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ABSTRACT: Nanopatterning for the fabrication of optical se"’;::::l’“m““’ atter
metasurfaces entails a need for high-resolution approaches like reﬂow-(ransfer

electron beam lithography that cannot be readily scaled beyond Increasin

prototyping demonstrations. Block copolymer thin film self- “500nm
assembly offers an attractive alternative for producing periodic

nanopatterns across large areas, yet the pattern feature sizes are
fixed by the polymer molecular weight and composition. Here, a \
general strategy is reported which overcomes the limitation of the 100nm = O ool bock 00 chmer nanes e
fixed feature size by treating the copolymer thin film as a

hierarchical resist, in which the nanoscale pattern motif is defined by self-assembly. Feature sizes can then be tuned by thermal reflow
controlled locally by irradiative cross-linking or chemical alteration using lithographic ultraviolet light or electron beam exposure.
Using blends of polystyrene-block-poly(methylmethacrylate) (PS-b-PMMA) with PS and PMMA homopolymers, we demonstrate
both self-assembled PS grating and hexagonal hole patterns; exposure-controlled reflow is then used to reduce the hole diameter by
as much as 50% or increase the PS grating linewidth by more than 180%. Transferring these nanopatterns, or their inverse obtained
by a lift-off approach, into silicon yields structural colors that may be prescriptively controlled based on the nanoscale feature size.
Furthermore, patterned exposure enables area-selective feature size control, yielding uniform structural color patterns across
centimeter square areas. Electron beam lithography is also used to show that the lithographic resolution of this selective-area control
can be extended to the nanoscale dimensions of the self-assembled features. The exposure-controlled reflow approach demonstrated
here takes a pivotal step toward fabricating complex, hierarchical optical metasurfaces using scalable self-assembly methods.

KEYWORDS: block copolymers, self-assembly, optical metasurfaces, structural color, thermal reflow, solvent vapor annealing, lithography

Bl INTRODUCTION resolution may impose practical limits on its use for
metasurface fabrication.'" Nanoimprint lithography has
emerged as a scalable nanopatterning approach for metasurface
fabrication.'>"'® The prerequisite for templates at the resolution
of the metasurface design, however, renders nanoimprint
lithography economical for high production volumes (e.g.,
>10° 300 mm wafers),"* limiting the potential for customized
metasurface designs. Clearly, new nanopatterning methods are
critical to translating optical metasurfaces from prototyping to
production.

Self-assembly, the spontaneous self-organization of nano-

Optical metasurfaces consist of patterns with spatially varying
nanoscale features, or “meta-atoms”, that can be used to
engineer novel optical functionality into materials by design.
Many emerging optical metasurface applications such as
polarization control, holography, and structural coloration
require precise control of the size and placement of
subwavelength patterns to manipulate light.' ™ Because the
resonant optical responses in the meta-atoms that underpin the
functional properties of metasurfaces are often dictated by their

378 .
feature size, nanopatterning methods for metasurface

fabrication must achieve both broad tunability and precise scale .cornp onenFs, has bee?n. proposed .as a scalable and cost-
control over feature sizes of local patterns. So far, this has been effective alternatllgr_e 120 traditional nanolithography for metasur-
9,10 face fabrication. For instance, the self-assembly of block-

achieved using electron beam,”> deep ultraviolet,” " or ; ) ’
S ; 7 copolymer thin films generates various uniform nanoscale
nanoimprint lithography,” whereby predefined nanoscale ) . , )
patterns, including line/space gratings and dots/holes, with

patterns are precisely written in a patternable “resist” layer,
followed by pattern transfer to form metallic or dielectric meta-
atoms. Electron beam lithography has been a workhorse tool Received:  April 4, 2022
for metasurface prototyping based on its patterning flexibility Accepted:  May 20, 2022
and high resolution, but the serial exposure process renders its Published: June 3, 2022

throughput too low for mass production. On the other hand,

deep ultraviolet lithography is a proven patterning technology

for nanoelectronics, but high system costs and limited
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Figure 1. Schematic for hierarchical photopatterning. SEM images of (a) grating and (b) hole nanopatterns after PMMA development, obtained
through self-assembly of PS-b-PMMA (40% w/w) blended with PS and PMMA homopolymers in different mass ratios. Remnant PS features
appear dark. The process flow schematic (c) shows the steps involving a brief thermal anneal and pattern development for the block copolymer
blends with a homopolymer after solvent vapor annealing. UV exposure is then used to partially cross-link the PS, limiting the extent of reflow for

exposed regions in a subsequent, brief thermal treatment.

fixed symmetry, period, and domain size across an entire
substrate, as dictated by the block copolymer molar mass and
the volume fraction of the blocks. Notably, self-assembled
block copolymer nanopatterns have been scaled to large areas
as part of continuous'’ or batch®’ manufacturing processes.
However, self-assembly methods using block copolymers and
other materials generally lack the flexibility in local definition
of meta-atom size, shape, and spacing afforded by conventional
lithography. To enable hierarchical nanopatterning, a degree of
localized control over the self-assembled block copolymer
nanopattern type, spacing, and domain size has been achieved
through directed self-assembly using nanoscale templates,”' >
irradiative chemical alteration and reassembly,”* > or electro-
hydrodynamic jet printing.”® Nevertheless, these strategies
offer modest feature size tunability, require high resolution
nanoscale lithographic directing templates, or depend on
specialized tools and reaction chambers. As a result, they may
diminish much of the intended benefit of using self-assembled
nanopatterns.

Here, we introduce a versatile strategy for creating
hierarchical nanopatterns through exposure-controlled thermal
reflow. In this strategy, a block copolymer thin film is used as a
kind of hierarchical resist, in which an initial nanoscale pattern
motif is defined via self-assembly. Nanopattern feature sizes are

then tuned locally by irradiation-induced cross-linking or
chemical alteration and subsequent thermal reflow of the
polymer. Using patterns formed by PS-b-PMMA blended with
PS and PMMA homopolymers, we demonstrate both a tunable
reduction in the diameter of hexagonally arranged nanoscale
holes in PS by as much as 50% and a tunable increase in the
linewidth of PS grating nanopatterns by more than 180%.
Moreover, we show that lithography processes such as shadow-
masking and electron beam writing enable prescriptive,
hierarchical modification of the nanopatterns across several
orders of magnitude, from nanoscale writing (<100 nm) to
macroscale printing (>1 mm). Locally defined structural colors
generated by etching these hierarchical nanopatterns into
underlying silicon (Si) substrates illustrate the viability of this
technique for fabricating more complex optical metasurface
devices.

B RESULTS AND DISCUSSION

Following the methods described in ref 31, self-assembled
polymer thin films of PS-b-PMMA (536-b-515 kg mol™")
blended with PS (3.5 kg mol™") and PMMA (3 kg mol™")
homopolymers were obtained on a Si substrate with a
previously grafted PS-r-PMMA random copolymer brush by
spin casting and solvent vapor annealing (see Figure SI,
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Figure 2. Feature size is tuned by UV exposure and thermal reflow. Schematics in (a) and (b) depict the tunable variations in the feature sizes for
each blend morphology, based on the UV exposure dose and thermal reflow conditions. The linewidth, w, in gratings is defined in (a), while the
hole diameter, d, is defined in (b). SEM images in (c) and (d) show the plan-view (top row) and cross-sectional view (bottom row) of the grating
and hole patterns, respectively, corresponding to the denoted UV exposure times after thermal reflow at 108 °C for 90 and 60 s, respectively. The
plot in (e) shows the change in the grating linewidth, w, while the plot in (f) shows the change in hole diameter, d, with respect to the extent of UV
exposure at a constant thermal reflow condition. Error bars in (e) and (f) show one standard deviation.

Supporting Information). The solvent vapor annealed films
were then subjected to a brief step of thermal annealing to
sharpen the self-assembled domain interfaces.’’ Subsequently,
the samples were exposed to ultraviolet (UV) light in a
chamber continuously purged by nitrogen and then immersed
in acetic acid to etch away the PMMA components (see
Methods for details). By decreasing the ratio of PMMA to PS
homopolymer, the self-assembled morphology of the blend can
be shifted from forming nanopattern “gratings” (i.e., lines and
spaces) to “holes,” as shown by the scanning electron
microscopy (SEM) images in Figure lab, respectively. After
development, the remnant PS features of the grating pattern
exhibit a period of 182 + 2 nm (see Figure S2, Supporting
Information) and average linewidth, w of 79 + 7 nm, while
holes exhibit a period of 213 + 2 nm (see Figure S2,
Supporting Information) and average diameter, d of 116 + 7
nm. We note that the highly ordered domain periods larger
than 100 nm achieved using ultrahigh-molecular-weight block
copolymers®>*® provide flexibility for fabricating metasurfaces
with responses at visible wavelengths or longer using high-
refractive index materials like Si. This is in stark contrast to
patterns that are possible using lower molecular weight block
copolymers, whose sub-50 nm critical dimensions limit their
use to plasmonic and deep sub-wavelength applications.”* >’

The process flow for selectively tuning the size of either the
lines or holes by exposure-controlled reflow is depicted
schematically in Figure lc. After selective PMMA removal,

the size of the remnant PS features can be modified by thermal
reflow to an extent controlled by exposure-induced PS cross-
linking via UV irradiation in the same nitrogen-purged
chamber. UV-induced cross-linking of PS is well estab-
lished.”™* In particular, in vacuum or an environment with
no or low oxygen content, absorption of UV light at an ~254
nm wavelength produces polymer macroradicals by hydrogen
abstraction that may subsequently cross-link.*”~* To confirm
PS cross-linking, we measured the swelling of ~200 nm thick,
22 kg/mol PS thin films in a saturated vapor of tetrahydrofuran
(a good solvent for PS) as a function of UV exposure time up
to 70 min. A decrease in swelling is observed for increasing
exposure time (see Figure S3, Supporting Information),
indicating a gradual increase in the cross-linking density.*’
Meanwhile, the mean water contact angle measured for PS
films exposed for 0 to 70 min, sampled at 14 min exposure
intervals, is 91 + 2° (3 X standard deviation), which indicates a
negligible degree of surface photo-oxidation.””** This gradual
cross-linking with longer exposure reduces polymer mobility,
thus decreasing the rate of feature size change by reflow.
Although the brief UV exposure (3—5 min) prior to the
pattern development is sufficient to remove all PMMA,* the
extent of PS cross-linking in this time period is minimal;
additional exposure to UV light may therefore be used to
further cross-link PS.

By controlling the UV exposure dosage and thermal reflow
conditions, the linewidth, w (defined in Figure 2a), in grating
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nanopatterns can be increased, while the hole diameter, d
(defined in Figure 2b), can be decreased. As observed in the
SEM images (see various panels in Figure 2c,d), the cross-
sectional profiles of the PS features change after reflow to an
extent that depends explicitly on the previous time (or dose) of
UV irradiation (after reflow at 108 °C for 90 and 60 s,
respectively). Indeed, plots in Figure 2e,f show that for a fixed
thermal reflow time and temperature, the feature size depends
on the UV dose in a nominally linear fashion. It should be
noted that feature heights necessarily decrease as lateral feature
sizes change upon reflow due to volume conservation. Indeed,
the average PS grating height measured from cross-sectional
SEM images in Figure 2c reveals a line height reduction of ~10
nm as UV exposure time is reduced from 28 to S min, which
has potential implications for pattern transfer.

By reducing polymer mobility, UV-induced cross-linking
changes the rate, not the extent, to which feature sizes change
during polymer reflow. As a phenomenon that is highly
sensitive to temperature (above the glass transition) and time,
significant adjustments in nanopattern feature sizes are possible
through judicious selection of these process parameters. For
instance, by increasing the reflow temperature to 112 °C,
grating linewidths can be increased from 79 + 7 nm to 150 + 6
nm (a ~90% increase, see Figure S4, Supporting Information),
while the diameters in hole nanopatterns can be reduced from
116 + 7 nm to 57 + 8 nm (a ~ 50% reduction, see Figure $4,
Supporting Information). Increasing reflow time can also be
used to augment the feature size, though extended durations of
reflow will ultimately form a homogeneous PS layer.
Additionally, by varying the PS homopolymer fraction in the
initial composition for the grating pattern-forming blends, the
range of linewidths can be further expanded. For instance, in a
film composed of 40% 1051 kg mol™' PS-b-PMMA blended
with 60% PMMA 3 kg mol™" homopolymer, the PS linewidth
in the developed pattern is 52 + 7 nm. By controlling the UV
exposure time and thermal reflow conditions, that linewidth
can be increased to 150 + 6 nm, enabling feature size
tunability by more than 180% (see Figure S5, Supporting
Information). We note that the UV exposure process does not
result in any change in the feature sizes unless a subsequent
thermal reflow step is performed (see Figure 2e,f and S4 and
S6, Supporting Information), as expected. Moreover, if the
initial UV exposure step is not performed prior to developing
the PMMA components, UV exposure-controlled thermal
reflow can still be carried out on the remnant polymer.
However, the obtained patterns exhibit uneven features (see
Figure S7, Supporting Information). Finally, analysis of Fourier
transforms of SEMs (taken after pattern transfer, discussed
below) verifies that the pattern spacing remains effectively
invariant, while the average sizes of pattern features are
augmented through polymer reflow (see Figures S8 and S9,
Supporting Information).

A key prerequisite for any effective resist is high fidelity
transfer of the patterned features into other functional
materials. Here, we demonstrate that the size-tunable features
in our self-assembled hierarchical resist can be transferred
readily by dry etching into Si, a high-refractive index, CMOS
compatible material that has found wide use in metasurface-
based devices.’® PS exhibits a reasonably good dry etch
resistance in comparison to other organic polymers used in
nanopatterning like PMMA®"* and may therefore be used
directly as an etch mask for reactive ion etching (RIE; see
Methods for details). The PS grating nanopattern was

transferred into Si following this approach, resulting in ~180
nm deep trenches (see Figure 3a,b). PS patterns may also be
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Figure 3. Structural color response. (a) Schematic and (b) cross-
sectional SEM image showing a representative grating pattern
transferred into Si via RIE using PS features as an etch mask. (c)
Measured (solid line) and simulated (dashed line) normal-incidence
reflectance for the sample shown in (b). (d) Schematic and (e) cross-
sectional SEM image showing a representative cylinder pattern
transferred into Si via RIE using Al liftoff metal as an etch mask. (f)
Measured (solid line) and simulated (dashed line) normal-incidence
reflectance for the sample shown in (e).

inverted using material deposition and a subsequent liftoff
process (see Figure S10, Supporting Information). This
approach was applied using aluminum (Al) to invert the
hole patterns, wherein subsequent RIE using the Al liftoff mask
results in ~220 nm tall cylindrical pillars (see Figure 3d,e).

These Si grating and pillar arrays exhibit distinctive optical
responses, as shown by specular reflectance spectra (solid
curves) taken from these samples in Figure 3c,f, respectively.
These phenomena can be attributed to Mie-scattering-
mediated electromagnetic resonances in the Si meta-atoms
with subwavelength feature sizes, which when coupled to the
underlying Si substrate give rise to wavelength-dependent dips
in the reflection spectra.” Finite-difference time-domain
(FDTD) optical simulations were performed to corroborate
this hypothesis (dashed curves in Figure 3¢,f; see Methods for
details). The two distinctive dips that appear in the wavelength
range of 450—650 nm in the simulated reflectance spectra for
both gratings and pillars play a key role in their structural color
response. The simulated dip positions agree particularly well
with those measured experimentally from the Si nanopillars
(Figure 3f). Comparison with previous investigations of Mie
resonances from Si nanopillars indicates that the lower
wavelength dip in the vicinity of ~530 nm can be attributed
to a magnetic dipole resonance in Si nanopillars on a Si
substrate.””” The higher wavelength dip arises because of
strong field enhancements in the narrow air gap between high-
refractive index pillars when their spacing is reduced to less
than ~225 nm.”

The self-assembled nanopatterns modified by UV exposure
and thermal reflow can also be transferred into the underlying
Si substrate, enabling a tunable optical response witnessed by
changes in structural coloration. For instance, the diameter of
the etched Si nanopillars can be prescriptively adjusted by
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exposure-controlled thermal reflow prior to PS hole pattern
inversion and Si etching. Here, we demonstrate diameter
tunability from ~110 (28 min UV exposure) to ~95 nm (3
min UV exposure) after reflow at 104 °C for 60 s, Al lift-off,
and RIE (~270 nm deep), as shown in Figure 4ab. These
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Figure 4. Exposure-tuned structural color. (a) Plan-view and (b)
cross-sectional SEM images of etched cylinder patterns, which were
subjected to UV exposure of 28, 12, and 3 min, and thermal reflow at
104 °C for 60 s. Photographs in (c) show the macroscopic color
response from etched patterns in (a) and (b). (d) Measured and (e)
simulated reflectance spectra from the samples shown in (c). (f) is a
photograph showing the range of colors obtained from etched grating
patterns, which were subjected to a gradual variation in UV exposure,
from 25 to 10 min, in steps of 1 min and thermal reflow at 112 °C for
90 s. (g) Plan-view and (h) cross-sectional SEM images taken at
positions i through iv depicted in (f).

changes in the cylinder diameter change the emergent
structural color from cyan to magenta (Figure 4c) as a result
of shifts in the position of a reflectance dip in the wavelength
range of ~560 to 620 nm that we can ascribe to Mie-type
resonances (Figure 4d). As noted earlier, FDTD simulations
(Figure 4e) predict two reflectance dips in the range of ~500
to 620 nm. The dotted lines in Figure 4d,e indicate that the
higher wavelength resonance mode is more strongly dispersive
and therefore plays a prominent role in the structural color
response.

The experimental resonances of these two modes are broad
and overlap, in contrast to the FDTD simulations based on
idealized structures. This can be ascribed to the presence of
defects and natural variations in the position, size, and lattice
orientation of features in “fingerprint” patterns obtained via
undirected self- assembly, whlch lack a long-range order or
unidirectional alignment.”* Roughness observed in Si nano-
scale structures transferred from these fingerprint patterns may

also contribute to spectral broadening, especially when the
roughness yields substantial variability and inhomogeneity in
the Si nanostructure dimensions. These variations may pose a
challenge to using self-assembled patterns for structural color.
However, dramatic improvements in the quality of the optical
response can be expected by extending our technique to block
copolymer gpatterns previously defined by directed self-
assembly, ® which exhibit minimal pattern defectivity,
prescribed lattice orientation, low roughness, and exquisite
pattern feature uniformity.””*® The narrow pillar spacings
made possible using self-assembled patterns as shown here
offer additional avenues for improving color saturation through
the coupling of Mie resonances and lattice resonances using
judiciously selected substrates.””®’

Like the cylindrical nanopillar diameter, the Si grating
linewidth can be adjusted by controlled exposure and reflow of
the self-assembled PS resist grating pattern. To demonstrate
this tunability, we exposed PS grating patterns with 10 to 25
min of UV in steps of 1 min across a single sample, followed by
thermal reflow at 112 °C for 90 s, to generate line/space
patterns with a macroscopic gradient in the PS linewidth.
Subsequent RIE (~320 nm deep) transferred the varying
linewidth patterns into Si, giving rise to a range of colors from
green and yellow to violet as shown in Figure 4f. Scanning
electron micrographs (Figure 4gh) reveal that these color
changes correlate with increasing Si linewidth from 70 to ~100
nm from points i—iv with decreasing UV dose, which in turn
red-shifts the positions of the reflectance dips (see Figure S11,
Supporting Information). Despite the curved cross-section
profile of the wider PS features after reflow (Figure 2c), the
transferred Si gratings maintain a steep vertical profile across
the entire range of PS linewidths, helping to ensure color
purity.

Varying the exposure doses of UV radiation in selected areas
can be used to impart localized differences in the extent of
cross-linking of the PS patterns. Upon thermal reflow, the dose
locally applied to these exposed regions dictates the ultimate
feature size, resulting in hierarchical patterns, in which the
nanopattern motif is determined through self-assembly, but the
feature size is set by the exposure pattern. For instance, in
Figure Sa we show a hierarchical grating nanopattern in which
circular regions were exposed to UV for 28 min, while the
surrounding field was exposed to UV for 8 min, using a shadow
mask. After thermal reflow (at 108 °C for 90 s) and RIE (~205
nm deep) onto the underlying Si substrate, the Si gratings in
the circular regions possess an average linewidth of ~70 nm,
while those in the surrounding field possess an average
linewidth of ~100 nm (see Figure Sb,c). These differences in
the linewidth give rise to a macroscopic colored pattern with
blue circles in a green field. Acknowledging the modal
broadening and overlap noted earlier, the shapes of the
experimental reflectance spectra (Figure Sd) agree well with
the corresponding spectra simulated using FDTD calculations
at the same linewidths (Figure Se), underscoring the
importance of nanoscale structural electromagnetic resonances
in producing the localized color difference. A difference in
height less than 20 nm between Si gratings in the circular
regions and the field, as measured from the cross-sectional
SEM images (Figure Sc), may also contribute to the
differential structural color response. FDTD calculations with
height varying from 180 to 205 nm at a fixed 70 nm Si grating
linewidth reveal an expected position shift of the resonance in
the vicinity of the ~540 nm wavelength by approximately 10—
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Figure S. Hierarchical photopatterning by shadow mask lithography.
(a) Photograph of a two-color macro-pattern obtained from gratings
exposed to UV through a shadow mask and transferred into Si. The
magnified image shows the white dotted region. (b) Plan-view and (c)
cross-sectional SEM images show the transferred patterns from the
regions showing the green and blue color. The sample was initially
subjected to 8 min of UV exposure with an additional 20 min of UV
exposure through the shadow mask followed by thermal reflow at 108
°C for 90 s. The PS lines were used as an etch mask for pattern
transfer into Si by RIE. (d) Measured and (e) simulated reflectance
spectra from the two-color regions with the given linewidths.

20 nm, with no major change in overall reflectance spectra
shapes, indicating that the effect of this small height difference
on the structural color is modest in comparison to the effect
induced by changes in the linewidth (see Figure S12,
Supporting Information).

It is worthwhile to note that the circle-to-circle color
consistency and the overall color uniformity across the entire
pattern area show that this hierarchical patterning method can
provide consistent nanopattern control across at least
centimeter scale areas. Furthermore, although the smallest
shadow mask feature we demonstrate here is ~500 yum, the
selective pattern size and shapes are ultimately limited by the
mask design and exposure method, similar to conventional
resists. Hierarchical nanopatterns, in which a fixed pattern
motif is maintained everywhere but feature sizes vary locally by
design, have been the hallmark of many structural color
displays and optically resonant metasurfaces more generally.®!
The ability to replicate this using self-assembled nanopatterns,
as demonstrated here, will engender new opportunities for low-
cost manufacturing of metasurfaces across large areas.

Next, we demonstrate that by using electron beam
lithography, hierarchical patterning via exposure-controlled
reflow can be extended to nanoscale resolution. Figure 6a,b
shows a sample hierarchical pattern achieved through electron
beam exposure of a hole nanopattern after thermal reflow at
107 °C for 60s. Surprisingly, the hole diameter is smaller in the
exposed regions (darker), indicating faster reflow that is in
direct contradiction to the prior results in the present report
obtained from UV exposure. This behavior is also observed in
the grating nanopatterns, as shown in Figure 6c—e, which
present rectangular electron beam exposure patterns after
thermal reflow 107 °C for 90s with lengths of 500 nm and
widths of 2 ym, 500 nm, and 50 nm, respectively. In the last
instance (Figure 6e), the exposed width is smaller than the self-
assembled feature linewidth, suggesting prospects for creating

1000 uClem?
250pm

700 uClom?

800 uClem? OOOuCIwﬂ'

Figure 6. Hierarchical patterning by electron-beam exposure. SEM
images of localized electron beam exposure patterns by electron beam
lithography of (a—b) self-assembled hole nanopatterns followed by
thermal reflow at 107 °C for 60 s (with inset area (b) marked by a
dotted white box in (a)), and (c—e) self-assembled grating
nanopatterns followed by thermal reflow at 107 °C for 90s. Dotted
yellow lines demarcate areas of electron beam exposure in (b—e). (f)
An optical microscope image of electron beam-exposed square arrays
of grating nanopatterns after thermal reflow at 106 °C for 90 s and
pattern transfer into Si by RIE. The exposure dose varies from 700—
1000 uC/ cm? across the square arrays in 100 uC/ cm? increments
(from left to right) per array.

metasurfaces with sculpted nanoscale features by self-assembly
through this hierarchical resist concept. These results further
confirm that the resolution of our hierarchical nanopatterning
approach is ultimately limited by the exposure method.

Electron beam-exposed grating nanopatterns after thermal
reflow (106 °C for 90s) and pattern transfer into Si exhibit an
altered optical response, as shown by an optical microscope
image of electron beam-exposed square arrays (Figure 6f) with
square lengths of 250, 100, 50, 20, 10, S, and 1 ym (squares
smaller than 10 pm could not be resolved at this
magnification). The squares exhibit a clear color difference
with the background. However, there is no obvious depend-
ence on the electron dose, which varies from left to right across
the arrays from 700 to 1000 uC/cm* in 100 uC/cm”
increments. This is despite the fact that the reflow is indeed
sensitive to the exposure dose (see Figure S13, Supporting
Information).

The apparent enhancement in reflow for PS exposed to an
electron beam can be attributed to chemical changes that occur
in PS under electron irradiation. PS has been used previously
as a negative tone electron beam resist,”” where cross-linking
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behavior was surmised from the insolubility in organic solvents
with sufficient exposure dose. However, photoluminescence®
and Raman spectroscopic64 characterization studies of
electron-irradiated polystyrene indicate the formation of
polycyclic aromatic hydrocarbons and disordered amorphous
carbons, respectively. Such hydrocarbons may leach out upon
heating. We hypothesize that a hydrocarbon layer coats the
surface between PS features upon reflow, affecting the etch
depth in subsequent pattern transfer but minimally altering the
feature size. As a result, the exposed regions exhibit an altered
structural color based on the shorter height of Si nanostruc-
tures after pattern transfer in the electron beam-exposed
regions compared to the height of nanostructures in the
surrounding unexposed areas. This assessment is supported by
the negligible color change in the exposed regions with varying
electron exposure dose, even across larger and smaller doses
and for lower electron beam accelerating voltages. PS-b-
PMMA is therefore not an optimal hierarchical resist when
using electron beam lithography; other block copolymers,
however, would likely meet the necessary requirements. For
instance, block copolymers containing polydimethylsiloxane
(PDMS) may be ideal candidates given the high electron cross-
linking yield for PDMS, which is 50—100 times that of PS.*

B CONCLUSIONS

In summary, we have reported a new and versatile method to
locally control the feature sizes of self-assembled nanopatterns
using simple lithography tools through exposure-controlled
polymer reflow. By applying our method to thin film
nanopatterns formed by blends with ultrahigh-molecular-
weight block copolymers, we demonstrate hierarchical
patterning with locally defined reflective structural color. The
facile transferability of these self-assembled patterns, even
without a long-range order, highlights their strong potential for
the fabrication of high-quality optical metasurfaces.®'”*~%
We envision applying this approach to other block copolymer
chemistries or combining it with nonetching pattern transfer
techniques®®®” to fabricate metasurfaces featuring a variety of
metal or metal oxides. Moreover, applying this method to
block copolymer patterns previously defined by directed self-
assembly will dramatically reduce pattern defectivity and
improve pattern feature uniformity’>® while imposing the
wafer-scale pattern order and alignment required for metasur-
face-based light polarization and phase manipulation applica-
tions. The self-assembled, hierarchical resist approach
presented here has the potential to promote widespread
adoption of nanophotonics, for example, by lowering the
resolution requirements for roll-to-roll photolithography™ or
by simplifying the fabrication of master templates for
nanoimprint lithography.

B EXPERIMENTAL SECTION

Materials. The nearly symmetric 1051 kg mol™' PS-b-PMMA (M,
= 536515 kg mol ™!, PDI = 1L.10; T, = 107 °C/132 °C) block
copolymer, and PS (M, = 3.5 kg mol™}, PDI = 1.05; T, =77 °C)°4
and PMMA (M, = 3 kg mol™, PDI = 114; T, = 74 °C)™
homopolymers were obtained from Polymer Source Inc. and used as
received. These polymers were dissolved in propylene glycol
monomethyl ether acetate (PGMEA) at a concentration of 2% by
weight. The grating nanopattern was obtained from blending the PS-
b-PMMA block copolymer with PS and PMMA homopolymers in
mass fractions of either 40, 20, and 40%, respectively, or 40% block
copolymer with 60% PMMA homopolymer. The hole nanopattern
was obtained from blending the PS-b-PMMA block copolymer with

PS and PMMA homopolymers in mass fractions of 40, 40, and 20%,
respectively. For cross-linking studies, PS (M,, = 22.0 kg mol™", PDI =
1.1) was dissolved in toluene at a concentration of 5% by weight.

Sample Preparation. Si wafers were first cleaned with O, plasma
(for 120 s at 21 W, 100 mTorr) using a March Plasma CS1701
reactive ion etching tool. These cleaned substrates were then coated
at 1500 rpm with a thin film of PS-r-PMMA-OH random copolymer
“brush” (60 mol % styrene; Dow Chemicals) dissolved in PGMEA
(1% w/w) and baked on a preheated hot plate at 250 °C for S min in
air to graft a monolayer brush to the substrate. The ungrafted brush
was removed by spin-rinsing in PGMEA at 3000 rpm. The substrates
were then spin-coated with the block copolymer—homopolymer
blend solution at 1500 rpm, resulting in a film thickness of ~80 nm.
These films were then subjected to solvent vapor annealing performed
using tetrahydrofuran with nitrogen purging at a controlled flow rate
of 0.5—0.8 sccm. The swollen film thickness was constantly monitored
as described in ref 31 during solvent vapor annealing for 60 min to
achieve a maximum swell ratio of ~3.6 (polymer fraction ¢ = 0.28)
and ~ 3.4 (polymer fraction ¢ = 0.29) for blends producing grating
and hole nanopatterns, respectively (see Figure S1, Supporting
Information). Without a random copolymer brush, hole nanopatterns
will not form (as cylindrical domains do not orient vertically) and the
polymer film is more likely to dewet. After 60 min, the annealing
process was quenched, resulting in complete drying of the film in ~1
s. After solvent vapor annealing, the samples were thermally annealed
on a preheated hotplate at 250 °C for 30 s to achieve a sharp interface
between the PS and PMMA features.”’ Furthermore, the samples
were placed into a chamber isolating them from room light and
exposed to ultraviolet light generated from a low-pressure 17 W
mercury lamp (G10TS 1/2VH, Atlantic Ultraviolet Corporation) for
3—5 min under constant nitrogen purging followed by immersion in
acetic acid for 3 min to remove PMMA and rinsing with deionized
water. This UV exposure with an optical power of about 8 mW cm™
at 254 nm wavelength at the sample position (measured with
Thorlabs S120VC power sensor) degrades PMMA while cross-linking
PS.*® Additional UV exposure of up to 25 min was performed in the
same chamber under constant nitrogen purging to further cross-link
the PS features, resulting in a total dosage of 2 to 18 J cm™ The
dosage on the samples was controlled by either varying the UV
exposure time or by using a shadow mask. These exposed patterns
were then subjected to thermal reflow on a preheated hotplate over a
range of temperatures (95—125 °C) for up to 100 s. Patterning by
electron-beam exposure was carried out in a JEOL JBX-6300FS
electron-beam lithography tool at 100 kV using 1 nA beam current
with exposure dosage in the range varying from 100 to 3000 xC/cm’.
Additional exposure tests were performed using a Nanometer Pattern
Generation System on a Helios Nanolab (FEI) with exposure doses
from 10—1000 /tCl/cm2 at voltages from 1 to 10 kV.

Pattern Transfer. The patterns were transferred into Si substrates
using either the remnant PS features as etch masks or the inverted
patterns obtained from Al liftoff. The inverted patterns were obtained
by thermal evaporation of ~7.5 nm of Al (Kurt J. Lesker PVD 75)
followed by liftoff using ultrasonication in warm toluene (40 °C) for 2
h. Transfer of the patterns (from etch masks formed by either inverted
Al or the PS features) into Si substrates was then performed by RIE
using a 40:18 combination of SF4 and O, gas for 5—10 s at —100 °C
(12 mTorr, 15—25 W RF power, 800 W ICP power). An initial S s
high power etch step (40 W RF power and 800 W ICP power) was
included for breakthrough and to strike the plasma. The samples
etched with the PS etch mask were then cleaned with O, plasma (for
150 s at 21 W, 100 mTorr; March RIE) before further character-
ization. We note that the Al etch mask undergoes a small amount of
depletion during the RIE process; however, a thin layer of ~5 nm Al
remains intact on top of the Si cylinders. Pattern transfer of the
electron beam-exposed PS grating nanopatterns into Si was performed
by RIE using a 44:11 combination of Cl, and O, gas for 60 s (10
mTorr, 40 W RF power, 250 W ICP power). An initial 6 s high power
etch step (10 mTorr, 100 W RF power and 800 W ICP power) using
a20:5 combination of BCl; and Cl, gas was included to break through
the native SiO,.

https://doi.org/10.1021/acsami.2c05911
ACS Appl. Mater. Interfaces 2022, 14, 27466—27475


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05911/suppl_file/am2c05911_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c05911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Materials Characterization. Samples were imaged using a
scanning electron microscope (Hitachi S-4800) at 10 kV, and the
features were analyzed using Image]. The normal incidence
reflectance measurements were carried out using Filmetrics F20-UV
with a spot size of ~500 ym in diameter. The bright-field photographs
of the structural color samples were imaged using an Apple iPhone 12
Pro camera with an external normal incidence white LED source
(AmScope LED—64S).

Cross-Linking Characterization. PS (22.0 kg/mol) films with a
thickness of 198 + 4 nm were obtained by spin coating from a 5%
(w/w) solution in toluene onto O, plasma-cleaned silicon. Samples
were then exposed to UV irradiation under constant nitrogen purging
in the chamber described previously for times from 0 to 70 min in 14
min intervals. These samples were then placed together in the
apparatus used for SVA described in ref 31, with 4 mL of
tetrahydrofuran dispensed into an annular reservoir surrounding the
samples. Sample thicknesses were measured in situ by visible-range
spectral reflectance (Filmetrics F20-UV) prior to swelling and after a
stable swollen film thickness was obtained (~1 h). A Peltier plate was
used to maintain a constant chamber temperature of 21.0 + 0.2 °C,
and no nitrogen purging was used during swelling measurements. The
ratio of swollen film thickness to initial film thickness is plotted
against the exposure time in Figure S3 of the Supporting Information.
The swollen film thickness for unexposed PS could not be measured
as the film fully dewetted during the experiment. Static water contact
angles were measured on separate samples exposed to UV for the
same intervals using an Ossila contact angle goniometer with
manually dispensed 15 uL drops.

Optical Simulations. The normal incidence reflectance spectra of
the transferred grating and pillar structures were simulated with
Ansys-Lumerical Inc. FDTD (Release: 2020a r7, Version: 8.23.2347).
Each optical response was obtained using a cross-polarized normal
incident plane wave source and by applying periodic boundary
conditions to the repeating structure. All nanopatterns were placed on
a Si substrate extended through a perfectly matched layer boundary
condition. The simulations in Figure 3 include the following
parameters for gratings: straight lines of Si with 75 nm linewidth,
180 nm period, and 180 nm height with a vertical profile, and for
pillars: triangular arrangement of Si pillars of 115 nm diameter, 210
nm period, 220 nm height with a vertical profile, and a 5 nm coating
of Al on top of the pillars. The simulations for the etched pillars in
Figure 4 include triangular arrangement of Si pillars of 95, 100, and
110 nm diameter, 210 nm period, 270 nm height with a vertical
profile, and a 5 nm coating of Al on top of the pillars. The simulations
for etched gratings in Figure S include straight lines of Si with 70 and
100 nm linewidth, 180 nm period, and 205 nm height with a vertical
profile. The simulations for etched gratings in Figure S11 include
straight lines of Si with 70, 80, 95, and 100 nm linewidth, 180 nm
period, and 320 nm height with a vertical profile. The simulations for
etched gratings in Figure S12 include straight lines of Si with 180,
190, 200, and 205 nm heights with a vertical profile, 70 nm linewidth,
and 180 nm period.
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