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ABSTRACT A novel low-cost nanoring array fabrication method
that combines the process of lithographically patterned nanoscale
electrodeposition (LPNE) with colloidal lithography is described.
Nanoring array fabrication was accomplished in three steps: (i) a thin
(70 nm) sacrificial nickel or silver film was first vapor-deposited onto
a plasma-etched packed colloidal monolayer; (ii) the polymer
colloids were removed from the surface, a thin film of positive

photoresist was applied, and a backside exposure of the photoresist
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was used to create a nanohole electrode array; (iii) this array of nanoscale cylindrical electrodes was then used for the electrodeposition of gold, silver, or

nickel nanorings. Removal of the photoresist and sacrificial metal film yielded a nanoring array in which all of the nanoring dimensions were set

independently: the inter-ring spacing was fixed by the colloidal radius, the radius of the nanorings was controlled by the plasma etching process, and the

width of the nanorings was controlled by the electrodeposition process. A combination of scanning electron microscopy (SEM) measurements and Fourier

transform near-infrared (FT-NIR) absorption spectroscopy were used to characterize the nanoring arrays. Nanoring arrays with radii from 200 to 400 nm

exhibited a single strong NIR plasmonic resonance with an absorption maximum wavelength that varied linearly from 1.25 to 3.33 xm as predicted by a

simple standing wave model linear antenna theory. This simple yet versatile nanoring array fabrication method was also used to electrodeposit concentric

double gold nanoring arrays that exhibited multiple NIR plasmonic resonances.
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mong the panoply of nanoscale ob-

jects that have been assembled into

ordered arrays on surfaces, nano-
scale toroidal rings or "nanorings” are in-
creasingly popular structures that exhibit
unique optical, electronic, and magnetic
properties with a number of novel techno-
logical applications.! Some examples in-
clude (i) gold or silver nanoring arrays that
exhibit strong localized plasmonic reso-
nances with applications in biosensors,®> ¢
metamaterials,”° and optical devices,'®"
(i) cobalt, iron, or nickel magnetic nano-
ring arrays that exhibit unique flux closure
states with potential applications in mag-
netic storage,'? '® and (iii) CdSe, InGasS, or
GaN semiconductor nanorings that exhibit
unique electronic states for optoelectronic
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devices.'”™2' A variety of theoretical ap-
proaches including Mie theory,?® plasmon
hybridization,>** Green's tensor,”® and finite-
difference time-domain (FDTD) numerical
analysis®® have been used to calculate the
electronic structure, plasmonic resonances,
and local electromagnetic fields associated
with nanorings. A key advantage of the
nanorings is that their optical properties
can be systematically tuned by varying the
ring radius and thickness. To that end, it is
vitally important to develop novel methods
for fabricating low-cost nanoring arrays
from a wide variety of materials with com-
plete control over the nanoring dimensions
and array spacing.

One successful and inexpensive method
for making nanoring arrays is colloidal
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lithography (also known as nanosphere lithogra-
phy).2”? Vapor deposition of a metallic thin film onto
or underneath either a dilute colloidal monolayer or a
close-packed self-assembled colloidal monolayer has
been used to make a variety of nanoscale objects and
arrays (e.g., nanotriangles,” nanodisks,>*° nanorings,?**®
and nanocrescents®'??). These templated methods
cannot attain the precision or complexity of a serial
write process such as electron beam lithography
(EBL),*>*~*” but can rapidly produce nanoring arrays
on large length scale (cm? or greater) at low cost. A
common fabrication approach is to use an argon
plasma to sputter metal into the shadowed region of
colloidal particles to form a nanoring array.>?%3® This
technique is capable of forming nanorings down to
60 nm in radius, but has limited control over the ring
width. Related methods such as edge spreading lithog-
raphy,***° evaporation induced self-assembly,'®4'42
shadow nanosphere lithography,®'? and nanoimprint
lithography,>**** have also been used to fabricate
nanoring arrays.

Another successful, large area technique for the
fabrication of nanoscale arrays is the process of litho-
graphically patterned nanoscale electrodeposition
(LPNE).*** In this methodology, a patterned metal
thin film sandwiched between an inert substrate and
a patterned photoresist layer is used to create a series
of recessed nanoband electrodes for nanowire electro-
deposition. The LPNE process can create continuous
nanowires up to centimeters in overall length in pat-
terns determined by the photoresist layer; the resultant
nanowires have a height controlled by the metal film
thickness down to 5 nm, and a width controlled by the
amount of charge passed during electrodeposi-
tion down to 11 nm.*® A wide variety of materials
have been deposited as nanowires by LPNE, including
metals (Au, Ag, Bi, Pd, Pt),*” semiconductors (PbTe,
CdSe),***° and a conducting polymer (PEDOT).>®

In this paper, we combine these two processes,
colloidal lithography and LPNE, to create a novel low-
cost method for the lithographically patterned electro-
deposition of nanoring arrays over large areas. The
nanoring arrays are fabricated in three steps: (i) first,
a thin (70 nm) sacrificial Ni or Ag film was vapor-
deposited onto a plasma-etched packed colloidal
monolayer; (ii) the polymer colloids were then re-
moved from the surface to create a nanohole array,”' >
a thin film of positive photoresist was applied, and a
backside exposure of the photoresist was then used to
create a nanohole electrode array; and (iii) this array of
nanoscale cylindrical electrodes was then used for the
electrodeposition of a gold, silver, or nickel nanorings.
The photoresist and sacrificial metal film were subse-
quently removed to reveal a nanoring array in which all
dimensions were set independently: the inter-ring
spacing was fixed by the colloidal radius, the radius
of the nanorings was controlled by the plasma etching
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Figure 1. Nanoring fabrication process schematic. (a) A self-
assembled colloidal monolayer was formed and (b) etched
under O, plasma. (c) Ni (or Ag) was evaporated on top and
(d) the colloidal monolayer was dissolved in toluene reveal-
ing a nanohole array. (e) A photoresist layer was spin coated
on top, and (f) backside exposed through the nanohole
array. (g) The photoresist was developed and (h) a metal was
electrodeposited inside each nanohole. (i) Finally, the sacri-
ficial electrode was selectively removed.

process, and the width of the nanorings was controlled
by the amount of charge passed during the electro-
deposition process. A combination of SEM measure-
ments and Fourier transform near-infrared (FT-NIR)
absorption spectroscopy were used to characterize
the nanoring arrays. All of the nanoring arrays exhib-
ited a strong tunable near-infrared plasmonic absorp-
tion band from 8000 to 3000 wavenumbers. Finally, to
show the versatility of this LPNE process, a concentric
double gold nanoring array with two NIR plasmonic
absorption bands was fabricated.

RESULTS AND DISCUSSION

Nanoring Array Fabrication Methodology. Our method for
the electrodeposition of nanoring arrays combines
the process of LPNE with colloidal lithography. It builds
on the previous works of Menke et al. for nanowire
fabrication by LPNE,* and Ctistis et al. for creating
nanohole arrays from an ordered colloidal template.®’
The process is shown schematically in Figure 1, where
it is divided into nine steps: (a) A colloidal monolayer
was formed by spin coating a polystyrene bead solu-
tion (1 or 0.5 um in diameter) onto a hydrophilic glass
surface. The glass substrates were 2.5 cm x 2.5 cm and
rendered hydrophilic by exposure to an oxygen plas-
ma. An optical microscope was used to observe the
formation of the monolayer, and the parameters for
spin coating were adjusted as necessary. (b) The colloid
monolayer was dry etched in an O, plasma to reduce
the bead diameters. (c) The sample was coated with
a 70 nm Ni (or Ag) sacrificial metallic thin film by
thermal vapor deposition. (d) In a lift off step, the
beads and their metal overcoat were removed with
toluene, revealing the nanohole array. (e) The array was
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Figure 2. SEM images of Au nanorings created from 1 um
colloids. (a) Low magnification image of a domain of
ordered nanorings. (b) Increased magnification of nano-
rings with outer radius = 330 = 5 nm and width = 135 £+
4 nm, and (c) highest magnification of a single ring.

spin-coated with a positive photoresist thin film with a
thickness of 800 nm. (f) A backside UV exposure of the
photoresist was performed through the substrate and
the nanohole array. (g) The photoresist was developed,
revealing an array of cylindrical nanohole band elec-
trodes (either Ni or Ag). (h) A metal (Au, Ag, or Ni) was
electrodeposited onto the exposed inner surface of
each nanohole electrode to form an array of nanorings.
(i) The sacrificial nanohole electrode was selectively
removed leaving the nanoring array. For Au or Ag
nanorings, the Ni electrode was removed with HNO3,
whereas for Ni nanorings, the Ag electrode was re-
moved with an ammonia etch.

The key step in this fabrication process is the back-
side exposure of the photoresist through the nanohole
array. Backside exposure has been previously used
with a negative photoresist to create micrometer-sized
rings structures.>* A similar fabrication technique was
described by Ji et al., who also used a modified LPNE
approach with interference lithography and silicon pro-
cessing to create arrays of micrometer-sized rings.>®
Our combined approach of LPNE and backside expo-
sure allows us to photopattern and electrodeposit on
the submicrometer scale without the need for a high-
resolution photomask.

SEM Characterization of the Nanoring Arrays. Using this
new LPNE process, a series of gold, silver, and nickel
nanoring arrays with different dimensions were fabri-
cated and analyzed with SEM. Some SEM images from
a representative gold nanoring array created from
a 1 um colloid monolayer are shown in Figure 2.
Each electrodeposited sample had an overall area of
6.25 cm?; as shown in Figure 2a, these surfaces con-
sisted of multiple 20—30 um domains of nanoring
arrays with an overall colloid to nanoring conversion
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Figure 3. Control of Au nanoring width with increasing
deposition time. (a) 300 s and w = 124 nm, (b) 450 s and
w = 188 nm (c) 600 s and w = 217 nm. The nanoring radius
was constant at 350 nm (scale bar = 500 nm). (d) Cross
section of nanoholes with nascent Au nanorings.

efficiency of >99%. The vacancies in the array shown in
Figure 2a are attributed to imperfections during the
self-assembly of the initial colloidal monolayer, not
to the subsequent lithographic or electrodeposition
steps.

Higher magnification images of the gold nanoring
array are shown in Figures 2b and 2c. As seen in these
figures, this array retains the initial 1 um lattice spacing
of the colloidal monolayer, but the outer radius of the
nanorings have been reduced by the O, etching step
to approximately 330 + 5 nm and the ring width was
approximately 135 £ 4 nm. As seen most strikingly in
the SEM image of a single gold nanoring in Figure 2c,
the electrodeposited gold nanorings exhibit a signifi-
cant amount of surface roughness and grain struc-
ture. The amount and character of this grain structure
depended upon the electrodeposition parameters. The
grain size and character of nanowires fabricated by
LPNE have been documented previously,*® and can
affect both the electrical and optical properties of the
nanorings.

The total cross sectional area of the nanorings could
be controlled by the charge passed during electrode-
position. Figure 3a—c shows a series of SEM images of
a nanoring with increasing widths from 124, 188, and
217 nm, due to an increase in deposition times from
300, 450, and 600 s, respectively. Unlike the LPNE
process for nanowire fabrication that creates a re-
cessed trench for electrodeposition set by the height
of the vapor deposited thin film, the metal nanohole
film thickness did not control the height of the electro-
deposited nanorings. Electrodeposition onto the cy-
lindrical thin film nickel electrode in the nanohole
created a roughened, flattened, toroidal nanoring.
This unconfined electrodeposition is shown in a cross
sectional SEM image before removal of the photo-
resist (see Figure 1h) in Figure 3d. The SEM image is
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Figure 4. SEM images of Au nanorings fabricated from
0.5 um colloids. (a) Low and (b) high magnification of
nanoring arrays.

displayed in false color: red photoresist, blue glass
substrate, yellow nanoring, and gray Ni thin film. The
photoresist template generated from the backside
lithography process replicated the Ni nanohole with
high fidelity and aspect ratio. Additional AFM measure-
ments were used to corroborate that the height was
approximately 65% of the nanoring width as shown in
the Supporting Information (Figure S1).

The lattice constants of the arrays can also be
adjusted by changing the diameter of the initial colloi-
dal monolayer. Figure 4a shows an Au nanoring array
fabricated with a 0.5 um diameter colloidal monolayer
and a 70 nm silver sacrificial thin film. In this nano-
ring array, the dislocations arise during the process of
colloidal self-assembly and are more apparent due to
the wider distribution of particle diameters. A high
magnification SEM image in 4b is used to find and
outer radius of 196 + 3 nm and width of 93 & 3 nm for
this nanoring array.

An accurate determination of nanoring size, width,
and roughness is necessary for correlation with the
optical characteristics of the array. Thus, to characterize
the nanoring dimensions, we determined the inner
radii (Ri,) and outer radii (Royt) USing image processing
edge analysis as described in the Supporting Informa-
tion (Figure S2). For each sample we analyzed over
100 rings, and determined the mean inner, outer radii
and width of the ring as well as the Gaussian distribu-
tion of the ring roughness, which was found to be
approximately 5% of the nanoring width. Some of the
data obtained for Au nanoring arrays are shown in
Table 1. Starting from the 1 um colloidal monolayer, we
were able vary the radius from 250—400 nm with the
O, plasma etch time, and widths from 125—225 nm
with the charge passed during electrodeposition.

Tunable Nanoring Array NIR Plasmonic Resonance Spectra.
Figure 5 shows SEM images and FT-NIR absorption
spectra from gold, silver, and nickel nanoring arrays
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TABLE 1. Nanoring Dimensions of Samples from Figures 5
and 6

Rout (NM)  Gpoue (NM) Ry (M) Ogin (NM) w (M) Gy (M) Wpmay (em ™)

Figure 5 samples

Au 331 4 198 5 133 5 5023
Ag 319 6 179 7 140 4 6134
Ni 375 9 231 10 144 8 4905
Figure 6 samples

1 401 6 273 7 128 8 3760
2 3 4 250 5 123 5 4095
3 350 4 226 6 124 5 4508
4 331 4 198 5 133 5 5023
5 306 5 172 5 134 4 5558
6 285 7 130 7 155 6 6090

0000
606000
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0.0
10000 8000 6000 4000 2000

Wavenumber (cm™)

Figure 5. NIR spectra of (a) Au, (b) Ag, and (c) Ni nanoring
arrays showing plasmonic resonances in the near-infrared
and corresponding SEM images (scale bar = 2 mm).

created by LPNE. The radii and width for the nanorings
in these arrays are listed in Table 1. All of the arrays
exhibit a strong absorption band in the NIR at 5023,
6134, and 4905 cm ™', respectively. Typically we ob-
serve absorbance values around 1 for gold and silver
nanoring monolayers and around 0.5 for nickel
nanoring monolayers; this corresponded to a coverage
of ~10® rings/cm?. The exact position of the absorption
band depended upon the metal, the nanoring radius,
and the nanoring cross sectional area and have pre-
viously been observed for Au and Ag nanorings
by several research groups; however, most employ
smaller nanorings (diameters below 150 nm) and have
resonances at energies above 7000 cm ™' (corresponding
to wavelengths below 14 um)3***3% |ower energy
resonances around 5000 cm ™', similar to those observed
in this work, have been demonstrated with larger diameter
Ag and Au nanorings.’®** Although Ni nanorings are
primarily studied for their magnetic or magneto-optic
properties,’>'® NIR plasmonic resonances have been
observed for Ni nanodisks.”® In this work, we observe a
NIR plasmonic resonance from three different metal
nanoring arrays, but note that nanoring array can be
fabricated from many other metals and semiconduc-
tors with the LPNE approach.”’
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The position of the NIR plasmonic resonance could
be tuned by varying the nanoring radius with the
plasma etching time. As an example, Figure 6 shows
a series of NIR spectra acquired from a set of Au
nanorings arrays created by varying the plasma etch
time from 240 to 360 s and fixing the electrodeposition
time at 300 s. The peak positions of these NIR spectra
varied from 3760 to 6090 cm ™' and are listed as wmax in
Table 1. Above the spectra in the figure are a set of
corresponding SEM images of single exemplary nano-
rings. Analysis of these SEM images revealed that the
outer radii of the nanorings varied systematically from
285 to 400 nm, while the nanoring width was kept
relatively constant at 125—155 nm (see Table 1).

The position of the NIR plasmonic resonance in
wavelength (Ama,) varied linearly with the outer radius
of nanorings in the array. Figure 7a plots A ,,.x versus the
outer radius (R,) of the gold nanorings created with
a 300 s electrodeposition time (black circles). Also
plotted in Figure 7a are the Amax versus Roy: plots for
thicker nanoring arrays created by varying the plasma
etch time and fixing the electrodeposition time to
either 450 s (blue) or 600 s (green). In each case, a
linear relationship was observed between A, and
Rout- This has been seen previously in nanoring arrays

Absorbance

0.0

7000

1 1
6000 5000 4000
Wavenumber (cm’ )

1
3000

Figure 6. NIR spectra of Au ring resonance with varying
radius. Each spectrum is shown with its corresponding SEM
of a single nanoring from the array (scale bar = 500 nm).
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320
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by other research groups and has been explained
using a simple standing wave model optical antenna
theory®” that uses an effective antenna length for
nanoring and split-ring systems.**8

The data for the gold nanoring arrays in Figure 7a
are replotted in Figure 7b as the NIR plasmonic reso-
nance frequency (Wmax N cm™") versus the radius/
width ratio (Ro./w) (red circles). The data from the
three electrodeposition times (300, 450, 600 s) all
fall on an approximately straight line with a slope
of —1945 cm™". Also plotted in Figure 7b are data sets
of from both Ag and Ni nanoring arrays; the same
behavior is observed as in the case of the Au nanorings,
but with different slopes of —1475 and —3350 cm ™',
respectively. The parameter of nanoring width/radius
has been used previously to describe observed varia-
tions of wmay for sets of small nanorings (<200 nm)
using a variety of theories including the Mie theory of
spherical particles,”? and plasmon hybridization.?*
These calculations use a Drude model for the metal
dielectric function and describe a tunable dipolar
resonance that varies from zero to the surface plasmon
frequency ws,, as the nanoring width/radius ratio varies
from zero to 1. The results in Figure 7b cannot be
quantitatively fit with these theories; we attribute this
discrepancy to a combination of (i) the roughness of
the electrodeposited nanorings, (ii) the noncylindrical
nanoring cross section, and (iii) the coupling of the
nanorings in the close-packed arrays.>”** Neverthe-
less, the observation of three different slopes in
Figure 7b for the gold, nickel, and silver nanoring arrays
does imply that the metal complex dielectric suscept-
ibility does control the position of the NIR plasmonic
resonances in these systems.

Double Nanoring Arrays. A significant advantage of the
nanoring array electrodeposition method described in
this paper is its ability to create more intricate struc-
tures from a range of different materials. Concentric
nanorings are one such structure, and they are poten-
tially useful for sensing applications by utilizing
Fano resonances or the enhanced fields in the gap

g 6000
L,
3
£5000
8
4000
15 20 25 30 35
R, /w

Figure 7. (a) Au nanorings resonance wavelength (1,,,x) dependence on outer radius for fixed electrodeposition times.
(b) Gold, silver, and nickel resonance wavenumber (w,.,x) dependence on radius/width ratio.
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Figure 8. Concentric nanoring arrays characterization.
(a) SEM image of an array of concentric nanorings (scale
bar = 2 um), and (b) single concentric nanoring (scale bar =
500 nm). (c) NIR spectrum of concentric nanoring showing
two resonances.

region.**396% Other methods exist for generating
concentric gold ring arrays including a three-step edge
spreading lithography process,*® block copolymers
templates,®’ or by ion etching nanopillars laminated
by gold thin films.** Using our LPNE nanoring fabrica-
tion process, the formation of bimetallic rings or con-
centric rings is easily accomplished through the use of
multiple electrodeposition steps. SEM images of an
array of two concentric gold nanorings created by a
multistep, bimetallic, nanoscale electrodeposition pro-
cess are shown in Figure 8a,b. Construction of the
concentric gold nanorings was accomplished by for-
going the final sacrificial electrode removal step
(Figure 1i) and repeating steps in Figure 1e—h twice
to create three concentric nanorings of gold, nickel,
and gold. Removal of the sacrificial Ni electrode by wet
etching also removed the sandwiched nickel ring,
leaving two concentric gold nanorings. The outer
nanoring had a radius and width of 396 and 108 nm,
and the inner nanoring had a radius and width of
247 and 125 nm. Owing to the nature of the electro-
deposition process, the nanohole wall height in-
creased, causing the inner ring to become taller than

EXPERIMENTAL SECTION

Materials. Polystyrene beads solutions (2.6% w/v, 1 or 0.5 um
diameter, carboxylate coated) were purchased from Poly-
sciences (Warrington, PA). Shipley S1808 photoresist, Thinner P,
and MF-319 developer were purchased from Microchem (Newton,
MA). Clean Earth Chemicals Silver and 24K gold plating solutions
(Grobet USA, Carlstadt, NJ) were used as received. Fisher Premium
glass microscope slides (1 mm thick) were used as substrates.

Colloidal Monolayer Self-Assembly. The stock solution of poly-
styrene beads was concentrated to 5.2% w/v containing 75%
methanol by volume. Hydrophilic oxygen plasma cleaned
microscope slides were cut to 2.5 cm squares, and spin coated
at 1000 rpm (4000 rpm for 0.5 um) for 6 s with 10—15 uL of
the bead solution. It was necessary to fine-tune the spin and
drying conditions to form well-packed monolayers. Once
dry, the beads were etched in an oxygen plasma (200 mTorr,
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the outer ring. This height differences caused the inner
ring to appear brighter in the SEM image; and was
confirmed by AFM to be about 85 nm taller.

The NIR spectra of the double gold nanoring array is
shown in Figure 8c. The double rings result in two
peaks in the NIR spectra at 2790 and 5960 cm™ . The
peak width of the low energy resonance is much
narrower than the spectra for single rings. This beha-
vior has been designated as a coupling effect for similar
ring/disk nanocavities.5>%2 Additionally, there is a small
peak at 9000 cm™' that we assign to a quadrupolar
resonance that is more prominent in the double
nanoring array.”®

CONCLUSIONS

In this paper we have described a simple yet versa-
tile approach for the lithographically patterned elec-
trodeposition of close-packed arrays of metallic
nanorings. A combination of colloidal lithography
and LPNE was employed; the critical step in this
fabrication process was the formation of an array of
cylindrical nanoscale electrodes by the backside ex-
posure of a thin film of photoresist through a nanohole
array. The resultant electrodeposited gold, silver, and
nickel nanoring arrays displayed NIR plasmonic reso-
nances that could be tuned from 3500 to 8000 cm ' by
changing the radius and width of the nanorings during
the fabrication process. We have created nanoring
arrays from three plasmonic metals (Au, Ag, and Ni),
but intend to apply this process in future efforts to
other LPNE compatible metals (e.g., Pt, Pd, Bi), semi-
conductors (e.g., CdSe, PbTe), and conductive polymers
(e.g., PEDQOT). The fabrication process was also extended
to include multiple electrodeposition steps to create
more complex concentric ring structures that show
multiple NIR resonances; this opens up the possibility
to create a variety of bimetallic, trimetallic, and metal/
semiconductor nanoring arrays with potential applica-
tions in the fabrication of plasmonic antennae, plasmo-
nic semiconductors, and negative index metamaterials.

50 W, —400 VDC, South Bay Technologies, San Clemente, CA) for
240—360 s (60—180 s for 0.5 um).

Nanoring Electrode Array Fabrication. A 70 nm layer of Ni was
vapor deposited on top of the etched beads by thermal
evaporation. For Ag layers, an initial 1 nm Cr adhesion layer
was used. The beads were removed by sonication in toluene to
create the nanohole array. Shipley $1808 photoresist was spin
coated on the 1 um lattice constant nanohole arrays (80 s,
2500 rpm) and baked for 30 min at 90 °C. For 500 nm lattice
constant arrays, a 1:1 solution of S1808 to Thinner P was used.
The photoresist was backside exposed through the nanohole
array with ~60 mW/cm? (or 30 mw/cm? for the 1:1 dilution), and
developed with MF-319.

Nanoring Electrodeposition. A potentiostat (PGSTAT12, Metrohm,
Riverview, FL) and an Ag/AgCl reference electrode were used to
control the electrodepostion. Au rings were deposited inside Ni
nanoholes for 300—600 s at —0.85 V using a 24K gold plating
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solution. Likewise, Ag rings were deposited inside Ni nanoholes
at—0.1Vfor 1505, following a —1V pulse for 0.75 s using a silver
plating solution. Ni rings were deposited inside Ag nanoholes
at —0.85 V for 600 s using a Ni plating solution (5 mM NiCl,,
5 mM boric acid, 0.1 M KCl). Ni sacrificial electrodes were
removed with 0.8 M HNOs; and Ag was removed with a 5%
NH,4OH and 1% H,0, solution.

SEM and AFM Measurements. Nanorings width measurements
were performed using SEM images acquired on a FEI Magellan.
AFM height measurements were taken on an Asylum MFP-3D.

FT-NIR Absorption Spectra. A Mattson RS-1 FTIR with a halogen
source, CaF, beamsplitter and InSb detector was used to cap-
ture NIR spectra from 2000—10000 cm ™. The beam was focused
to ~3 mm in diameter to interrogate different areas of the
sample. A bare glass slide was used as a reference spectrum to
subtract off the silica absorption below 3500 cm™".
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