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ABSTRACT OF THE THESIS

Improved Fabrication of Plasmonic Structures
By
Nicholas Sharac
Master of Science in Chemical and Material Physics for Chemistry
University of California, Irvine, 2014

Professor Regina Ragan, Chair

Periodic metal nanostructure arrays possess efeatyoetic properties useful for metamaterials,
light trapping, and molecular sensing, such asaserenhanced Raman spectroscopy (SERS).
The localized plasmon resonance frequency of thesgs depends on the material, periodicity,
size, and spacing of nanoparticles. While bottomrdéabrication techniques are often
inexpensive and more realistic on a manufacturaadesthan top down fabrication alternatives,
tuning nanostructure parameters to modify opticapprties is currently limited. In my work, |
have demonstrated the potential for scaling dowhtaning nanostructures fabricated by bottom
up techniques, by using a thermally responsivegiefin (PO) film in conjunction with
nanosphere lithography (NSL). By heating the pa#dr substrate in a convection oven, | have
successfully fabricated both nanopillar arrays witable dimensions, which can be used in
antireflective applications, and tunable gold naaagle arrays, which have previously been
shown to generate SERS enhancements due to tispdistbetween two tips. Reductions in area
as great as 95% have been achieved. Reflectanceagm®py shows the tunabilty of the triangle
array to tune the plasmon resonance. These findirggsonfirmed by subsequent SERS

experiments. | also present here work on localsethce phonon polariton modes (SPhP),

vi



which are potential low loss alternative to plasmen6H-silicon carbide nanopillar arrays are
fabricated to generate localized SPhP modes, vdrelimeasured using FTIR reflectance
spectroscopy and Raman spectroscopy. The measBhdIi8odes are found to have

exceptionally narrow line widths, giving high Q faxs and low losses, and in many cases are

Raman active.
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INTRODUCTION

Surface plasmons are collective electric chargdlasons at the interface of a metal and
dielectric [1-3]. Incident light in the visible amear- IR range can couple with surface plasmons,
resulting in surface plasmon polaritons, which pggte along the metal dielectric surface in a
wave until absorbed by a metal or radiated intacsp&urface plasmon resonance occurs when
plasmons are hit by light of the same frequenay déise plasma, called resonance frequency. In
sub-wavelength sized metal structures, this phenomes localized, and is known as localized
surface plasmon resonance. The localized plasnsama&ce can be tuned by changing the size,
shape, periodicity, and metal of the nanostructure.

Tuning the localized surface plasmon resonancelmermetal structures is pivotal in
optimizing a wide range of applications, such asopé&otonic devices[4-9], biological
sensors[10, 11], and photovoltaics[12]. The higkesancement factors for surface enhanced
Raman spectroscopy (SERS)[13] and metal enhangereficence (MEF) [14] , currently
greater than 1x1079 [15] and 1,100 fold[16],respety, are attained when the plasmon
frequency is between the frequency of the incidight and that of the light scattered from the
analyte molecule[17,18], or in the case of MEF, lilet emitted from the fluorophore. Single
molecular detection, perhaps currently the singiigdst goal in bio sensing devices, can be
attained by SERS for plasmonic enhancement faidist spots exceeding 19]. For solar
cell devices, enhancing light absorption in thesfdlequency range allows for the highest
increases in efficiency [20]. Additionally, dielectstructures with anti-reflective (AR)
properties have shown promise in increasing absorfor solar cells and transmittance for

light-emitting diodes (LED) [21]. Plasmonics alsavie applications in light screens, solar



devices, thermal cancer treatment, catalysis, emtha precursors for metamaterials, which has
a host of new applications itself.

Current progress in plasmonics is limited by: 1 HAgh expense and low throughput of
current manufacturing techniques, discussed be2pihe smallest attainable feature sizes from
those techniques, 3) the lack of control offerecchgaper, more robust techniques, 4) Inherently
high losses in metallic nanostructures.

The current state of the art processes for matwriag plasmonic devices all utilize
electron beam (e-beam) lithography [22]. E-beahof@itaphy works similar to a scanning
electron microscope (SEM), where a beam of elesti®nastered across a surface coated with
photoresist. The exposed photoresist can therebget similar as in other photolithographic
processes. Advantages in e-beam lithography inaluréet control of the pattern, using writing
programs, below the diffraction limit. Feature sizan reproducibly be made down to 10 nm, at
best, though state of the art cases using an aioerrrected STEM have reported sizes down
to 2 nm [23]. However, consistent pitch and feagpacing are more difficult to attain due to
secondary electron scattering, thermal noise, #gvdtions. The biggest drawbacks of e-beam
are its high cost and low throughput. Direct wgtimachines cost several million dollars-the
conversion of an SEM to an e-beam lithography systtll requires around $100,000 in
addition to the cost of the SEM. Throughput is ently low, due to the linear nature of the e-
beam process and is currently on the scale of hmrrsafer.

E-beam is an example of top down lithography, wleepattern is sculpted from a larger
building block. Bottom up lithography, in contrasteates a pattern from smaller building
blocks. Molecular self-assembly is perhaps the rmostmon bottom up method, and is found in

nature, for instance in helical bonding in the DIRA]J. Molecular units organize into ordered



structures through molecular interactions. Seldeasbly occurs for larger particles as well, such
as in nanosphere lithography (NSL), which utilites close packing of polystyrene and silica
microspheres [25Bottom up methods offer faster, cheaper solutiaiik higher coverage, but
often at the cost of tunability. For instance, iorkwby Park, nanopillar arrays, in close
resemblance to the cones in a moth's eye, wereéédd on both sides of glass using NSL,
resulting in a 99% transparency in the visible sad6]. By tuning the height and pillar shape,
they were able to tune the frequency region in Wwiie AR properties occurred. However, the
spacing between pillars, which plays a direct molthe refractive index gradient, remained
fixed, due to the inherent inability of NSL to alfgeriodicity independently of structure height
and size. Ideally, a scaling method would be redli@hich can improve the deficiencies in both
nanofabrication approaches, to reduce the feahde#ch sizes attained by state of the art
techniques and those attained by larger, highegrege methods, in addition to offering quick,
facile tunability. The fourth limitation mentionedbove is directly related to high loss in noble
metal structures [27]. Even the best plasmonicesysttoday are still limited in terms of
practicality due to the high losses inherent inlagbetals, which have high absorbances. This
poses the biggest concern for waveguiding apptinatias it transmit signals across a device but
even for other applications, such as sensingsitde@n speculated that lower loss alternatives
with stronger, sharper resonances would offer &etter sensitivity [28].

In my research, | have addressed the first threstioned problems (cost, minimum
feature size attainable, and versatility) by depeglg an inexpensive, ease of use technique for
tunable structures which can be potentially appticed wide range of bottom up and top down
techniques. Additionally, | have addressed thetfoproblem (loss) by exploring alternative,

low loss photonic systems in the form of silicombede (SiC) nanopillar arrays. In the former



case, | have combined nanosphere lithography (N&stgbust, bottom up technique, with a
polyolefin thermoplastic substrate, a technologly eacently being realized for engineering
applications, and in terms of lithography, still fia its infancy [29]. With these two combined
techniques, | have produced nanopillars and gatdtn@ngles, which are attainable via
traditional nanosphere lithography, and have redilbe¢h these patterns, through heating, by up
to 95% in surface area. The tunability of our stdiss is showcased in several ways. First, we
show the independent parameterization of our ndlaogiructures, by independently changing
the pillar diameter and periodicity [30], whichtinaditional NSL is not possible. Second, we
show the possibility of asymmetric stretching, whadlows for a wider array of different

patterns to be realized. Finally, with our triarsgleve show that reducing the periodicity and size
of our structures can tune the plasmon resonanteawindow of at least 100 nm. All these
modifications offered by our new substrate can dr@edwvithin an hour. Showing the ability of
the thermo plastic to tune and reduce two veryediffit nano patterns, with gap sizes as low as 5
nm remaining intact, is a promising start for ttidaation of this technique with other

fabrication processes, including E-beam. Additibndlhave participated in the investigation of
a polar dielectric based alternative to plasmonialjzed through electron beam lithography, to
create silicon carbide nanopillar arrays, with ptitd use in SERS and surface enhanced
infrared absorption spectroscopy (SEIRA) [31].Titwed lifetime of surface phonon polar modes
allow for low loss materials. In chapter 2, | detae wok performed with the thermoplastic film,
discussing first the fabrication and tunabilitynainopillar structures, followed by the fabrication
and tunability of nanotriangle arrays. Finally,idcluss the implications of the work, and where
these findings can next be applied. In chapterd@tail my work on SiC nanopillar structures,

the nature of localized SPhP modes, and the patgmbgress of this field in the near future.



2. Versatile nano self-assembly

us ng athermoplaglcfllm (a) P'S Unshrunk PS Shrunk SEM: PS Shrunk
Thermoplastic substrates are . -
initially prestressed plastic films, which Tomm P T
(b) PO Unshrunk PO Shrunk SEM: PO Shrunk

reduce to their original dimensions

when heated. These films have been

exploited in the last few years to

—
5 mm 1 mm

produce wrinkled metallic (c)
% Change in  |% Change in
% Change in (% Change in |% Change in |Horizontal Line |Vertical Line |Shrunk Line
nanostructures for MEF, in work by e T T e — o — i),
Standard Dewviation 0.51 1.10 1.88 882 8.65 11.70

Sharma et al. [32]. This was _ _ o o
Figl. APS film (a) and PO film (b) with ink jet printdishes are placed

accomplished by coating the in a convection oven to reduce their x and y dirmerss while preservin
the shape of the original pattern. e) shows thé&fmge in the x and y
thermoplastic with a metal layer, dimensions of the printed lines for the PO filmigthis 77% for both

directions. [29]
which buckles as the surface are‘Reproduced from D. Nguyen, D. Taylor, K. Qian, Mrbuzi, J. Rasmussen, S. Botzet
. M. Lehmann, K. Halverson, and M. Khine, “Betteriskage than Shrinky-Dinks[’ab
of the substrate is reduced. In  chip, vol. 10, no. 12, pp. 1623-1626, 2010.
with permission of the PCCP Owner Societies.
similar work by Zhang et al[33], ahttp://pubs.rsc.org/en/Content/ArticleLanding/20X0/c001082k#!divAbstract
DOI: 10.1039/C001082K

polystyrene film (PS) was used tc

generate wrinkled nanoporous Au/Ag films, genemhot spots with SERS enhancements
factors over 1%) high enough for single molecule detection. Howetree frequency and location
of hot spots generated from the metal wrinklesnatecontrollable. Furthermore, the wrinkled
nature of the metal wrinkle film limits the numlrapplications that can be used. Ideally, the
film can be used to generate small spacings imgaiked manner, by combining the heat shrink
film’s properties with traditional lithography. Thopens up the film’s potential for a wide ranger
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range of applications, including controlled biosegsAR reflective properties, and even
potentially metamaterial substrates. Nguyen dtad.shown proof of concept of this possibility,
using an ink jet printer, that the polyolefin filkan be used to reduce patterns by 95% in surface
area and 77% in length [28], while maintaining ¥hand Y dimensions. However, this
experiment was limited to the macro scale. | sheve lthat the polyolefin’s pattern reduction
capability can be utilized even at the nanoscdieally this can be applied as an added feature
to optimize bottom up techniques, and also tomt&ficult, complicated structures that require
spacings smaller than that attainable by EBL.

I have employed nanosphere lithography for isees use and low cost, in order
to demonstrate the potential use of thermoplastiosinofabrication processés.nanosphere
lithography (NSL), spheres of diameters of 500 nradveral pm are deposited onto a surface in
a colloidal suspension. Evaporation of the solwanitses the spheres to hexagonally close pack
to preserve energy. Beads can also pack in layeesther ABA stacking, or ABCA stacking.
Close packing is controlled by concentration ofd¢bkition, sphere size, surface energy of the
substrate, and rate of evaporation of the soluttmheres are typically silica or polystyrene. The
forces that pack the spheres are convective antlargpdepending on the method of deposition
(dip coating, spin coating, doctor blading, etdigTbeads are then used as a mask, as in
traditional photolithography, where the exposedamsg of the substrate underneath it are either
coated with metal, or etched. The beads can therrhoved via sonication in water or ethanol.
NSL has been used to generate various patterssoas in Fig. 2, among them, using RIE and
plasma etching, nanopillars, and, using metal vdeposition, nano triangles, also known as the
bow tie structure. The main limiting factors of Nie in the mask itself. 1) Periodicity and

nanostructure size cannot be independently tunjdge@d diameters below ~200 nm are difficult



to pack in the HCP structure, due to increased Bramvmotion and decreased monodispersity.

This severely limits the smallest feature sizesiadible.

By applying nanosphere
lithography to a plastic PO
substrate, we have developed a
low cost, robust, high throughput
and versatile technique to fabricate
arrays of two types of
nanostructures, both nanopillar
arrays and the bow tie structure,
and are able to reduce the former
pattern by ~35% and the latter by
~77%. Further, we improve the
NSL technique by showing
independent tuning of periodicity
and feature size, with the added
benefit of additional size
reduction, post fabrication, of the
initial NSL structures. In terms of
application, | show the potential of
tunable bow tie arrays, by
modifying the maximum SERS EF

as a function of heat.

2
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Fig 2. Examples of possible nanostructures arrays that
can be fabricated using nanosphere lithography [25]

Reprinted with permission from A. Kosiorek ,T W.rtmlski , T
P. Chudzinski ,f K. Kempa ,§ and M. Giersig *t “Sba
Nanosphere Lithography,Nano Lettvol. 4, no. 7, pp. 1359-
1363,2004. American Chemical Society.



2.1 Tunable nanopillar arrays
Nanopillar arrays have shown potential use in salati-reflective coatings, and SERS

enhancements. For instance, Caldwell et all, hed asbeam lithography to generate gold
nanopillar arrays, with diameters ranging from 32@to 120 nm and distances from 270 nm to
60 nm, for a tunable plasmon resonance, with umfSERS enhancement factors as high as
~1.2x1078 [34]. Park et al. has used NSL to ge¢aeranopllars in close resemblance to the
cones in a moth's eye, on both sides of glass I&81g resulting in a 99% transparency in the
visible region. By tuning the height and pillar ppathey were able to tune the frequency region
in which the AR properties occurred. The AR projesrarise from periodic structures smaller
than the wavelength of light, which results in aosith gradient in the refractive index and an
effective absence of an air lens interface [26].Hwev, the spacing between pillars, which plays
a direct role in the refractive index gradient, eemed fixed, due to the inherent inability of NSL
to alter periodicity independently of structuredigiand size

| am able to produce nanopillar arrays similati® work done by Park, but with the
significant difference of facile tunability. Themapillars discussed next do not require EBL to
alter periodicity, and can be tuned in under arrhohis is useful for experiments that are pitch
dependent, such as the moth eye structure. By asingsphere lithography in conjunction with
the PO film, these bead-pillars are reducible inqucity. Additionally, plasma etching supplies
another independent parameter to vary the siz&drfel the height of nano bead-pillars. The
process is shown in Fig. 3. NSL provides a hexalgdnaed packed mask of latex beads of 500
nm diameter. Introducing the beads and PO subgtrateygen plasma allows for tuning of the
beads diameter and spacing, in addition to creatiquillar structures from the etched PO. The
substrate, consisting of a polyolefin blend, is-giressed, and therefore reduces in surface area

when exposed to temperatures above 100 °C. Thsed to modify the geometry of our pillar



array. Overall the spacing, feature size and hagtitese nano pillars can be tur
independently by thermal processing and plasmang. Finally, gold can be added to ¢

pillars viaphysical vapor deposition VD).

2.1.1 Experimental

Polyolefin (PO) films (9593,
Sealed Air Corporation) ,wit
thickness of approximately
millimeter that are laminated on

3 millimeter polyester &cking ,are

cleaned in isopropyl alcohol ai Sputter Au

then dried with pressurized a Heat

The clean PO film is then oxyg: Shrunk

plasma treated for 30 s at a powe Figure 3 Schematic process flow for fabrication of nanadgpillar:.

Reprinted with permission from N. Sharac, H. ShawhaKhine, R. Ragar‘Tunable
nano bead arrays on film for controlling propogatad light,” SPIE proceedingsvol.
8809, 2013.

of PO surfaces. A solution of 500 r

60 W toincrease the hydrophilicit

polystyrene (PS) beads (Bangs was diluted to a 3:1 ratio with triton X80 and methanc
(1:400 by volume). Approximately 12 pL of this siduin was then spin coated onto the film
for 5 minutes at 1000 RPM and allowed to dry foo twours. After spin coating, the substrat
plasmaetched at a power of 60 W in an Oxygen plasma dshetifferent times, from 540s 1
810 s. Immediately following the plasma etch stegmples are sonicated in ethanol for
minute and subsequently sonicated in deionized \{@ater for thirty secondto remove residus

etchant material. The samples are then mounted glass slide with double sided tape



heated in a convection oven from room temperatmifterent degrees of temperature ranging
from 90 °C to 120 °C. The differences in the lenfyim the original PO size were measured
with a digital caliper during the heating proce3ie percentages shrunk in length were
calculated by taking the ratio of the final widthswubstrate relative to the initial width. Finally,
samples were coated with a 5 nm titanium adhesiger Ifollowed by 50 nm Au, using chemical
vapor deposition. Temperatures did not exceed X15turing this process to avoid further
shrinking. An atomic force microscope (AFM) (AsyluResearch MFP-3D AFM) with silicon
cantilevers (Olympus) was used to characterizedhbelting topography of our substrate, and a
scanning electron microscope (SEM) (FEI- Magell@f XHR), at ~ 2 kv, was used to image

the periodicity of features over a large area.

2.1.2 Results

630 s, (c) 720 s, (d) 810 s,

respectively, since plasma etchi
the PS beads was found to be

most effective in this time range. ‘ ) ! Vo Y W
Figure4. SEM images of gold coated 500 nm PS bead arhays t

Etching times less than 540 s were reduced in size using various plasma etchstime540 s, b)
630 s, ¢) 730 s, d) 810 s. Scale bar is 100 nnm 2gM height
profiles for samples etched for €) 540 s, and @ 8provide the

shape of the resulting nanopillar beads.

Reprinted with permission from N. Sharac, H. SharwhakKhine, R. Ragan.
“Tunable nano bead arrays on film for controllimpgogation of light' SPIE
proceeding, vol. 8809, 2013.



resulted in minimal etching of PS beads, and begifils, the pillars were found to be damaged
in SEM images, data not shown. Etching for timeqaks of 540-810 s led to a deformation of
PS beads, as observed in Fig. 4. Etch times lahger810 s led to significant etching of PS
beads to the point of obliteration. Fig. 4d, sholmesPS beads to be significantly smaller and
distorted when compared to Fig. 4a, 2b, and 4expected, as the diameter of nano pillars is
reduced due to increasing the etch time, the spacing between the pillars is increased as
observed in Figure 4 a-d. As the measured pilldtiwdecreased from approximately 240 nm to
100 nm, when the etch time increased from 540 @s81he edge to edge spacing increased
from approximately 250 nm to 400 nm. AFM topografihg profiles are shown in Fig. 4 e and
2f, corresponding to etch times of 540s and 8XB8spectively. The height profiles illustrate that
with longer etch times, the top point of the p#lésecomes sharper relative to the smooth tops
observed on pillars after an etch time of 540 seoked in both in Fig. 4 e and 4f.

AFM

7205 810s

topography images of
the etched beads are 2
shown in the first row

of Figure 5, with a

nm

common height scale
legend on the right
show that heights

range from

approximately 60 nm  giqre5. AFM topography images of gold coated PS bead amayPO, etched
) for different time intervals and then shrunk inesiom 0% to 20% to 33% by
for pillars etched for  paating them from 2 to 105C to 115C, respectively.

Reprinted with permission from N. Sharac, H. Sharkhakhine, R. Ragan. “Tunable nano bead
arrays on film for controlling propogation of lighSPIE proceedingsvol. 8809, 2013.



540 s and up to 160 nm for a plasma etch time 06fs8and that the height increase is monotonic
with etch time. Due to the diminished beads aftgisBof plasma etching, while the etched PO
film was still intact, further deepening of thelailfeatures on the surface was not possible due
to the obliteration of the PS NSL mask. If a highspect ratio is needed, RIE can be used, due
to the difference in dry etch rates between POR®BI(35, 36]. This is especially important for
plasmonic applications where high aspect ratiocttines are correlated with strong local electric
fields [37] or for anti-reflection applications $uas "moth eye" structures, where height has
been shown to play a major role in AR, due to seggion of light reflection. Traditionally, NSL
has been performed on Si substrates to gener&espilith heights up to 400 nm by using
selective etching methods, such as RIE, with fluaiton or chemical etchants. On such a hard
surface, the beads do not adhere to the surfacaramémoved after sonication in a solvent.
Using a soft PO film, the PS beads remain bourtdegd?O film surface. Also, the beads
appeared to have a strong adhesion to the PO suBaaqicating the PS coated PO films in
organic solvents such as hexanes and dichloromethdmot lead to release of PS beads. If
combined with selective etching, tall, high asp@ltars can be attained with easily shapeable
caps.

We also investigated how a combination of etclangd thermal processing leads to
independent control of feature size and periodicdiobtained in conventional NSL. Fig. 5
shows AFM topography images for PS bead arraysyreRhed for different durations and
heated from room temperature to 105° C and@1Visually, it can be observed in the AFM
images that as the substrate is heated, the spaeingen nanopillars decreases, with this
decrease correlated with the percentage of decneasmensions of the PO substrate.

Furthermore, thermal processing also increaseldights of the nano bead pillars by

12



approximately 30 nm when heated to 115°C. Basdti@eonservation of mass law, since film
contracts in the X and Y direction, the film mustrease in the Z direction. Approximately 30
nm increase in the height was observed when simgriki approximately 35% in length for all
the etch times. Although the PO film has the aptlit contract by up to77% in length by heating
to 155C, the substrates were only shrunk to approxima&s®s in length at T = 115 °C. The
limit in thermal processing and achievable reductrofeature size, as has been previously
demonstrated, is due to stiffening of the PO sertharing etching. With the addition of the thin
oxide layer attained during plasma etching and hugtposition, shrinking the PO film past 35%
in length forced wrinkles to form. This was cleagljident in the SEM and AFM images where
the bead pillar arrays became masked by the wiriki¢he features were not all in one plane. A
summary of the differences in the widths, heightg] distances measured for the substrates is
presented in Table 1. For a more quantitative amglyhe same values are also plotted as a
function of etch time shown in Fig. 4. It is impamt to note that the spacings reported were
measured from center to center, and therefore a@dse in distance as a function of etch time

is shown here.

Etch time S—?;Qg Width Spacing Spacing | Height

(9 (OC) (nm) inx(nm) | iny(nm) | (nm)

540 25 237+ 452 +11 448 £+ 10| 654
540 105 224 +5 366 £ 10 384 10 793
540 115 215+14 314+9 375+15| 85+4
630 25 123+7 451 +14 429+ 19| 100*P6
630 105 118+7 381l.+4 376 £5| 120
630 115 119+9 314+4 351+6 | 1254
720 25 128+8 438+12 445+ 10, 975
720 105 128+4 381+9 380+10| 105K
720 115 126 +2 343+10 294+9| 113+4
810 25 95+7 439 £ 11 452+9 124 %5
810 105 97 £5 3867 356+6 132+4
810 115 92+ 7/ 32011 330+8| 1436

13



Table 1. Gap spacing, height, and width dimensions of Pl laerays for different etch times
and shrink temperatures.

Reprinted with permission from N. Sharac, H. ShakhaKhine, R. Ragan. “Tunable nano bead arraySlonfor
controlling propogation of light SPIE proceedingsvol. 8809, 2013.

As presented in Table 1 and illustrated in Figh&,nanopillars do not vary much in
width after heating. In theory, shrinking the susi®s should result in smaller diameter of the
pillars. This may be related to the PO being segetkimto small areas when etched into pillars,
preventing the normal shrinking expected. As showifig.4, only the largest measured pillars
appear to shrink to a small extent with increasemperature. This may be due to the
segmented PO still being large enough to decreaserface area to some small extent. As
expected, the center to center spacings decreasetuaction of heat, as shown in table 1 and
Fig. 6, from approximately 450 to 300 nm, whiclapgproximately a 35% reduction in distance.
This reduction in spacing corresponds well to tleasured reduction in the length of our plastic
substrates. Fig.4 also shows some variation existisrinking in the x and y directions of the
substrate, which can be attributed to asymmetretating of the substrate. Achieving control
over this asymmetry is possible by constrainingsdm@ple in one direction while heating. The
constrained side can be alternated according toedeshrink percentage and desired level of
asymmetry. Control of the asymmetry will allow mow@ability in nanostructure arrays in
addition to keeping the periodicity consistent. iAteresting observation to note is that the
samples etched for 810 s showed a continual dexredke variation of periodicity for the x and

y directions as heat was increased.
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Figure 6. Spacing, width, and heights for PS bead arrays/stas a function of etch time and
shrink temperatures.

Reprinted with permission from N. Sharac, H. SharkhaKhine, R. Ragan. “Tunable nano bead arraySlonfor
controlling propogation of light SPIE proceedingsvol. 8809, 2013.

2.1.3 Summary

In summary, | have developed a versatile methoddiack, robust, and inexpensive
fabrication of nanopillar structures. The thermsptaPO substrate allows for facile tunability of
inter particle spacing and height of the structufégermoplastics, combined with etching,
provides a quick solution to achieve wide rangpiltér widths and interpillar spacings. Most
significantly, | have achieved independent paranmetgon of both pillar width and interpillar
spacing. Currently, wrinkling prevents the subssdtom shrinking past 35%, but this may be
circumvented by first removing the oxide layer grusing a different heat film. Other etch
methods, such as RIE, will be used in the futureréate a deeper etch, resulting in taller pillars
more suitable to AR properties. High aspect ratiasonjunction with increased height from
shrinking, change in shape, and controlled vaiighit spacing should allow for the extensive

study of AR properties in moth wing structures
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2.2 Nanotriangles

Nanotriangles, also known as bowtie structure aatemmon bottom up assembly pattern
achieved by nanosphere lithography, which are ¢abed by depositing metal through the
interstices of the polystyrene sphere mask onubstgate, followed by mask lift off [25].
Previous work has shown hot spots to exist betwleejunction of two such Ag nanotriangles,
with reported SERS enhancement factors ov&f3B) for Ag triangles, with 200 nm base length
and 55 nm thickness. In this case, he used alufeder to match the incident and Raman
scattered photons with the LSPR mode. The hot sperts reportedly from the triangle tips, due
to the so called “lightning rod effect.” Since th@notriangles are a direct result of the metal
deposited within the nanosphere spacings, theoittes triangles are directly dependent on the
size of the latex spheres, where NSL is limitetl@P packing of 200 nm spheres at the
smallest. This implies a limit on the size of tharigle, periodicity, and density, and as a result,
the strength of the confined field. A thermoplastibstrate can bypass this limit. Here, | have
reproduced similar nanotriangle arrays, using gwlth the added benefit of the polyolefin
thermoplastic substrate. Unlike the aforementiamaabpillars, the nanotriangle design requires
minimal oxygen plasma etching, minimizing the oxiager and allowing for further size
reduction of our polymer without wrinkles. The Pabstrate enables the reduction of the tip to
tip spacing by 77%, which enables the future pd#silof plasmon coupling, as tip to tip
spacings are shown in some cases as small as Rutinermore, the reduction of the bowtie
array size has been shown to blue shift the plasesonance, which is useful for fluorophore
selectivity in metal enhanced fluorescence. ThesBigstrate allows for tunability of the

periodicity, in addition to the size of the triaagl | use reflectance spectrometry and surface
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enhanced Raman spectroscopy to show controllabilitie plasmon resonance with size
reduction in our nanotriangle arrays, where heatimgarrays gives up to a maximum of 77%
reduction in periodicity. Additionally, decreasitite intertip distance of the nanotriangles gives

the potential bonus of increased enhancementsnititioise hot spot regions.

2.2.1 Experimental

d <7

Fig 7. Schematic of nanotriangle fabrication. An oxygémsma treated polyolefin (PO) film (a)

is spun coated with a monolayer of hexagonal clpsett beads (b). The substrate is then coated
with a 40 nm layer of gold using chemical vaporatapon, followed by sonication release

beads, yielding an array of nanotriangles (c). Siestrate is then placed in a convection oven to
reduce substrate and size of the nanotriangle &ijay

A modified nanosphere lithography approach was tséabricate arrays of gold nanotriangles.
Polyolefin (PO) films (955-DSealed Air Corporation) ,with thickness of approately 1
millimeter, were laminated onto a 3 millimeter pedyer backing, cleaned in isopropyl alcohol,

and then dried with pressurized air. The PO filns wWeen oxygen plasma treated for a period of
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30 s at a power of 60 W to increase the hydroptylaf the surface. A 10.1% solid suspension
of 500 nm polystyrene (PS) beads in deionized w@angs lab) was diluted to a 3:1 ratio with
triton X-100 and methanol (1:400 by volume). Approately 12 uL of this solution was then
spin coated onto PO films for 5 minutes at a spEeld00 RPM. Samples were then allowed to
dry for two hours. Afterward, the samples were ettim an Oxygen plasma asher for 15 s at a
power of 60 W. First 3 nm Cr adhesion layer andhthd0 nm Au layer were deposited on the
samples using electron beam physical vapor depaosith a Temescale CV-8 ebeam evaporator,
to form triangular features in the intersticesslaswn in Fig.7. Temperatures did not exceed
115° C during the deposition process to avoid ptarmaashrinking of PO films .The samples
were then sonicated in EtoH to release PS beadsitea metal pattern consisting of triangular
features in the regions between the beads. Anatiewas used to avoid deformation of the PO

surface during sonication.

Samples were mounted onto glass slides with daibéxl tape and heated in a
convection oven from room temperature to a maxinemperature ranging from 105°C to
135°C. The duration of heating varied at each teatpee between 10 and 30 minutes, where the
sample was considered to have reduced to its mawifoifor that temperature after time periods
exceeding 30 minutes. The PO film was kept fastéoedglass slide, with the polyester backing
face down, using double side tape during the hggtincess to ensure uniform heating and to
prevent rapid shrinking. Using digital calipersg gize reduction of the length and width of the
shrunken PO films were measured for all sampletehda different temperatures. The
percentage reduction in size was calculated bygttie ratio of the final length and width of
samples relative to the initial dimension for bdtmensions, which was measured from the

polyester backing, as it does not shrink in heatm@es were shrunk from 0% up to 77% in
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length. In cases where the film shrank asymmetyictide reduction percentages of both x and y

sides were averaged

Atomic force microscopy (AFM), using an Asylum Rassh MFP 3D AFM (Santa
Barbara, CA) was performed to characterize theltieguopography of sampleg5 kHz
resonance frequency probes with diamond-like cadoating (Budget Sensors-ACST=50) were
used for imaging, Scanning electron microscopeMBEEI- Magellan 400 XHR), at ~3 kV,
was used to determine the precise change in tedegture size and periodicity and this
measured change in size reduction was comparée tmacroscopic size reduction
measurements obtained using digital calipers. leB&ince spectra were taken of each sample
using a CRAIC micro spectrophotometer 20/20 PV Wi@BX objective. A background

reflectance spectrum was taken using a gold cda@eéim.

Surface enhanced Raman scattering (SERS) measusewith a benzenethiol analyte
were conducted using a Renishaw Micro Raman systestom built micro-Raman system with
laser excitation wavelengths of 532 nm, and 633nespectively. For the 532 nm excitation,
integration times were varied from 1 to 10 s, usrigser power of ~2.5 mW. For the 633 nm
excitation, integration times from 1s to 30s and/@oof 600 uW was used. The illumination
spot size was gm in diameter, and the objective used for collecti@s 50X with a 0.75 NA.
Samples were immersed in a>M solution of benzenethiol in deionized water f&rtirs,
followed by a methanol rinse to remove excess nubdse leaving a molecular monolayer of
benzenethiol on the gold triangles on the surfAcgolution of neat benzenethiol was also

collected for each laser to provide a standar@fdrancement calculations, where

EF = (kerdNser9/(InealNneay
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IsersiS the measured intensity of the 998 thenzenethiol peak from the samples with the Au
triangleslneatis the measured Raman signal of a neat benzenktalution. The SERS

intensity is normalized with laser power, P, anégnation timet, such that

Isers= Imead(P )

The neat Raman intensity,4:is normalized similarly. The number of moleculesasured
during a Raman measuremengshswas found by normalizingpe area excited in the laser spot

size by the gold coverage of the surface, calcdlfxten SEM images, where

Nsers psurf Na/(fau Aspoa

The surface coverage of benzenethiglisis the molecular packing density on the gold sw@fac
which is reported to be .54 nmol/gmvhich when multiplied by Avogadro’s numbét,, and
divided the spot size, st gives the total number of molecules participatmthe measurement.
This is then normalized By, the gold nanoparticle fractional coverage. Ttedwrine the

number of molecules measured from the solution,

NnearpPneatV

wherepneatis the concentration per unit volume of benzeméti.739 mmol/crand V is the
scattering volume, which can be calculated by rplyftag the spot size of the laser by the

collection depth, both values measured per instnime
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2.2.2 Results

The nanotriangle arrays, made from nanospheregliiphy on a PO film, as described
above, were heated at 105°C, 115°C, and 135°Cameection oven for a period of 10 to 30
minutes. The average macroscopic reduction in xyasichensions for the films heated at
105°C, 115°C, and 135°C, with respect to the ungheamples, were 35%, 52%, and 77%,

respectively.

0% shrunk in length 35% shrunk in length

Figure 8. SEM images of nanotriangle arrays on polyolefim fiwith average x and y lengths
shrunk to 0%, 35%, 52%, and 77% of the originaksuabe. The percentages shown here are as
measured from calipers. In red is the density ¢d galculated for each SEM area. The
percentages in red show the amount of gold coveratie area.
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Fig. 8 shows scanning electron microscopy (SEM)pesaof Au nanotriangle arrays on a) PO
film that was not annealed, b) annealed at 105f@noealed at 115°C, and d) annealed at
135°C. Etching the microspheres for 15 s is shtoayproduce triangles with 90 nm base lengths
and 95 nm initial tip to tip distances, as showifrig 8 a). The initial size and periodicity of the
triangles can be varied by changing the etch tifrtaepolystyrene nanosphere mask, where
longer etch times result in triangles with smaliase to tip lengths and larger tip to tip distances
as shown in supplemental. The arrays of Fig. 8keixtefects in the periodicity of triangular
features. Much of the defects arise from the preiogsconditions that can be optimized to
decrease the number of defects. Defects both iR sjfhere arrangement, during spin coating,
and metal lift off, during NSL mask removal, are thain sources of imperfections observed in
the SEM images of Fig. 8. Due to slight localizediations in the plasma etch rate and metal
deposition rate, the unshrunk tip to tip distarened triangle base lengths both vary by + 14 nm,

respectively.

From calculations using the SEM images of Figyrén& density of Au triangles were
found to increase with increased annealing tempegatvhile the average inter tip distance and
triangle base length was found to decrease. Wharcieg in size from unshrunk to about 35%
(Fig. 8 b), the triangles reduce in average basgthefrom 90 nm + 14 to 85 nm x1#hile the
average tip to tip distance reduces from 85 nma13b + 17 nm. From 35% to 52%, the
average base length reduces to 77nm £ 16 whiletbgip distance reduces to 37 +16 nm.
Finally, from 50% to 77%, the average base lengtluces to 60 £8 nm, while the average tip to
tip distance reduces down to 21 nm+ 10. Dividing ithitial average tip to tip spacing by the
final shows a ~75% decrease, which matches closéhytiae macroscopic 77% measurement.

However, the decrease in actual triangle size basdzhse length, which was not initially
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predicted, shows about a®5eduction afte77% reduction of the macroscopic f, which
suggests thehrinking mechanisms of the actual triangles aedo#riodicity of the triangles a
different. It's possible that metal coated PO amgasunder tension that leads to difference
size reduction between periodicity and triangle siit should be rted that the shrinng of the
triangular structuredoes not change the shape of the strucOnce fully reduced, the PO fil
shows large areas of wrinkling, as shown in Fidi@yever, nanotriangle areas bigger t
10x10um remain intact for future éysis. This is in contrast to the nanopillars, whigere only
shrunk up to about 35%, due to excessive wrinkhvigen reduced further. This is potentie
due to the long oxygen plasma etching used to niakeanopillars, which would result ir
larger oxide layer on the film. #Iscis worth noting that once it reaches a 77% sizacton,
the inter tip distances vary from
region to region and no longer
have the periodicity of the
unannealed sample; some tip to
tip distances reach abouhfin. At
extreme size reductions the PO E
film does not shrink uniformly,
potentially yielding localized

regions where the film shrinks

7 HV curr WD HFW mode det = 11/19/2012
* | 7.00kv 25pA | 3.9mm  118pm SE  TLD 9:19:57 AM

more than the macroscopic Figure 9. Large view SEM of 77% shrunk nanotriangle arrays.

measured amount. It is well known that suarrow gap spacings between mete
nanostructures lead to high localized electrilds that are useful for sensinghus we

examined the optical properties of the samplesfaaaion of annealing temperatt
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Fig. 10 shows reflectance spectra for the 0%, 3a2%, and 77% reduced arrays, as measured
using a CRAIC reflectance spectrometer. Note thaata is normalized with a background
subtraction from a spectrum obtained from a gotah patterned region on the PO substrate to
eliminate spectral features resulting from bulk Abe reflectance spectra shows broad peaks
associated with the plasmon resonance of the Aastarctures for the 52% and 77% reduced
structures [39]. Increased variations of the sizé periodicity of the Au triangles lead to peak
broadening. The peaks shift to lower wavelengtin Wwigher percentage of size reduction
exhibiting a 100 nm blue shift between the unaregtabmple and that annealed at 135° C,
which is expected due to decreasing particle €i2gThe peak maximaax shifts from

approximately 811 nm, to 777 nm, to 736 nm, to 4R respectively, for the 0%, 35%, 52%,
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and 77% reduced arrays.
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Fig 10. Reflectance spectra for nanotriangle arrays redlut size by 0%, 35%,52%, and 77%.
Spectra are have been overlaid and are shown iinaaybunits.

In order to evaluate how the resulting featuress @eriodicity, due to annealing, affect
electric field enhancements, useful for opticakdabn, the samples were analyzed with surface
enhanced Raman scattering (SERS) using a RenishavaiRmicroscope with a 785 nm
excitation and a custom build Raman microscope aiB33 nm excitation. Fig. 11 shows SERS
spectra at 785 nm and 633 nm laser excitation.shisvn left in Fig.11, the intensity of the
SERS benzenethiol peaks, at 785 nm excitation,ificcseases with sample size reduction of

35% by about a factor of ten when compared to tteoealed sample. The SERS intensity for
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samples with larger size reductions then decreastsnegligible SERS signal observed for the
sample reduced by 77%. In the case of 633 nm eixcitanegligible SERS signal was observed
for the unannealed sample, even when integratin@@s, while the 35% and 52% shrunk
samples both showed measureable signal at 1s antegsation times in Fig. 11. The SERS
spectra of the 52% reduced array show an approgiteatold increase in SERS signal when
compared to 35 % reduced array. The 77% reducag has not yet been measured, due to lack
of availability of a Raman setup with a 633 nm &toon, but will be measured soon. It is
believed that this sample will show highest EFtfos excitation, due to spectral positioning of

its plasmon resonance, and due to the increasédl tijp distance of the triangles.
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Fig 11. A) SERS spectra of a monolayer of benzenethiol on gold nanotriangle arrays reduced in
size by 0%,35%,52%, and 77%, for excitation wavelengths of 785. B) SERS spectra at 633
excitation wavelengths for25% and 50% reduced triangle arrays.

In order to make quantitative comparisons, enbianent factors (EF) were calculated for all the
SERS data, using the SERS intensity of the 998 peak, which represents the C-H out of plane

bending vibration mode. Table 2 lists the calcudE€s for the Au triangle arrays as a function
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of size reduction and laser excitation. Note thate will be a red shift in the Stokes Raman
signal as the molecular vibration absorbs energiynduhe inelastic scattering event. The
scattered wavelength for the 998 cm-1 peak at kesehn excitation was calculated from the

following equation:

1 1
Aw = —

Aexcitation Ascattering

For the 785 nm excitation and the 833 nm excitatitime scattered wavelengths were found to
be 852 nm and 676 nm, respectively. Table 2 listsobserved,max in the reflectance specioa
each sample as this is associated with the plasesmmance of the Au triangles. As shown in
table 2, at the 785 nm excitation, the EF increasdabe substrate is reduced by about 35%,
reaching a maximum of ~4x§,(ut decreases for arrays reduced by further amoudne

would expect the maximum SERS signal when excitadlsred light is near the plasmon
resonance. One would also expect higher SERSIsigageriodicity of Au triangles decreases.
The trend makes sense for the 785 nm excitatiarsidering that the plasmon resonance blue
shifts from about 820 nm to 770 nm as the sampleaes to 30%, and then shifts further away
from the excitation wavelength at higher reducfi@ncentages. The only slight discrepancy is
the difference in EF between the unshrunk and 3®n& samples, where the plasmon
resonance of the unshrunk, while slightly red skifrom the excitation wavelength, is slightly
closer to the calculated scattering wavelengths @ifference can be explained by considering
the difference in periodicity between both samplasere the 35% shrunk sample has
considerably smaller inter tip distances, resulting stronger field. At the 633 nm excitation, no
EF was calculated for the 0% reduced sample disckoof signal, whereas the 35% and 52%
samples showed EFs of 7XHhd 3x10, respectively. The increase in EF makes sense,

considering the plasmon resonance shifts from H7@n730nm, where the ideal resonance for
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the 633 nm excitation would be between 630 nm aitdrén. Although the plasmon resonance

is still outside of this range, the peak is broadugh to still see some enhancements. The EF for
the 52% reduced sample at 633 nm excitation, coabato the EF from the 35% reduced
sample when excited on resonance, at 785 nm, velighests a stronger electric field in the
former case, which would be expected, due to smigléture sizes and higher bowtie density.
Most significant, is the ability to tune the spattocation where the nanotriangle array will
exhibit the highest SERS EF. This is an unambigwxasnple of changing the plasmonic

properties of an array quickly and at a low cost.

Sample Sizg 1 1
Reduction EF,998 cm EF,998 cm
(%) A,PR(nm) |A,exc (nm) [(nm) A,exc (nm) |(nm)
6]
0% 810 785 2.8x10 633-
7 6
35% 770 785 4.0x10 633 7.0x10
6 7l
52% 720 785 2.3x10 633 3.0x10
5
T7% 710 785 9.0x10 633-

Table 2. Enhancement factors and plasmon resonances axe $boeach of the four samples at
785 nm and 633 nm excitations. The calculated estagt wavelengths for the 785nm and 633
nm excitations at the 998 chwere found to be 852 nm and 676 nm.

2.2.3 Summary
Nanotriangles have been fabricated using selfralslyeonto a polyolefin thermoplastic

film. By heating the plastic PO substrate, the agertip to tip spacing of the gold nanotriangle
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array has reduced up to 77% and the average bagh laf the triangles has reduced up to about
33%. The exact extent of this reduction can berotiatl by heat temperature. The reduction in
geometry and periodicity has shown to blue shétglasmon resonance, with a tunable window
of around 100 nm. SERS spectra for each reduceglsdras correlated with the reported
plasmon resonances, where the highest calculatedaBRx10. Perhaps most interesting was
that this EF was achievable for both the 785 nm@88nm excitations, by simply heating the
substrate to the desired % reduction, showingttroability of the structures. Furthermore, the
fully shrunk sample showed localized regions witter tip distances approaching 1 nm, which
may be suitable for hot spots. By incorporatingexiino plastic substrate with self-assembly,
structures can be easily modified in terms of $tme&cand optical properties, in addition to
potential enhancements in electronic field strengthile studies so far have focused on
nanotriangle arrays on PO produced from 500 nm R&apheres, we have also produced
triangles from 250 nm PS microspheres, yieldingyawith much smaller inter tip spacing and
triangle feature sizes. In addition to measurirgg8B3 nm excitation of our current 77% reduced
triangle array, the next logical step is to repeflectance and SERS experiments for these
smaller arrays, which are predicted to have strohgespots due to their closer tip to tip

distances.

2.4 Summary of nanopillar and nanotriangle structures

By utilizing nanosphere lithography, a tried tecjus, with the thermal responsive PO film, a
new technique, we have achieved the following b&efich are unique to most other bottom
up assembly techniques. 1) We have showed indepepdsameterization of periodicity and

structure size, through size reduction of our naadkpillar arrays. 2) We have showed size
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reduction in both nanopillars and nanotrianglesgmglthe latter structure, requiring minimal
plasma etch, can be reduced in interparticle sgdmyrup to 77%. 3) We have shown the ability
to quickly and cheaply tune the plasmon resonahb&sh-based structures, through the
exposure of heat using an ordinary convection olteas hoped that these benefits, achieved
from using a PO substrate, can be used to tailmrgilasmonic structures, including those
derived from EBL, in order to enhance and optingpécal properties for applications in
sensing, and, in the case of EBL, to potentialbritaate new structures at smaller length scales

than those currently achievable.

3. Silicon car bhide nanostrucctures

Surface phonons are analogous to surface plasimamesir ability to couple with light in
the infrared, to create surface phonon polarit@®hfs), and also to become localized at the

nanostructure [41,42]. Localized optical phondmsw some properties similar to localized
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plasmons, in that they can be observed as surfacaions of a lattice at a specific frequency.
Optical phonons occur between atoms of differerdsvaand charge, such as silicon and carbon in
silicon carbide, and are excited in the mid-infcate gigahertz spectral region. Like plasmons,
these lattice resonances can potentially be tumeespond at different frequencies in the
infrared, based on structure and material. Suré@tieal phonons have picoscale lifetimes,

which are orders of magnitude higher than the egag times for free carriers supporting
plasmon modes in metals and doped semiconductbesefiore, SPhP materials have a strong
potential for low loss nanophotonic devices, iniadd to sensing devices that work in the mid

to far-IR range. Typical SPhP materials includ€,3il-Ns, IlI-Vs, and SiO2 [43-46].
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Figure 11 (a) Micro-Raman (red solid line) and FTIR reflectiblue dashed line) spectra of a
300 um 6H-SIC substrate, showing the LO and TO phanodes within the reflective
Restrahlen band. (b) The real and imaginary pdriseopermittivity, determined from fitting of
the reflection spectra of the 6H-SiC substrateciwlvas used for nanopillar fabrication. The
spectral range provided coincides with that ofghsition of the LO phonon and the observed
localized SPhP modes presented in this work. Thiedntal dashed/dotted line shows where the
real permittivity is equal to zero [47].

Reprinted with permission from J.D. Caldwell, OGlembocki, Y. Francescato, N. Sharac, V. Gianr#ni].
Bezares, J. P. Long, J. C. Owrutsky, |. VurgaftniaiG. Tischler, Vi. D. Wheeler, N. D. Bassim, L. Bhirey, R.
Kasica, and S.A. Maier, “Low-Loss, Extreme Subdiéfion Photon Confinement via Silicon Carbide Lol
Surface Phonon Polariton Resonators,” Nano Letteis13,n0.8,pp. 3690-369, 2013. American Chenradiety.

Between the transverse(TO) and longitudinal (L@jaal phonon modes, where the

permittivity is negative, the coherent oscillasaof the charged lattice can result in screening of
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incident light and a spectral region of high refiéexe referred to as the Restrahlen band. Shown
in Fig. 12 a) are the TO and LO phonon modes redday Raman scattering, in red, and the
Restrahlen band, in blue, shown from IR reflectateden on a 6H-SiC substrate [47]. Fig. 12 b)
shows the real and imaginary permittivity of SiGlet same frequencies, taken from fitting of
the reflectance spectra of 6H-SIC. The real pemtiittbecomes negative at the LO phonon
mode, and increases in negativity for decreasimgggnuntil reaching a minimum at the TO
mode. Within this region, the reflectance of 6H-®€tomes increasingly close to 100%,
demonstrating behavior of a metal. It is in thigioa that SiC and other dielectric nanostructurs
can support tunable, localized SPhP modes. Signifig, the small imaginary part of the
permittivity in Figl2 b) shows that losses are $nmathis region.

Previously, little work has been done to fabrdaicalized SPhP resonators- in the past,
methods such as reactive ion etching (RIE) resuttehmping of the phonon mode response
[48]. However in this project, localized SPhP regons with defined resonate responses were
reported. To induce localized SPhP resonant m@&@snm tall SiC nanopillar arrays were
fabricated with diameters ranging from 150 nm t0 &én [47]. My specific role in the project
was to measure FTIR reflectance of the substratdstermine SPhP modes and SphP mode
changes as a function of pillar diameter and pittladdition to performing some micro Raman
measurements on the substrates. These measurdragnshow the potential of SiC as a low

loss alternative to traditional plasmonic systems.

3.1 Experimental

6H-Silicon carbide substrates about 350 um thickewssed. An Al/Cr hard mask, defined by

standard electron beam lithography, physical vaeposition (PVD), and liftoff, was used as an
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etch mask. Nanopillars were fabricated using reagtin etching (RIE) of equal parts pressure
,SF6 and Ar, at 150 W power at room temperatura fduration of 38 minutes. The Al/Cr mask
was then removed with wet chemical etchants, faidwy a hydrogen atmosphere etch in the
growth cell of an Aixtron VP508 growth reactor &00° C for 3 minutes, to remove any surface
damage induced by the RIE process and to removéwonne contaminants. Micro Raman and
FTIR spectroscopy were both used to charactere SBhP resonances of the 6H-SiC nanopillar
substrates, of varying diameters and interpillgrsgaMid-IR reflectance spectra were measured
using a Thermo Scientific, Nicolet FTIR continuunickbscope with a 15x, 0.58 NA objective,
which illuminates the sample at incident anglesveen 10-35° off normal, and has a weighted
average of 25°, which enabled excitation of basim$iverse dipolar and monopolar modes of the
nanopillars. All spectra were collected at 128raged scans and .5 emesolution, with a

spatial area of 50x50 um, defined by the interpairure. An initial background reflection
spectrum from a gold film, averaged at 1024 scams, collected at the same spectral resolution
to improve signal to noise. Micro-Raman spectrogasps performed using a Thermo Scientific
DXR Raman Microscope with a 532 nm excitation an¥@ with a 100X .9 NA objective, in
confocal mode. The integration time was 5s. 3D tabelynamic calculations were also
performed, using the RF module in the finite-eletrpackage of COMSOL. Ellipsometry and
reflectance data from the 6H-SIiC nanopillar samplese used to determine optical constants,
and SEM images were used for geometric dimensiémsincident optical field at 25° was used

in the simulations to match that of the FTIR micase.

3.2 Results

Shown in Fig. 13 [45] is the IR reflection speatréor 6H-SiC (green), and 6H-SIC (red)

periodic arrays of nanopillars with 250 nm diame880 nm height, and 150 nanopillar gaps.

33



Two SPhP modes are shown at around 910 and 93pwehich are similar to ones observed by
Urzomohov et al. [49] from 3C-SiC transmission grgs$, with 1-2 um diameter holes. There
are an additional two peaks at 882 and 888,amhich are attributed to the splitting of a doubly
degenerate bulk phonon. The blue line shows catiedireflectance spectrum using COMSOL
Multiphysics software, which is in close agreementhe experimental.

Wavelength (um)
12 11.5 11 105 10

100 veema— ~ ~— — _ _ Substrate|
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— Ll
850 900 950 1000
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Figure 12 FTIR reflectance spectrum of a periodic array d & tall, 250 nm diameter,
6H-SIC nanopillars (red solid line) on a 400 nntipitompared to a simulated (blue solid line)
spectrum from COMSOL).“M” and “TD” denote the spattpositions of the monopole and
transverse dipole resonances, respectively. Thectein spectrum of the surrounding 6H-SIC
substrate (dashed green line) is provided for corm@a An SEM image collected at 45° is
shown in the inset [46].

Reprinted with permission from J.D. Caldwell, OGlembocki, Y. Francescato, N. Sharac, V. Gianrkni].
Bezares, J. P. Long, J. C. Owrutsky, |. VurgaftmiarG. Tischler, Vi. D. Wheeler, N. D. Bassim, L. Bhirey, R.
Kasica, and S.A. Maier, “Low-Loss, Extreme Subditfion Photon Confinement via Silicon Carbide Lo
Surface Phonon Polariton ResonatoMgho Lettersvol. 13,n0.8,pp. 3690-369, 2013. American Chehticiety.

The two modes in the blue line, “M”, and “TD,” adentified as monopolar and transverse

dipolar modes, respectively. The IR-reflectancekmgaabout 930 cthwas shown to vary with

34



change in pillar diameter, but was only weakly aejsnt on angle change and on change in inter
pillar gap. The calculated cross sectional andvtepy electromagnetic field profiles for the 6H-
SiC nanopillars coincide with this observation (Fig a,c), as most of the mode resides in the
actual pillar. This mode was shown to be a trarssdipolar mode. This is not the case for the
lower energy resonance at around 920 in Fig. 18icted as “M,” for monopolar, which showed
a large dependence on pillar diameter and gaghéR-reflectance spectra taken. The intensity
also increased at larger incident angles. Thepiitar gap dependence suggests interpillar
coupling. From modeling, it was found that thisdaaould only be excited from off normal
incidence, which suggests it is longitudinal. Aswn in Fig. 14 b, the SPhP mode resides
within the pillar gaps, around the base of theapjlwhich would account for the large pillar gap
dependence. In Fig. 14 d, the plan-view electroraagprofile E/E, calculated for a plane just
below the surface suggests that this longitudiradens a lower order monopolar resonance.
Although the monopolar resonance is not excitablsalated pillar cases, charge neutrality in
this case is achieved by an opposing field neastibstrate surface between the nanopillars.
Recently, monopolar resonances have been reporfgdsmonic nanorods with metal ground
planes.

As shown in Fig.14 a,b) the logarithm plots revaahancements exceeding well over
5000x, with most of the enhanced field being limite the surface of the nanostructure, and

little of it being inside. The quality factor, Qefihed here as

Q __ Wresonant

- fwhm
Wresonant

or as the resonant frequency divided by the lirdthwof the resonant frequency, was derived

experimentally for both monopolar and transverg®ldir resonances, using reflectance spectra

35



from the 6H-SIC nanopillar substrates of varyingndeters, and were found to vary from 40 to

50 for the transverse and from 70 to 135 for th@opolar resonances. These values well exceed
those reported for single silver nanoparticles,ctshowed a theoretical maximum limit of ~40.
The high Q factors reported here were expectedidemsg the low losses predicted in Fig. 13

for 6H-SIC nanopillar arrays.

Transverse Dipole Monopole

Figure 13 Calculated electromagnetic intensity profiles, (Bp), are shown for (a) transverse
dipolar and (b) monopolar modes. The angle of e of the plane wave used for calculations
is at 25°, as depicted. (c) shows the he respedtipeview electromagnetic field profile {i),

of the transverse dipolar mode and (d) shows the-piew profile of the monopolar mode, at 5
nm below the substrate surface, which was useddiol anterface effects and to clearly depict
the role of the substrate) [46].

Reprinted with permission from J.D. Caldwell, OGlembocki, Y. Francescato, N. Sharac, V. Gianrini].
Bezares, J. P. Long, J. C. Owrutsky, |. VurgaftniaiG. Tischler, Vi. D. Wheeler, N. D. Bassim, L. Bhirey, R.
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Kasica, and S.A. Maier, “Low-Loss, Extreme Subditfiion Photon Confinement via Silicon Carbide Lozl
Surface Phonon Polariton ResonatoMgho Lettersvol. 13,n0.8,pp. 3690-369, 2013. American Chehfaiety.

As with its localized plasmon analogue, modifythg diameter of the 6H-SIiC
nanopillars was shown to modify the resonance faqy, while keeping a near constant line
width. There was about a 4% variation in line wittththe TD mode for nanopillar arrays with
diameters ranging from 150 nm to 260 nm with a tamtshanopillar gap of 150 nm. The lack of
variation in line width is most likely from low scsptibility to boundary scattering, due to the
short mean free path of the optical phonons, astiage a low group velocity. This is contrary
to plasmonic systems which show high susceptiltititpoundary scattering losses. Fig. 15 a)
shows the experimental FTIR reflectance shiftooalized SPhP resonances, with varying
diameter. Fig. 15 b) shows the experimental (clpaed calculated (open) spectral positions of
the TD and M modes as a function of diameter. Hpoth the calculational and experimental
plots in b), it can be seen that as the nanomi@meter decreases, the transverse dipolar mode
increases in energy, whereas the monopolar modeatss in energy, where a dramatic shift is
seen starting at around a 200 nm diameter. WhéneakD experimental and calculational
curves match to a fairly high degree, there is sdiserepancy between the calculational and
experimental lines for the monopolar mode, staréihground 878 to 892 ¢has shown in the
cross hatched region in Fig. 15 b). It is belietlet once the monopolar mode is tuned to around
this energy, it begins to interfere with the twditdpO phonon lines referred to in Fig. 13,
resulting in a broadening and asymmetry in the sin@pe of the monopolar mode, as
experimentally observed in the FTIR and demonstraié a) by the purple arrow. This effect
resembles a Fano resonance, where the monopola seoees as a broader mode (continuum of

states) for the two discrete LO phonon modes.
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Figure 14(a) FTIR reflection spectra of 800 nm tall, 6H-3i@nopillars as a function of pillar
diameter, in addition to the unpatterned subs{grey). The arrows show peak shift directions
for the two modes with decreasing diameter, in oidito the emerging fano resonance of the
downshifting monopolar mode. (b) shows the pealtipos for the two modes (red circles and
blue squares) as a function of diameter, in addittocalculated values from COMSOL (open
symbols, with lines as a guide to the eye). Thesttatched area marks the spectral region
where the monopolar resonance interferes with déulk phonons [46].

Reprinted with permission from J.D. Caldwell, OGlembocki, Y. Francescato, N. Sharac, V. Gianrini].
Bezares, J. P. Long, J. C. Owrutsky, |. VurgaftniaiG. Tischler, Vi. D. Wheeler, N. D. Bassim, L. Bhirey, R.
Kasica, and S.A. Maier, “Low-Loss, Extreme Subdiéfion Photon Confinement via Silicon Carbide Lol
Surface Phonon Polariton ResonatoMgho Lettersvol. 13,n0.8,pp. 3690-369, 2013. American Chehticiety.

Fig. 16 shows Raman spectra from 6H-SiC nanomlleays, using a 532 nm excitation (red), in
addition to the FTIR reflectance spectra (blue)d@00 nm diameter nanopillar array with 800
nm height and 350 nm pitch. In many cases, botimibieopolar and transverse dipolar modes
were found to be Raman active, as the two Ramakspmarelate clearly with the observed
FTIR reflectance counterparts. For all arrays mests the Raman spectra showed a broad
surface optical mode centered around 934.dBoth the TD and M localized modes were
observed when they resided close to the aforemeadipeak, and either decreased in intensity
or became unobservable as they shifted away, wahigbests that the LSPhP modes are
resonantly enhanced by the surface optical moaeeSh most cases the TD mode overlapped

with the 934 critmode, it is unclear whether this optical mode isavbable in the FTIR,
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however, Fig. 15 does show a slight dip in the FildfRectance spectrum for a 6H-SiC thin film

at 934 crit, which may be due to an optical surface modeaSik/air interface.
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Figure 15. Micro-Raman (red solid line) and FTIR reflectionu® dashed line) spectra from a
periodic array of 6H-SiC nanopillars of 200nm dia@ene800 nm height, with a 350 nm pitch.
The double-headed arrows correspond to the positibthe two labeled SPhP resonances [46].

Reprinted with permission from J.D. Caldwell, OGlembocki, Y. Francescato, N. Sharac, V. Gianrkni].
Bezares, J. P. Long, J. C. Owrutsky, |. VurgaftmiarG. Tischler, Vi. D. Wheeler, N. D. Bassim, L. Bhirey, R.
Kasica, and S.A. Maier, “Low-Loss, Extreme Subdiéfion Photon Confinement via Silicon Carbide Loresd
Surface Phonon Polariton ResonatoMgho Lettersvol. 13,n0.8,pp. 3690-369, 2013. American Chehfaiety.

3.3 Summary

Using RIE and a Cr etch mask, 6H-SiC cylindricahopillar arrays, with 800 nm pillar
height and diameters, ranging from 150 to 260 nereveuccessfully fabricated. Despite earlier
predicted high signal losses, strong SPhP respamsedh FTIR reflectance and Raman
spectroscopy were measured. Structuring the Si@saimto nanopillar arrays induced two
localized SPhP modes, the transverse dipolar antchtinopolar modes, the latter of which is

believed to be a modified response of the longitaddipolar mode, due to the underlying SiC
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substrate. As expected from localized modes, waiehanalogous to localized surface plasman
modes, tuning the pillar diameter, and in some<asgerpillar gap of the 6H-SiC nanopillar
arrays, shifted the SPhP resonance of the TD amiblles. This shows that, as with plasmonics,
SPhP modes can be potentially tuned based on ghepedicity, and dielectric material of the
nanostructures. These SPhP modes are low losswaitbw line widths, with Q factors ranging
from 40 to 135. This, combined with localizationtbése modes, presents nanostructured polar
dielectric materials as a potential low loss akite to plasmonics for nanophotonic and
metamaterial devices. The calculated enhancemeo¢gding 5000x, in addition to the wide
spectral position of the Restrahlen band, allowsfgnificant enhancements in molecular sensing
in the IR range. Additionally, the interactiontbese localized phonon modes with discrete
surface SPhP modes can lead to Fano resonances, lweve potential use in sensing [50]. The
induced monopole and transverse dipolar modes alsoefound to be Raman active, allowing

for complimentary approach to traditional SERS.
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