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ABSTRACT: Silicon nitride thin films are useful as etch-stop masks in micro- and Stencil

nanofabrication. As structural elements, they are prevalent in applications as diverse as
single-molecule sensing, transmission electron microscopy, ultrafast spectroscopy, | ! :
superfluidity studies, and high flux liquid filtering. A hand-held “flameless” Tesla-coil x

lighter was used to create vias through 200 nm silicon nitride (SiN,) films coating
silicon wafers. The processing allowed spatially directed KOH etching of the - '
underlying Si. Patterning could be achieved with a hard mask or rastering of the ‘ 00 nm SiNx«t

i 2

spatially confined discharge, offering—with low barriers to rapid use—particular _ Tesla-coll

- i X . lighter discharge
capabilities that might otherwise be out of reach to researchers without access to
conventional, instrumentation-intensive micro- and nanofabrication workflows. General (e é thin film
patterning capabilities were demonstrated, followed by the formation of a trench . g {,?\\i é
suitable for microfluidic applications. Finally, a discharge-treated thin film surface was f— o
sputter coated with gold to create a surface enhanced Raman spectroscopy (SERS)
substrate that was then used to detect a test analyte at ppm concentration.

’N Patterned

KEYWORDS: silicon nitride, thin film, Tesla-coil, patterning, microfabrication, nanofabrication, vias,
surface enhanced Raman scattering (SERS)

B INTRODUCTION Without access to a vendor or to suitable nanofabrication
facilities and equipment, even such a simple, yet powerful,
structural modification of a SiN,-coated Si wafer would be
essentially out of reach. The very benefits of SiN,, thin films for

Thin-film silicon-rich silicon nitride films (SiN,) have become
ubiquitous in consumer electronics and in platforms across the
sciences and engineering. These thin films serve a wide range

of functions in micro- and nanofabricated processes and such applications listed above—their mechanical, electrical,
products, and in their applications, including as simple and chemical robustness—can prove quite burdensome when
structural building blocks; as barriers serving as electrical modifying their structure.

insulation, sample supports and sample chamber windows, The use of a lithographically- and RIE-patterned SiN, thin
diffusion barriers, chemical etch stops, and surface passivation film as a hard mask for subsequent processing, as in the
layers; and as the foundation for more sophisticated (nano)- fabrication of the free-standing windows described above, is an
structures.' "' SiN,-coated Si wafers can be purchased important approach in Si micro- and nanofabrication more
commercially so end users therefore need neither access to generally. In this embodiment, a SiN, thin film is deposited
the specialized infrastructure of nanofabrication nor opera- onto each side of the Si wafer: one of the films is sacrificed to
tional expertise. Only slightly more complicated nanofabricated be patterned as a hard mask to spatially control a wet etching
structures—free-standing ~100 nm-thick SiN, “windows” on process, and the other film is protected so that it remains intact
Si frames—are available commercially after a tightly controlled across the opening created by removal of Si. A conventional

series of photolithographic, reactive ion etching (RIE), and wet
chemical etching steps in clean rooms with suitable equip-
1,2,5,6
ment. Such windows have a host of applications including
as sample supports that provide effective transparency to
charged particles and photons across a range of energies; as
windows to interface instrumentation operating in vacuum to
samples in ambient or liquid environments; supporting
nanopore single-molecule sensors for genomics, proteomics,
and glycomics; and housings for nanoapertures for filtration
1,6,12-20
and controlled sample introduction and formation.

fabrication flow, carried out in a clean-room housing the
necessary instrumentation, involves (1) spin-coating a thin film
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Scheme 1. Implementations to Selectively Damage SiN,-Coated Si Wafers with a Tesla-Coil Lighter Discharge, Including

Patterning for Subsequent Wet Etching”
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“(a) Direct, unmodified wafer exposure; (b) Patterned exposure through a copper grid mask; (c) Direct exposure with a grounded bottom plate;
(d) Channel formation between glass slide masks; and (e) Wet KOH etch outcomes after specified Tesla-coil exposures. Thicknesses of SiN,, films

and Si wafers are not drawn to scale.

of (polymer) photoresist onto both SiN, films; (2) photo-
irradiating one photoresist layer through a mask to transfer the
mask pattern to that photoresist layer; (3) selectively
dissolving away the parts of the photoresist that had been
exposed to light (or those that had been shielded from light
exposure by the mask); (4) transferring the piece to a vacuum
chamber where reactive gases then etch away (by RIE) the
now-exposed areas of SiN,, (5) leaving the protective
photoresist layer intact and the still fully photoresist-coated
SiN, layer untouched; (6) removing the remaining photoresist
layers; and (7) finally subjecting the Si exposed through
openings in the now-patterned SiN, layer to whatever material
processing steps were the end goal of this work flow, etching
by immersion in a hot KOH bath for the formation of free-
standing SiN, windows. In this example, one SiN, film coating
the wafer is sacrificed to use as a mask, and the other is left
intact to serve as the window over a micrometer to millimeter-
length scale opening. Importantly, all of this intensive materials
processing does not necessarily yield a single nanoscale feature:
it simply relies on the existing nanoscale thickness of the SiN,,
film. In other words, all of the nanoscale fabrication was done
only during the SiN, thin film deposition stage. Given the
complexity, duration, and equipment necessary to arrive at
even this single desired processing step (spatially localized
KOH etching), we were interested in developing a new
method to permit structural modification of as-supplied SiN,,
thin films quickly and without the need for specialized facilities.
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Such a capability would allow the patterning of SiN,, thin films
as a stand-alone goal, as well as the patterning of SiN, thin
films to serve as masks for further processing of an underlying
substrate. Mechanical options, such as use of a diamond scribe,
could work for supported films, but we sought a noncontact
route to allow for modification of free-standing SiN, films. An
alternative to mechanical damage by scribing might also allow
for more flexible patterning using masks. Wet chemical etching
of SiN,, can be done on the benchtop using hydrofluoric acid
and, less commonly, using hot phosphoric acid (both
approaches require specialized labware for safety),”' but
would require an initial photolithography step for spatial
control over material removal, and may still be compromised
by the inability to anisotropically etch the amorphous SiN,.
Given the demonstrated ability of a hand-held Tesla-coil
(flameless) lighter to form nanofluidic conductors in free-
standing SiN, immersed in deionized, ultrapure water by
dielectric breakdown-initiated material removal,'>** we
hypothesized that the same device could provide the means
to directly pattern, on a larger-scale, thin films of SiN,, without
need for additional processing or hardware, and without
physical contact of the tool to the piece. We, moreover,
hypothesized that the approach could offer the additional
benefit of replacing, with a single operation, steps (1)—(6) of
the example SiN, microfabrication process outlined above.
Scheme 1 outlines the proposed processing steps. Dielectric
breakdown, charging, thermal effects, and electron-beam-
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driven surface chemistry in air may all play a role in any
observed material processing.'”**** Given that the preexisting
~100 nm thickness of the SiN, films would be the “nano”
element of this fabrication challenge, we were unconcerned
that the ~100 um diameter of the Tesla-coil lighter beam was
not expected to offer high lateral resolution. The proposed
Tesla-coil lighter-based method is thus akin to the earlier
example of photolithography, RIE, and wet chemical etching
used to produce a free-standing SiN, window: neither
produces new nanoscale features, but rather both rely on
thin-film deposition to create structures with the desired
nanoscale dimensions.

Beyond exploring the capacity of the Tesla coil lighter
method to perform thin film patterning, we targeted two
applications. The first was the use of Tesla-coil-patterned SiN,
as a hard mask to create a microfluidic channel in the
underlying silicon wafer by wet chemical etching. The second
was to use Tesla-coil-modified thin film substrates as a
foundation for the fabrication of a substrate for surface-
enhanced Raman spectroscopy (SERS). There is precedent for
the use of SiN,-coated wafers as a base layer for SERS
substrates created by straightforward, low-barrier electroless
plating,”* but the use of the Tesla coil has the potential to
introduce a patterned enhancement without the need for
preliminary patterned monolayer formation.”> Raman en-
hancement is provided by substrates that are structured on
the nanoscale and considerable effort has been devoted to
optimizing both the fabrication and sensing performance of
SERS substrates. Top-down nanofabrication steps can yield
exquisitely structured substrates, but rely on intensive and
expensive fabrication steps.”*™*> We chose to use commercially
available Silmeco SERS substrates as a benchmark to test the
performance of our simple approach. These substrates consist
of metallized high aspect ratio silicon nanopillars—with
tunable dimensions, for example, <100 nm in diameter and
~1 pm long—that can tilt together during solvent evaporation
to form (self-assembled) SERS hot spots.*”** These nano-
pillars are produced by maskless RIE followed by a variety of
preparation and deposition steps.

B EXPERIMENTAL SECTION

Silicon nitride-coated wafers were purchased from Rogue Valley
Microdevices, Inc. (Medford, OR), and consisted of 200 nm-thick,
low-stress (<250 MPa Tensile; silicon-rich), LPCVD SiN, films
deposited on double-polished, 356 + 25 um-thick, 3” diameter, <
100> polished, P/Boron-doped (1—-20 Q-cm resistivity) silicon
wafers. Flameless Tesla-coil lighters were purchased from Tesla Coil
Lighters: single arc (ASIN: BO16P8A1K4/UPC: 849344046936/
model H&PC-64671) and dual arc (ASIN: BO1A02F714/UPC:
849344050544/Item model number: H&PC-65026). A custom jig
was 3D printed to accurately and reproducibly position the wafer
relative to the lighter terminals. TEM grids (GS0-Cu, G200-Cu,
G400-Cu) were purchased from Electron Microscopy Sciences
(Hatfield, PA 19440). Semiconductor grade potassium hydroxide
(99.99% trace metals basis, product no. 306568), anhydrous
acetonitrile (99.8%, product no. 271004), and 4-nitrothiophenol
(technical grade, 80%, N27209; abbreviated NBT) were purchased
from Sigma-Aldrich (now Millipore Sigma, St. Louis, MO). Raman
spectra were acquired with a Snowy Range Instruments, Sierra 2.0
spectrometer operating at 785 nm and 100 mW, with its orbital raster
scanning mode disabled. Benchmark SER spectra were recorded using
a gold SERS substrate from Silmeco ApS (Copenhagen, Denmark).
SERS substrates were soaked in 1.6 ppm solutions of 4-nitro-
thiophenol in acetonitrile for 5 min before being removed and air-
dried after wicking excess liquid away with a Kimwipe. Electron
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micrographs were recorded using a Zeiss SIGMA VP field emission-
scanning electron microscope (FE-SEM) and gold coatings were
deposited for 20 s using a Cressington 108 Auto gold sputter coating
system operated at 30 mA currents during deposition.

Insertion of the double-sided SiN,-coated Si chips between the
terminals of the Tesla coil lighter (Scheme la) did not prevent
transmission of the discharge-path “flame”, and resulted in visible
discoloration of the chips spatially localized to where the “flame”
passed, as shown in Figure 1. Two different damage patterns could be

b 1s, front

c 5s, front

5s, back

Figure 1. a) A four-electrode Tesla-coil lighter, with dual discharges.
Damage spots resulting from (b) 1 s and (c) S s exposures to the
Tesla-coil, with frames sized to 15 mm X 15 mm. The images in the
left and right columns are taken from opposite sides of the SiN,
double-coated chip. Image (d) shows the result of 30 min of KOH
etching of the front damage spot in (c).

identified, consistently depending on whether the lighter discharge
was incident upon the SiN, through air (entrance face; fairly well-
defined spots), or through the Si wafer (exit face; more dispersed,
thread-like damage tracks). The character of the two types of spots
could be readily understood in a mean-free-path framework. While the
incident discharge always appeared spatially confined as a filament,
some instability in the discharge path could be detected by eye. This
“wandering” made the degree of localization of the damage dose-
dependent, with longer exposure times allowing a greater degree of
infilling of the still localized damage spot. Supporting Information
(SI) Figure S1 shows electron micrographs of two entrance face
damage spots that show that the damage depth increased with
exposure time, and on a micrometer length scale exceeding the
thickness of the thin SiN, film. The Tesla-coil discharge produced a
highly textured (pebbled), ostensibly porous, layer that had a clear
lower boundary with an appreciable extent of the underlying silicon
wafer that showed no microscopic evidence of material damage. SI
Figures S2 and S3 illustrate that the damage spots at short exposure
times were formed from isolated damage tracks traversing regions of
intact SiN,, film. The lower degree of damage spot infilling and greater
lateral extent of travel of the damage tracks with greater distance from
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electrode to film at this short exposure time was consistent with
projection of the angular fluctuations onto the film surface. Beam path
fluctuations would thus complicate—by separation-dependent pro-
jection of angular deviations and consequent dwell time/unit area
fluctuations, for example—any effort to study the effect of distance
between electrode and thin film, so we do not systematically explore
the parameter here. The degree of homogeneity of the damage spots
was increased with longer (10 and 30 s) exposure times, as shown in
SI Figure S3. SI Figure S3 also reveals that the SiN, thin film inside
the damage spots was intact outside of the damage tracks. Cross-
sectional imaging revealed that the damage tracks penetrated on the
micrometer length scale into the underlying silicon of the wafer,
forming divots, with no visible evidence of intact SiN,, film remaining.
Elemental analysis revealed that the Tesla-coil-induced damage is not
merely physical, but is accompanied by chemical changes, as well.
EDX analysis of damage spots in SI Figures S4 and SS showed
compositional changes at the damage spot relative to intact SiN,, film.
A decrease in nitrogen content was accompanied by an increase in
oxygen content. The spatial distribution of this chemical change
overlapped with the visible extent of the damage spot, with the
underlying undamaged region comprised of chemically unmodified
silicon. Damage tracks formed by the Tesla-coil lighter were thus
demarcated by pitting of the Si wafer, formation of a convoluted
overlayer, and local chemical changes.

Our motivation was not simply that we could spatially damage the
SiN, using a Tesla-coil lighter, though, but that (1) the damaged spot
could be trivially processed to provide access to the material
underlying the damage; and (2) the ostensibly undamaged regions
of the SiN, thin film could be used to protect the underlying material
in those regions. In essence, that the SiN, film exposed to the lighter
could serve as a hard mask for patterning the wet-etching of the
underlying Si wafer (Scheme le). Well-established within the canon
of micro- and nanofabrication techniques, an intact SiN,, film serves as
a KOH etch stop and should protect the underlying Si from etching
(except at unprotected edges)."”® We were able to KOH etch even
the shortest duration damage spots that we tested. Figure 1 shows the
formation of a KOH etch pit where the Tesla-coil (S s exposure) had
visibly discolored the SiN, film. The etch pit profile is consistent with
anisotropic KOH etching of the underlying crystalline Si (here, 30
min in an ~8.9 M KOH solution at ~80 °C). The etch pit formed
where the initial Tesla-coil damage spot had been evident, with no
additional processing carried out, and the etching process “filled-in”
the fine structure present in the damage spots, possibly due to KOH
etching of less evidently damaged areas of the SiN, between the
damage tracks, or merging of adjacent etch pits, or both. Regardless of
mechanism, the combination of Tesla-coil-exposure and KOH etching
produced an etch pit at a specific location and with spatially limited
margins. Thus, while the discharge path fluctuated, unexposed regions
of the thin film were unharmed and patterning of the SiN, film could
be used to (1) pattern a 200 nm thin-film structure and (2) govern
patterning of the underlying structure: the method thus offers
demonstrable capabilities as a rapid, low-barrier alternative to
lithography, demonstrated on a thin film material often chosen for
its resistance to removal.

Following the demonstration that the Tesla coil lighter could
induce damage to the SiN, thin film that was compatible with
subsequent processing and structuring of the underlying substrate, we
wanted to explore to what extent we could pattern the damage to the
film. We attempted two different routes to patterning: (1) patterning
through a physical mask (Scheme 1b), and (2) contactless patterning
by translating the lighter through defined paths. In the first case, we
placed flexible copper grids used as sample supports for transmission
electron microscopy (TEM), shiny-side down against the chips, albeit
without guarantee of uniform grid contact to the film across the grid
diameter or lateral immobility. The two-terminal Tesla-coil lighter was
used here to offer a single discharge path, and the images in Figure 2
were taken from the entrance film side, the side proximal to the
terminal that would produce well-defined spots in the absence of a
mask (see Figure 1). Exposure times did not exceed ~30 s, and the
Tesla-coil was manually passed over the entire grid area, with
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Figure 2. In the left column, the illumination was configured to image
all surface features. In the right column, the optical axis of the camera
was orthogonal to the surface and illumination was direct so that only
scattered light would be imaged. Scale bars are 0.5 mm. From top to
bottom, the SiN, chips were masked with a 400, 200, and S0 mesh
copper TEM grid (Scheme 1b).

fluctuations in the discharge path itself providing additional spatial
sampling across the grid. Complete and uniform coverage is not
expected given this crude approach to spatial sampling. The copper
mask offers two properties to an electric-discharge-based patterning
method: density, and conductivity. The conductive mask is on top of
an insulating thin film with the discharge able to transmit through the
entire wafer and also able to damage the thin film with increasing
exposure time (Figure 1). Thus while the copper grid is electrically
floating at the beginning of the exposure, the electrical potential on
the grid is likely variable in complex ways during the course of the
exposure. In SI Figure S6, we show photographs of two grids before
and after use as masks: there is evident discoloration, suggesting
damage, to the copper masks by the Tesla-coil discharge. With high-
field electric discharges, the role of microscopic asperities may further
complicate transient electric field distributions and allow for localized
discharges accompanied by microscopic losses of grid material. The
images shown in Figure 2 are the best results from a number of
repeated trials, and while the implementation requires optimization,
we emphasize two points. First, the physical masking was able to
control the Tesla-coil patterning. Second, the variation in damage
pattern with mesh size—S0 mesh (420 um hole, 80 um bar), 200
mesh (90 um hole, 35 um bar), and 400 mesh (37 um hole, 25 ym
bar)—offered an interesting trend. The S0 mesh, with large open area,
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showed that the damage was localized to the grid bars, principally
underneath the bars but also extending outward from them. In the
200 mesh patterning the damage underneath the bars was limited in
extent compared to the damage in the open areas. Nevertheless the
central portion of the thin film underneath each grid opening was
largely undamaged in this mesh size, suggesting that the damage was
originating not by direct bombardment of the Tesla-coil discharge,
but from discharge from the grid. In the 400 mesh patterning, the
damage spots appeared to be infilled underneath the openings in the
grid, but largely absent underneath the wires. Thus, patterning of the
damage spots using this mask is complicated by its conductivity, and
likely by edge and proximity effects, but transfer of grid features is
nevertheless feasible. We did not explore the limit on achievable
lateral feature size but possible beam-induced damage to masks with
small bars, especially, and crosstalk between closely spaced bars will
likely be important, and limiting, considerations. The focus of the
fabrication effort, however, was to augment, by even microscale
patterning, the nanoscale vertical feature size given by the 200 nm film
thickness. While the implementation requires optimization, most
likely in ensuring uniform contact of the grid to the SiN, thin film and
preventing lateral displacement during patterning, this proof-of-
principle demonstration of the use of a physical mask for pattern
transfer was clearly promising.

Our more significant interest than using a hard mask for patterning
the SiN, was exploring whether the spatially confined discharge of the
Tesla-coil lighter could be used for patterning by rastering. The
compact, hand-held Tesla-coil lighter allows for freeform patterning,
but we wanted to produce patterns without using a mask and that
would be smaller than could readily be produced by hand, and so we
used a pantograph to reduce the pattern scale 4-fold. We attached one
end of the pantograph to the Tesla-coil lighter and the other end to a
stylus confined within a paper cut-out stencil. The Tesla coil terminals
were placed on either side of the wafer section without making
contact (as in Scheme 1a), and the stylus tip was in contact only with
the stencil. The stylus was used to trace the stencil pattern, and the
pantograph caused the Tesla-coil lighter to replicate this motion,
although with purposefully 4-fold reduced travel. The use of a stencil
allowed for us to explore rastering-based patterning that would not be
limited by the practitioner’s manual dexterity, and that would allow
for repeated coverage of the same area to be patterned. There was an
additional benefit of the use of the pantograph to reduce the pattern
size, and that is that the slower speed of travel of the lighter compared
to the tracing stylus was expected to aid in creating contiguous
damage tracks. Figure 3 shows an image of the stencil; the stylus
diameter allowed for the pattern on the SiN, to be traced as an
outline, as shown in the three photographs below the stencil. The
damage line across the middle of the traced “S” at the 11 o’clock
position resulted from displacement of the stylus away from the edge
of the stencil and shows the possibility of patterned film modification
also by infilling. The KOH etching (Scheme le) was carried out for
10 min, and slightly broadened the spatial extent of the visible
damage, improving the contiguousness of the structural modification
of the film (Figure 3).

In Figure 1 we demonstrated a difference in the damage spot
quality between the entrance and exit faces of the wafer section. On
the entrance side the spots were better defined, and on the exit side
the spot integrity was diminished. The same general behavior was
observed in the patterning experiments. It was difficult to discern exit-
face patterning when using the copper grid masks, owing to the small
feature size of the masks, the rudimentary implementation, and the
inherent differences in entrance and exit face damage spot quality and
extent. For the raster-based, mask-free patterning, the exit face pattern
quality was also distinct from the entrance face quality, but with the
overall pattern remaining clear. Figure 4 illustrates that the exit face
damage marks had two prominent zones: a sharply defined set of
damage marks surrounded by a more diffuse halo. The asymmetric
patterning quality between entrance and exit faces is a concern only in
those special applications where both films must be patterned. SiN,
thin films are conventionally deposited in one fabrication step onto
both sides of a wafer even when only one side will be used as a
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Figure 3. (a) A cut-out paper stencil (1 mm ruler markers) was traced
using a pantograph to provide ~4X reduction in scale to the
corresponding pattern induced on SiN,-coated wafers using a Tesla-
coil lighter. The chip with (b) as-generated damage spots was (c)
etched in KOH for 10 min, with image illumination in (c) and (d)
corresponding to the left and right columns of Figure 2.

-
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Figure 4. Exit-side patterning of SiN, under (ab) the two image
lighting conditions of Figure 2. A central prominent set of damage
marks is surrounded by a diffuse halo. In (c), a grounding plate was
placed against the exit side of the wafer being patterned, eliminating
all visible indications of exit damage. The electron micrograph in (d)
shows exit face damage marks generated without a grounding plate (as
in Scheme 1a), and (e) shows the exit face in the presence of the
grounding plate (as in Scheme 1c).

patterned mask (as in the SiN, window formation example
enumerated above) or structural element. Thus, the ability here to
robustly pattern only the entrance thin film is not inherently a
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Figure 5. SEM images of a wet-etched (30 min in 8.9 M KOH at 80 °C) microchannel patterned by Tesla-coil discharge through the gap between

two abutted glass slides.

limitation. We show two applications, below, where any damage to
the exit film is irrelevant to the function arising from the entrance film
patterning. Nevertheless, we also show in Figure 4c that it is possible
to prevent visible damage to the exit side film by placing a grounded
plate against it, here a microscope slide wrapped in aluminum foil
connected by wire to an electrical outlet ground (Scheme 1c). In this
case, damage was observed on the entrance face of the wafer of
interest, but not on the exit face. Figure 4d and e show electron
micrographs that illustrate the ability of the grounding plate to
suppress the formation of even microscopic damage marks on the
SiN, film of the exit side. While the entrance face could be etched
with KOH, there was no etching visible on the exit face, thus further
indicating an absence of damage to the exit face SiN, thin film.

Extension of the patterning shown in Figure 3 can be used to form
functional elements such as fluid channels in the silicon wafer. Here,
we implemented this by taping two clean glass microscope slides with
their longer edges flush with each other, thereby providing a very thin
guide channel. The wafer was placed onto the grounded backing plate
as in the setup to Scheme 1d (and Figure 4c) and the free electrode
was passed back and forth along the guide channel while discharging,
at a manual scan rate of ~1 cm/s. The damaged substrate was then
placed into an 8.9 M KOH etch bath at 80 °C for 30 min (Scheme
le) to produce the fluid channel shown in Figure S. The walls of the
channel are angled, meeting at an apex at the bottom, consistent with
anisotropic KOH etching of the <100> polished Si wafer. The SEM
image is thus slightly angled relative to the viewer. EDX analyses in SI
Figure S7 are consistent with formation of the fluid channel in a
region free of SiN, thin film. The best control over the channel quality
was achieved when the glass guide slides were making good contact
with the substrate. The channel dimensions were 170 ym across and
160 um deep, with the depth set by the etching duration. There was
no need to take precautions to protect the exit face SiN, film from
being damaged because the desired feature never reached that side of
the wafer.

Electron micrographs of the entrance surface post-Tesla-coil
treatment in Figure 6 revealed dramatic surface roughening and the
formation of features from pores to grains, with grain size distribution
across a range of length scales. The Tesla coil treatment thus could
produce entrance surface patterning on two broad length scale classes:
on the dimension of the discharge and how far it was translated, and
the microscopic length scales seen in Figure 6. In terms of

applications, planar, polished SiN, thin films have previously been
used to support nanostructured gold films that provide the necessary
enhancement for SERS.** The highly structured damaged surface in
Figure 6 provides features (1) on length scales that could be leveraged
for providing enhancement for SERS and (2) with high local surface
area that can be beneficial for SERS. We sputter-coated the processed
substrates with gold, where the resulting essentially featureless gold
films allow any enhancement to be dominated by the underlying
morphology of the damage spot. Indeed, control studies confirmed
the expected results that the SERS signal was generated only by the
combination of damage and gold coating, not either in isolation. In
extension of this, the Tesla-coil could be used to create SERS-active
regions of the substrate surrounded by undamaged regions without
enhancement, as tested by direct SERS measurement. This spatially
patterned enhancement was achieved by a uniform gold deposition
step, subject to line-of-sight effects, of a thin gold layer across the
entire surface where the only patterning was provided by the Tesla-
coil damage. The patterned response was straightforward to achieve
by Tesla-coil treatment of the SiN,-coated chips, as opposed to the
greater procedural complexity required to achieve spatially localized
enhancement by a method such as patterned electroless deposi-
tion.”*** The ease of SERS substrate fabrication by Tesla-coil was
even more marked compared to the fabrication of the highly refined,
nanopillar-array-decorated, commercially available Silmeco SERS
substrate. Using the same 1.6 ppm solution of our NBT test solution,
we were able to record SER spectra of comparable quality from the
commercial and extemporaneous substrates. Aside from the ability to
so easily control the optical performance of the substrate, there may
be more general uses of the fabrication paradigm of patterning a base
layer followed by a spatially uniform deposition step.

B CONCLUSIONS

We have demonstrated that a hand-held “flameless” Tesla-coil
lighter produces spatially localized damage of thin (200 nm)
SiN, films on a Si wafer, that this damage spot provides wet
chemical access to the underlying Si that allows further
material processing, and that the remainder of the SiN, film
continues to serve as an effective etch stop for KOH etching of
Si. The localized damage could be converted into a larger-scale
pattern by using a hard mask or by rastering of the lighter
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Figure 6. Top: SEM images of Tesla-coil damaged SiN, after gold coating. Tesla-coil exposure was by Scheme 1c (~90 s exposure at 1 mm
electrode distance) and gold coating was by sputtering for 20 s. Voids and surface texture are evident at lower magnification (left), and the presence
of grains on a number of length scales is evident at higher magnification (right). Bottom: Using identical spectrometer settings and 1.6 ppm analyte
concentrations, the maximum signal intensity from the Tesla-coil-prepared substrate was nearly identical to the signal intensity produced using the
commercial nanopillar array substrate prepared by reactive ion etching. No SER spectra were detected from the as-supplied SiN,-coated chips and
gold-free Tesla-coil-damaged chips.

across the surface. For suitable targets, the Tesla-coil approach microscale fluid channel within the bulk silicon wafer
thus effectively replaces a much more complicated, labor-, underlying the SiN, thin film. The 170 ym lateral dimension
time-, and equipment-intensive conventional approach to of the channel was controlled by the glass slide masks and
patterning of these materials that otherwise may require Tesla-coil discharge extent while the 160 pm depth was
photolithography and RIE. Earlier work'” had established that controlled by the wet etching time. The second was the
with a suitable, simple implementation, the Tesla-coil lighter fabrication of a SERS substrate by using Tesla-coil exposure to
can be used to form nanoscale structures through a largely provide the necessary substrate surface structure, and simple
stochastic process.”” The present work shows its ability to sputter deposition of an essentially unstructured gold thin film
deterministically modify existing nanostructures on a larger to provide the coinage metal surface. SERS enhancement was
scale, such as patterning and establishing vias through thin generated by gold-coating damage marks, and thus the location
films of SiN,, thus serving as a low-barrier adjunct to of enhancement could be readily controlled. Detection of a
traditional micro- and nanofabrication tools and methods. canonical test molecule, NBT, was demonstrated at a
We demonstrated the use of Tesla-coil patterning to deliver concentration of 1.6 ppm. Similar total signal was detected
two different applications. The first was the formation of a from both a delicately nanostructured commercial SERS

2975 https://dx.doi.org/10.1021/acsanm.0c00248

ACS Appl. Nano Mater. 2020, 3, 2969—2977


https://pubs.acs.org/doi/10.1021/acsanm.0c00248?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00248?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00248?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00248?fig=fig6&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c00248?ref=pdf

ACS Applied Nano Materials

www.acsanm.org

substrate and the substrate fabricated from a Tesla-coil-
damaged chip. The Tesla-coil thus holds substantial potential
in the hands of practitioners needing only simple tools to
create or modify micro- and nanostructures without the
barriers to entry or practice of more conventional fabrication
methods and tools.
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