited to demonstrate nanoscale area-selective BCP nanopatterning for
future potential applications.

4 | EXPERIM ENTAL SECTION/
METHODS
4.1 | Materials
Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP, Mn
of 18-b-9 kg mol1, 23-b-10 kg mol1, 40-b-18 kg mol1),
hydroxyl-terminated PS (Mn = 6 kg mol1), and homopolymer PS(Mn = 6 kg mol1) were purchased from Polymer Source Inc. Toluene (99.8%, anhydrous) and
hydrochloric acid (37 wt% in H2O) were purchased from
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Sigma-Aldrich. HAuCl4 (99.9985%) was purchased from
Strem Chemicals. All the reagents and polymers were
used without further purification.

4.2 | Preparation of BCP thin films
A hydroxyl-terminated PS was spin-coated on a UV-ozonetreated silicon substrate by spin casting from toluene
solution (1 wt%), thermally treated at 160 C for 24 h in a
vacuum oven, and then rinsed with toluene to eliminate
ungrafted PS chains. Monolayer in-plane cylinder forming
PS-b-P2VP BCP thin films were coated onto the PS brushtreated Si substrate by spin casting from toluene solution
(0.5–1 wt%).
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