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ABSTRACT: Archimedean spirals in nanometer scale have sf
remarkable plasmonic responses derived from their linez
rotational asymmetry. Despite the unique optical properti
nanoscale spirals, their applications have been limited due
di culty in fabricating large-scale arrays with uniform
systematic control of the morphology. Here, we report simu
results of spiral morphologies, which are used to design a s
fabrication process for nacmle spirals and predict the)
plasmonic responses. First, self-consigihttheory (SCFT)
simulations were performed to design optimal templates to
self-assembly into spiral morphologies. Using the SCFT res
developed a scalable fabrication process, which is based
micron-scale assembly of microspheres combined with glancing

Transmittance

S

angle deposition and nanoscale assembly of block copolymers, to induce the formation of uniform nanospirals with diverse si

handedness, orientation, and winding humber. Finddydi erence time-domain simulation results show linear dichroism and

electric eld intensity enhancemengets of these nanospirals, which are highly dependent on the winding number of the spirals,

indicating the importance of precise control of the structural parameters.
KEYWORDS:nanoscale spirals, self-considtetiteory hite-dierence time-domain, block copolymer, directed self-assembly

heoretical and experimental investigations of plasmorsizes below 100 nm. As a result, most previous studies have

nanostructures have been reported extensively in the laghply demonstrated a limited number of spirals fabricated
few decades, fueled by their phenomenal properties with stronigh high-resolution top-down lithography techniques, such as
lighSmatter interactions via localized surface pladtions. electron beam and focused ion-beam lithography techniques,
Nanostructures fabricated in a subwavelength scahe consince such top-down approaches have so far shown superior
electromagneticelds on their surface and modi%( light precision in nanoscale fabricatigh&"%?*
properties in various ways depending on their gedrietry. Despite their advantages, the high cost and low throughput
Asymmetric geometries, in particular, have emerged as ongpthese top-down procedures limit their applications and call
the most prominent plasmonic nanostructures with novébr alternative bottom-up methods, such as directed self-
pr(_)perties unseen in regular patterns. Variousvasy_mmetric adembly (DSA) of block copolymers (BCPs). BCPs are
chiral nanostructures, such as Arch_|mgdean1§f>}r5allﬁ,elg known to form various periodic nanostructures as functions of
bar pairs; asymmetric bulls-eyésplit ring resonatots, relative volume fraction and the degree of incompatibility
and helicé§ have been reported with practical optical between the connected blotkE When BCPs are camed in
characteristics such as sharp Fano resonance, circiafemplate, their chains are guided to induce directed self-
dichroism, vortex beam emission, andieat harmonic  assembly to form corresponding nanostruéfiieenabling
generation. Nanoscale Archimedean spirals, in particulgfe taprication of diverse patterns in high resolution and with
have shown unique and promising optical responses applicgdeq uniformity in a large area. Nevertheless, patterning

in areas including circular polarimefersguantum emit- techniques using BCP self-assembly share the inherent
ters;“ super-continuum plasmonic emissicemd second-

harmonic sensing and generation. _
However, common nanofabrication techniques with larg&eceived: July 16, 2020

area scalability are often limited in terms of delicate control 6fC¢épPted: September 15, 2020

the morphology, and thus the fabrication of nanoscale spiraiPlished: September 15, 2020

patterns on macroscopic substrates has been a challenge

mainly due to the complexity of the strudulieear and

rotational asymmetries in addition to extremely small feature
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Figure 1.SCFT simulation results for self-assembly of cylinder-forming BCPs, with radius &, gyratésious asymmetric trenches. The

green plots indicate trench structures, while the red plots depict isosurfaces where the logldsdenBi8yand PDMS are equal (interface
between two blocks). The simulations were performed with top surfaces attracted to PDMS and both sidewall and bottom trench surfaces attrac
to PS. The top PDMS layer and the bottom of the trench are removed in ins{ge$ofdetter visibility of the trench and BCP morphology.

(a) A circular trench structure with a radius of R)#d (b) resulting concentric ring structure of BCPs. (¥ Biyd view of the asymmetric

trench structure with defect, represented by substituting the top right quarter of the circle with a quarter of an ellipse with a sefRi-minor axis of
and a semi-major axisRPf R, and (d) the resulting spiral formed in the template With 3.9R;. Simulation results for self-assembly in
asymmetric trench structures witlxed radiu® = 10.64; and various defect siz&= (e) 2.24R,, () 2.8(R,, (9) 3.9R,, (h) 4.4&R, and (i)

5.0, Simulation results for self-assembly in asymmetric trench structuxes @itfect siz&k = 3.3@; and various rad®, forming spirals of
corresponding winding numbersR = (j) 8.40R; ( =4.5), (k) 9.5R,( =5), () 10.0&;( =5.5),(m) 10.6&K,( =6), and (n)

12.0K,( =6.5).

constraints of many bottom-up techniques, especially regardgiate the generation of asymmetric circular trenches with
morphology control. arti cially incorporated defects, which energetically stabilize
A few years ago, a study on BCP self-assembly into spita formation of self-assembled BCP spirals. Fieiterdie
morphology was reported, suggesting possibilities of fabricatiile-domain (FDTD) simulations reveal the relationship
more intricate structures using BCPEhe aforementioned  petween optical characteristics of the spirals and their
study utilized simulations to predict the BQRhavior in stryctural parameters, such as winding number and pattern
topographic templates and designed trenches to induce DgAymetry. Thesendings provide a costeetive and scalable
intospiral_ morphologies by addmg '.”OtCh.es into CIrCUIafrabrication technique using multiple-length-scale bottom-up
trenches. The 'templates werective with high .y'EIdS of roaches to produce an aligned array of spiral nanostructures
coordinated spirals, especially compared to spirals formec{?fn?1 controlled size, handedness, orientation, and winding
symmetric hexagonal trenches, implying superiority g b hich h ,b hi ’bI v Vi ’ v hiah-
fumber, which have been achievable only via extremely hig

asymmetric trenches in producing asymmetric BCP patter . ; .
However, the trenches reported in the previous study we st and Iow—Fhrqughput lithographic techniques, and suggest
otential applications for the nanostructure array.

fabricated with electron beam lithography, forming spirdl
arrays on a micron-sized small area. Because the scalability of
the template fabrication technique directly limits the maximum RESULTS AND DISCUSSION

area of BCP patterns, large-area fabrication of template ar@ysyredict the DSA behavior of cylinder-forming BCPs within
is indispensable for practical applications beyond laboratopgioys trench-type templates, we performed self-consistent
scale experiments. eld theory (SCFT) simulations. The awmements were

In this work, we report simulation results on reement- . ; . ;
induced DSA behaviors of BCPs, which inspired a scalatgl]é)deled with top s_urf_aces with high PDMSity o
roduce polymer-air interfaces and bottom and sidewall

fabrication process for asymmetric trenches to induce spng faces with high PSraty to reproduce Si frenches with PS

self-assembly, and studies on the unique nanoplasmoﬁﬂ,r h h with a sh ¢ ; .
characteristics of the spiral patterns. Self-considtiethieory rush layers. In a trench with a shape of a perfect, symmetric

(SCFT) simulations suggest optimal template geometries wigifcle, concentric rings, where the raitia$ the template
inherent asymmetries to induce the self-assembly of spifgtermines the number of rings, are formed as exfidtted.
morphologies with controlled winding numbers and hande@mulation results igure a,b present three concentric rings
nesses. Inspired by the simulation-based design of templdgggned in a circular template with a radius of Rp=62.96.,

for nanoscale spirals, we developed a scalable fabricatidrereR;andL, = 3.6R;are, respectively, the radius of gyration
technique via a combination of microsphere self-assembly aardl lattice spacing (periodicity) of the cylinder-forming BCP
angle-controlled e-beam evaporative deposition. We demdffippys= 0.3 and N = 18.0).
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Figure 2.0verview schematics and SEM images of template fabrication process. (a) Polystyrene nanosphere self-assembly into hexagonally cl
packed monolayer, (b) their size reduction using ICP-RIE, o)esiiCal deposition, (dyst nickel etch mask GLAD, (e) second nickel etch

mask GLAD, (f) Siganisotropic etching using ICP-RIE, (g) nickel and PS sphere etch masks removal with an acidic solution and ultrasonication
treatment, respectively, and (h) block copolymer self-assembly within the trenches. The scale bars represent 200 nm.

On the other hand, to construct a trench to induce self¢Figure iSh). BCPs sustain the spiral structure umil
assembly into a spiral, we incorpora@®drti cial protrusion  reaches 5.8 where R is large enough to alter the spiral
defect at one side of the circular trench, represented bynorphology and form a central island ring structure
substituting a quarter of the circle with an ellipse with a sendisconnected from the spiral cylinder, as shofigtire i
minor axis oR and a semi-major axisPof R To specify A further increase inR results in structures considerably
parameters describing the template dimenstoasd R distorted from spiral morphologies due to the large widths of
hereafter designate the radius of the circular region and thee defect structure (sdeégure Slin the Supporting
radius dierence at the protruded region, respectively, as seérformation for more simulation results). From these
in Figure €. The intentional defect incorporation generatesnvestigations, we could determine that the BCPs form spiral
lattice mismatch between the two halves of the trenchtructures in templates in the range 0Rg.80R  4.48&R,
structure, which increases with fRgalue. SCFT calculations which corresponds to 048 R  1.24, From this
indicate that an appropriat&k value provides suient perspective, the defect siReshould approximately be on the
asymmetry in the trench for the BCP cylinders to form arder ofL,, which is suciently wide for an additional cylinder
connected spiral structure to overcome the free-energy bargiattern to be initiated at the defect but not to a degree of
resulting from the lattice mismatch at the protrusion defeaausing closed cylinder loops to form.
region. Subsequent simulations, conducted with spectra offo demonstrate the possibility of forming spiral structures
dimensional parameters, showed Baand R values  with various winding numbers (termed hereafter), we
determine the spiral morphology, and the results are describgetformed additional SCFT simulations for templates with
in detail below. variations in the radi&and a xed defect size dR= 3.3,

To systematically study theeets of spatial conement As shown iffigure jSn, of the spiral morphology increases
conditions as a function d&®, we performed a series of SCFT from 4.5 to 6.5 as the radius of the trench is enlarged from
simulations by increasirigfrom 0 to 6.1B; with the radius ~ 8.4(R;to 12.0&,. It is noteworthy that the winding number
of the circular trenchxed atR = 10.64,. For systems with  approximately corresponds t&2.,, which is consistent with
small Rvalues (2.24R;), BCPs maintain the concentric ring R/L, being approximately the number of concentric rings
structure with the formation of small distortions near thdormed within a circular trench with a raéuBurthermore,
protrusion defects in the trench, as showfidare &. the simulation results show that self-assembly into a spiral is
However, whenR and the resultant lattice mismatch are stable in all trenches with variBughen the defect sizR is
su ciently signicant, a disconnection in the outermost ring approximatelis,.
occurs at the defect region and the BCPs start to wind inwardWe now present how nanoscale spirals with highly
to form spiral patterns. This phenomenon suggests that tleentrolled geometries can be fabricated in a scalable manner.
arti cial defects can serve ‘&piral initiators, which The overall fabrication procedure for an array of nanoscale
energetically stabilize the spiral geometries. spiral patterns is illustrated Rigure 2with corresponding

As can be seen Fgure 1 such spiral morphologies are SEM image§igure Sih the Supporting Information provides
observed in trenches witR between 2.8%) and 4.4B, a more detailed representation of each fabrication step with
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birds eye and cross-sectional views. The trench templapirals formed within those templates are shown in the insets
fabrication process utilizes capillary force assembly of micggFigure 3a,b.

spheres, physical vapor depositions, and ion-etching techni-

gues, which provide outstanding scalability and facilita*~ |
utilization of BCPs in large-area fabrications without hinderir(a) iS5
the advantages of DSA as a bottom-up approach. Furthermc
various structural parameters of the spirals, such as their s
handedness, orientation, and winding number, can t
controlled with simple adjustments in the fabrication proces
as discussed below.

The templates demonstrated here were fabricated 1
reproduce the trench structures and dimensions used in tl
SCFT simulations. BCP with lattice spacihgo60 nm was
used, and the template was customized accordingly based
the facile controllability over the size and shape of the temple
via simple modeations in the fabrication process. First, the
size of microspheres angd @lasma etching parameters can
adjust the radiurR of the template to the optimal size. The
SEM images ifrigure 3,b show polystyrene (PS) micro- (c)
spheres with size reduced from the initial radRrs 860 nm
to R=9.5R, = 159 nm, analogous to the parameter optimizec
for 5 spirals Figure k). The pattern period of the templates,
on the other hand, can also be regulated by controlling the
diameters of close-packed PS spheres, as their initial diame&tgure 3.Spiral nanostructures fabricated in the trenches using block
determines the center-to-center distance between neighborfgolymer. SEM images of (a) clockwise spirals (inset: template
circular trenches (sBayure Sén the Supporting Information before BCP self-assembly), (b) counter-clockwise spirals (inset:

for pattern dimension adjustments). PS microspheres Eﬁmplate before BCP self-assembly), and (c) spirals with winding

. . . . numbers from 4.5%0 6.5. The scale bars represent 300 nm.
various sizes are commercially available and can also be easWy P

prepared, providing thexibility to fabricate arrays ofatent . L .
sizes and pattern periods. Following template fabrication, spiral patterns were

Second, the size and shape of the nanoholes aNlgveloped within the t_emplates via directed self-assembly of
consequently those of the defect, are determined by trp@ly(sty(rjenéyd|r'r;|e(tjrgI§|onane) (R.SEDM.S)' IP?fPDMS;
deposition angles in the two-step nickel glancing angf! Produce wet- patterns with minima/ defects, form

deposition (GLAD) process. A number of previous stud: |Q('(\j/iah'ahsimplle thy—etc;thing ]E)rotcess fWithL‘PIl%ﬁ;FgE' and
ies™* have reported crescent-shaped shadows generaﬁr(?v' € high-resolution patterns for ranster pr a

with the GLAD technique on spherical nanostructures and thgr?eri[}nesrz\:qedrsslirggocaét%ﬁnlzgurgedjczh dozvvihggihf(?:élﬁgrﬁdlates
the size and shape of tlieposition silhouettewhere no piral p P P )

: . ; . Figure 3,b, large-scale arrays of uniforreptral patterns
materlals_ are deposited, are determlned by the glancmg a”%?mgd in trenche?s with raRiF 1%9 nm can be seeFr)1 We also
We discovered that the partial overlapping of two :

dissimilarly shaped Ni deposition silhouettes from eacin%zpared trenches with ralof approximately 140, 159, 168,
t

. 7, and 200 nm to reproduce the template sizes considered in
GLAD process forms an asymmetric shadow analogous SCFT simulations Figure j3n. Spirals with a winding
the protrusion defects used in the SCFT simulations, as Shoyf\\ner  of 45 5.55.6 and. 6.5 were, respectively,
in Figure 2. The overlapped portion of the shadows, wherg, o in those trenches, validating the simulation results. The
deposition did not occur both times, acts as the defect in tr}%sulting spirals of variousn the range of 4.5 6.5
trench after etching Si@sing Ni as an etch mask. As the gemonstrate the precise morphological versatility of this
shape of the shadow is alsected by the size of the taprication process and its potential in inducing asymmetric
microspheres, glancing angles have to be adjusted accordigg Y.assembly.
to maintain the defect siz& = Lo for microspheres of \greover, the control of asymmetry of the trench structure
di erent sizes. For the pattern demonstrateignre 2 4jjows eective alterations in pattern handedness and
nanoholes of optimal size and shape were obtained with polgfentation. As discussed above, BCP cylinders are initiated
angles of 50 and 30relative to the surface normal and an at the wider part of the defect winding inward, and thereby
azimuthal angle = 70" (see Figures S4 and SB the  poth the handedness and orientation of the spirals can be
Supporting Information for more detailed descriptions on thgdjusted by tuning the defect. The handedness is determined
angles in the GLAD technique). The underlying &€ by the relative angle between the two GLAD processes.
exposed by the nanohole was then etched with anisotropigenches fabricated with larger shadows located clockwise to
inductively coupled plasma reactive-ion etching (ICP-RIE) temaller shadows develop spirals winding inward clockwise,
fabricate an asymmetric defect with a sharp edge. Finally, thiile trenches with larger shadows located counter-clockwise
nickel mask layers and PS spheres were removed by wetsmaller shadows develop spirals winding inward counter-
etching in an acidic solution and ultrasonication treatmentslockwise. The orientation of the spirals, on the other hand, is
respectively, to develop the trenches. Trenches of Yariousuniformly controlled by the deposition angle as well. Since the
with xed R can be seen ifrigure 8. The asymmetric overlapping shadow develops a defect that acts as the starting
templates fabricated with defects in the opposite directions apdint of spiral self-assembly, spirals in the array have their

,

4.5pi 5pi 5.5pi
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Figure 4.Plasmonic ects of the nanoscale Archimedean spirals obtained by FDTD simulations. (a) Schematanasiral cavities,

patterned in a goldm on a silicon substrate. (b) Transmittance ofriaBospiral array for X and Y linearly polarized waves as a function of
wavelength. (c) Transmittanceedence T between X and Y polarizations as a function of winding number and wavelength. (d) The maximum
local eld intensity enhancement factors near the top surfaces of the nanospirals as a function of winding number for Y polarization. Thi
wavelengths of maximueld enhancement for each winding number are denoted as black dots in (c). (e)eElatistcbution in 5.5

nanospiral array at the maximwetd enhancement wavelength. The scale bar represents 300 nm.

outermost cylinders oriented at the overlapping regions. In theThe transmission spectra and the elecéld intensity
fabrication method, the defect position and direction can benhancement ects under incident waves of edéent
easily modied by adjusting the angles of the two nickel GLADpolarization states and wavelengths were calculated for the
processes, allowing facile adjustment in the spiral handedre@sals with a range of winding numbeigure % shows
and orientation with high yield. transmission spectra of 5.8pirals as a function of the

As examples, spirals ofedént handednesses were formedwavelength, where linear dichroism can be observed in the
using templates containing aitil defects fabricated in contrasting trends and with largeedinces in the trans-
opposite directions. The fabricated spirals, winding inwaftlittance betweex andy linearly polarized incident waves.
clockwise and counter-clockwise, can be s€éyuie a,b, The di erences between linearly polarized waves demonstrate
respectively, along with their templates as insets. Additionalfje¢ importance of the spisabrientation in determining the
as predicted with SCFT simulations, the winding numtfer ~ transmittancezigure 4 illustrates the spectral dependence of
the spirals was determined by the r&usen the defect size the transmission dirence T of spirals with ranging
is maintained atR = L, and spirals of various were between 2.5and 6.5 (seeElgl_Jre Séor the transmittance for
fabricated in templates of various radii, as shaviguie 8. X- andY-polarized linear incident waves). Thevalues are
These parameters, including the template radius and the defégcted by both ‘and , exhibiting larger dérences in wider
size and shape, can be adjusted in the trench fabricatiff'9eS Of wavelengths with increasing winding number.
process with PS microsphere size and GLAD angles, providm wever, as the winding ngmper exceeds B trans-
a versatile control of the morphology. Furthermore, thgnfttance starts to show a sigantly reduced polarization
fabrication method also produces a dense subwavelengf}@ptrast possibly due to the decreased asymmetry in the spiral.

al'i

scale nanostructure array in large scale, which is essenti i hote that previous stu_d|es .have also rgpprted winding-
o : humber-dependent linear dichroisms, which is induced by the
amplifying the plasmoniceet.

) . . dipole oscillation in the spiral arms along the direction of
To investigate the plasmoniceets of the nanoscale incident light polarizatidf’*

Archimedean spiral arrays, three-dimensional FDTD SIMU-The maximum localeld intensity enhancement near the

lations were carried out using structural parameters bas’edt8[3 surface of the structure is observed to be between 300 and
the fabricated nanostructsireThree-dimensional chiral 114 depending on the winding numbgas shown iRigure
nanostructures are known to show strong circular dichroisfgy |, 4| cases, the wavelength at which the maxieidim
which is often utilized in app|lcat|0l’gg4$8UCh as circulainhancement occurs is aroundre as illustrated with black
polarimeters or biomolecule sensing’ However,  gots inFigure 4. The extremeeld enhancements in the spiral
simulation results based on our nanopatterns indicate th&tctures can be attributed to the plasmaglit concen-
two-dimensional Archimedean spirals exhibit greater intgfation between the closely spaced spiral &g We note
actions with linearly polarized waves, analogous to previougl4t the enhancement factor is strongly dependent on the
reported studie$. The nanospirals show strong linear winding number for < 4 and becomes relatively constant
dichroism determined by their geometries, which can b@r >4 .When the winding number is smalk(4.5 ), the

used in a number of applicati@fds. The nanostructure array |arge structural asymmetry induces an asymmeldc

used in the calculations is modeled as hexagonally ordegigtribution possessing plasmonic hot spots on the rim of the
Archimedean nanospirals patterned in an Au layer on a §jirals, as shownfigure S6c,avhich is highly sensitive to
substrate, as describedrigure 4 and theMethodssection. As the winding number further increases>( 4 ), the

The simulation results Figure 4show notable plasmonic distribution of plasmonic hot spots becomes more centrosym-
e ects induced by the asymmetry of spirals and theinetric Figure S6e and thus the resonance characteristics
relationship with the spisalvinding number . become less sensitive to the winding number. Consequently,
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the intensity enhancement factors fer4 is maintained at  surface) and in majoriteld ( ps=i .+ &S 5.0 near the PS-

around 600 with littleuctuations, as shownFigure 4. attracted trench surfaces) were made to reproduce the strong
The plasmonic properties occurring in spirals with 4.5 attractions of corresponding blocks to the preferred interface, where
6.5 suggest a number of interesting applications, espec%&g's the pressureeld and ¢ is the exchange potentiald in the

. . ; ~ “diblock copolymer system, as shown in the litetat(ifghe trench
combined with the comprehensive control of the spir epth was set to B¢ which ts 1.5 lattice spacing of our simulated

geometries provided by our fabrication method. Foremosicps  ensuring that the polymén is stable with one cylinder
the tunable dichroism determined bguggests possibilities ithin the circular trench with at PDMS layer on the top surface.
as an ultrathin large-area polarimeter. Large-area fabricatiofr@thermore, the swient distance between the top and bottom
ordered nanoscale spirals with precise control of the spirairfaces allows interfacial interactions at the top and bottom of the
winding number and orientation provides highly selectiveolymer Im to be independent of each other. Moreover, the
transmittance, as exhibitedrigure #,c. The -dependent simulf;tions were performed using_ a lattice _Boltzmausiodi

T values show the importance of controlling the spiral§duation solver optimized for graphics processing units (GPUs).

winding number, while the contrasting responses to the'gFabrication of the Asymmetric Circular Template. Poly-

polarized waves show the importance of uniform onentatmn&l fer using capillary force self-assembly to form a hexagonally close-

spirals in an array to amplify theat. Furthermore, the- packed monolayer and etched using an ICP-RIE process, with O
dependent transmission spectra combined with theeligh  pjasma (15 mTorr, 100/5 W). A 90 nm thick silicon dioxide(SiO
enhancement is a promising characteristic in realizing a pregiger was deposited vertically, and 30 nm thick nickel layers were

rene (PS) microspheres were coated on a UV-o0zone-treated silicon

optical sensar. subsequently deposited twice with the glancing angle deposition
(GLAD) technique, in derent directions with dérent deposition
CONCLUSIONS angles, to produce asymmetric nanoholes. All metal and oxide

depositions were performed using an electron beam evaporator at a

In summary, SCFT calculations were performed to deducerage of 1 A/s. The ICP-RIE process with/Ok plasma (15 mTorr,
customized template design that can induce the formation 850/50 W) was used to etch the Siyer exposed by the nanoholes.
spiral morphologies via directed self-assembly of BCPs. Ainally, the nickel mask layers and PS spheres were removed by wet
particular, SCFT demonstrated that theciatiincorporation ~ €tching in an acidic solution (HNOH;COOH:H,SO:H,O =
of a protrusion defect can play a key role in stabilizing spiraP:2:20) and ultrasonication treatment, respectively.
geometries over concentric rings. This was experimentalILYMCh'meclef"ln Spiral Formation and Characterization. The

. S : substrates with the fabricated trenches wstrespin-coated with
veri ed by a scalable fabrication of nanoscale spirals basegg%

. ; Hroxyl-terminated polystyrene (PS-OH, Polymer Sourdd, c.,
BCP self-assembly directed by microsphere self-assemygyq/mol) dissolved to 1 wt % toluene solution, thermally annealed

patterns. The protrusion defect designed by the SCFjt150°C for 2 h, and washed with toluene to remove excess polymers
calculations was realized via two-step glancing angle deposi-the surfaces. Poly(styrérgdimethylsiloxane) (FSPDMS,

tion, which successfully iedd BCP self-assembly for Polymer Source, Intl, = 48 kg/molfppus= 35.4%) was dissolved
nanoscale spirals with uniform size, handedness, orientationQ.8 wt % in a solution of toluene, heptane, and propylene glycol
and winding number. FDTD simulation was then used t(ﬁn%tht)" tether acetate (m'tx'gg r?r::l?hbz-ﬂé-iﬂ];l]é’ S'?Ta'A'?rggéb The
investigate the plasmonic responses of metasurface array8Ugglrates were spin-coated wi solution &
nanoscale Archimedean spirals with respect to their windiffy" fof 30 s and placed on a hot plate heated*td &ibbe dried for

b EDTD Its d trated o | . min in air. The samples were then annealed in a toluene vapor
numboer . results demonstrated promising plasmoniGnamper at room temperature for 3 h. Subsequently, the ICP-RIE

responses in the nanoscale spirals, includirmd - process was used to convert the PDMS domain of BCPs, to SiO
dependent linear dichroism and electetd intensity  nanostructure. The samples were treated wjii@#a (15 mTorr,
enhancement ects, which can be attributed to the asymmetrys0/30 W for 25 s) to remove the top PDMS layers, followed by
and subwavelength scale of the nanostructures. Téese e treatment with @plasma (15 mTorr, 50/30 W for 30 s) to remove
can be potentially utilized in a number of applications, such # PS layers and oxidize the PDMS chains to yield SiO
polarimeters and optical sensors, and our process provides agostructure. The nanostructures were observed uskld a
scalable fabrication method for a macroscopic array of spi é ssion scanning electron microscope (FE-SEM, Hitachi, model S-

: ; ; ; ; ; ; ; 0) operated at 10 kV.
with coordinated geometries, including size, orientation, an Finite-Di erence Time-Domain (FDTD) Simulation Three-

Wlndlng num.ber. Although the plasmonic responses Qi;mensional FDTD simulations were performed to analyze the optical
nanosplrals §|mulated by FDTD methods were not demQrﬂ,-roperties of the nanoscale spiral arrays using a commercial software
strated in this study, we expect to produce correspondifckage, Lumerical FDTD Solutions. The nanostructures were
structures with noble metals via further developments amgbdeled as hexagonally ordered Archimedean nanospirals patterned
investigations. Nevertheless, the low-cost, versatile, anch Au layer on a Si substrate, as showigime 4. The structural
scalable fabrication method presented here would be ablep@rameter, d, andd, in Figure & were set to 500, 25.2, and 24 nm,
facilitate the fabrication of diverse asymmetric patterns af@pectively, recting those of the experimentally fabricated

also expand applications of BCP self-assembly in producgﬁe%cwées't '3_ lljrutd.e Tc’d?.l Wasf “:ed Ttﬁ delscribe the dfreqlllj.e.“cy'
Comp|eX nanostructures. enaen lelectric tunction O u. € plasma an collision

frequency of Au were set as 1x140' and 9x 10" rad/s,
respectively. The refractive index of Si was assumed to be constant at

METHODS the value of 3.4.
Self-Consistent Field Theory (SCFT) SimulationCylinder-
forming block copolymerspfys = 0.3 and N = 18.0) were ASSOCIATED CONTENT

simulated with appropriate brush Iaye(s (modeled V\{ith Iigh@ particlés  Supporting Information
attracted to one of the blocks) using the hybrid paride- The Supporting Information is available free of charge at

simulation methodology originally developed by Fredricksdh et al, . ; ;
The top surface and trench substrate were modeled with impenetraméps'//pubs'acs'org/dm/lo'1021/acsaml'0012885

slabs attracted to PDMS and PS, respectively. chtashs in SCFT simulation results; overview of template fabrica-
minority eld ( ppus=i +S S 5.0 near the PDMS-attracted top tion process; SEM images on template size and pattern
46683 https://dx.doi.org/10.1021/acsami.0c12885
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