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FABRICATION AND SELF-ALIGNED LOCAL FUNCTIONALIZATION OF
NANOCUPS AND VARIOUS PLASMONIC NANOSTRUCTURES ON FLEXIBLE
SUBSTRATES FOR IMPLANTABLE AND SENSING APPLICATIONS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to US Provisional Patent Application No.
62/089,724, filed on December 9, 2014, and may be related to US Patent Publication No. US
2015-0223738 Al, published on August 13, 2015, US Patent Publication No. US 2015-0223739
A1, published on August 13, 2015, US Patent Application No. 14/621,295, filed on February 12,
2015, and US Patent Application No. 14/621,306, filed on February 12, 2015, the disclosure of

each of which is incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] The present disclosure relates to plasmonic nanostructures. More particularly, it relates to
the fabrication and self-aligned local functionalization of nanocups and various plasmonic

nanostructures on flexible substrates for implantable and sensing applications.

BRIEF DESCRIPTION OF DRAWINGS

[0003] The accompanying drawings, which are incorporated into and constitute a part of this
specification, illustrate one or more embodiments of the present disclosure and, together with the
description of example embodiments, serve to explain the principles and implementations of the

disclosure.

[0004] Fig. 1 illustrates a method of fabrication of nanostructures with a flexible substrate.
[0005] Fig. 2 illustrates SEM images of nanostructures.

[0006] Fig. 3 illustrates a method of fabrication of nanostructures on Si substrates.

[0007] Fig. 4 illustrates a method of fabrication with a carrier chip.
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[0008] Fig. 5 illustrates a method of fabrication with a patterning layer.

[0009] Fig. 6 illustrates other SEM images of nanostructures.

[0010] Fig. 7 illustrates methods of patterning nanostructures.

[0011] Fig. 8 illustrates a method of fabrication for localized functionalization.
[0012] Fig. 9 illustrates another method of fabrication of nanostructures.
[0013] Fig. 10 illustrates a method of fabrication for rolled flexible substrates.
SUMMARY

[0014] In a first aspect of the disclosure, a method is described, the method comprising: etching
a silicon substrate to form silicon nanostructures on top of the silicon substrate; oxidizing the
silicon nanostructures to form silicon oxide nanostructures; depositing a metallic layer on the
silicon oxide nanostructures; reflowing the metallic layer to form metallic bulbs on a top section
of the silicon oxide nanostructures; depositing a continuous flexible substrate on the metallic
bulbs and on the silicon oxide nanostructures; and removing the silicon substrate and the silicon

oxide nanostructures.

[0015] In a second aspect of the disclosure, a method is described, the method comprising:
etching a silicon substrate to form silicon nanostructures on top of the silicon substrate; oxidizing
the silicon nanostructures to form silicon oxide nanostructures; depositing a metallic layer on the
silicon oxide nanostructures; reflowing the metallic layer to form metallic bulbs on a top section
of the silicon oxide nanostructures; depositing a continuous flexible substrate on the metallic
bulbs and on the silicon oxide nanostructures; and removing the silicon substrate and the silicon

oxide nanostructures.

[0016] In a third aspect of the disclosure, a method is described, the method comprising: etching
a silicon substrate to form silicon nanostructures on top of the silicon substrate; oxidizing the
silicon nanostructures to form silicon oxide nanostructures; depositing a metallic layer on the

silicon oxide nanostructures; reflowing the metallic layer to form metallic bulbs on a top section
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of the silicon oxide nanostructures; depositing a photosensitive layer on the metallic bulbs and on
the silicon oxide nanostructures; selecting an intensity for optical excitation to be above an
excitation threshold only for the photosensitive layer between the metallic bulbs; optically
exciting at the selected intensity; removing the excited photosensitive layer, thereby leaving gaps
in the photosensitive layer between the metallic bulbs; and functionalizing the gaps between the

metallic bulbs.

DETAILED DESCRIPTION

[0017] The present disclosure describes several methods for transferring metal nanostructures
onto flexible substrates for plasmonic applications. For example, by depositing a flexible layer
on top of a structure and removing the original substrate, it is possible to obtain nanocups. It is
also possible to choose whether to keep metal between the different nanostructures. The distance
between nanostructures can be adjusted by stretching or compressing the flexible substrate. With
a sacrificial layer, it is possible to control how close the nanocups are to the surface of the
flexible layer. With a carrier chip, the nanostructures can also be transferred onto a flexible layer
in an upright position. In embodiments with a carrier chip, it is also possible to optionally
remove the metal between the nanostructures, for optical excitation from the opposite side of the
chip relative to the nanostructures. The shapes of these nanostructures can be tailored by
multiple stages of oxidation and etching, by the reflow process, by ion treatment (optionally at an
angle), by angled deposition, and by an arbitrary combination of these techniques. For closely-
spaced metal nanostructures, it is possible to take advantage of local field enhancement to
achieve self-aligned functionalization through either development or ablation. With a carrier
chip or with appropriate etching, the transferred nanostructures can reside in a cavity of a flexible
substrate, which can be used for implantation in biological tissue, or for wearable applications.
On the other hand, the flexible substrate can also be bended to decrease the distance between
nanostructures, or rolled into a tube as a channel for liquid samples to flow through. In the latter
case, the central channel can also function as a waveguide for either optical excitation or signal
waves. With proper design, the nanostructures can also be rolled up in a spiral fashion for
extended interaction areas. Many of the techniques described in the present disclosure can also

apply to nano-apertures from similar Si templates.
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[0018] Recently, Walavalkar et al. demonstrated a technique that allows wafer-scalable
fabrication of metal nanostructures for plasmonic applications, see Ref. [1]. Unlike focus ion
beam (FIB) approaches, which are time-consuming and restricted by their capacity for beam
focusing, the methods described in the present disclosure requires procedures that are already
available in a commercial semiconductor foundry for mass production. Unlike another previous
approach of metal lift-off, which is limited by lithography resolution and cannot accommodate a
thick layer of deposition, with the methods described in the present disclosure nanostructures can
be directly fabricated with great precision and a high aspect ratio. Additionally, with the
methods described herein, a designer has freedom to choose where to place the structures on a
chip, unlike methods based on metal nanocrystals via bottom-up synthesis. Several applications
are possible for the methods of the present disclosure, such as functionalized assays, on-chip
imaging via extraordinary transmission, surface-enhanced Raman spectroscopy (SERS), etc., for

sensing and implantation purposes, see Refs. [2, 3].

[0019] In several applications of sensing and implantation, a rigid substrate can be a limiting
factor in terms of conformity, immunity rejection, device versatility, etc. A sensor based on
flexible substrates is therefore very desirable. Flexible substrates, however, can be problematic
in fabrication since they may not be compatible with some fabrication procedures such as
thermal treatment. The present disclosure describes methods for fabricating metal nanostructures
on flexible substrates, in order to render the structures better suited for certain sensing and
implantation applications. The methods described herein also allow the fabrication of devices
types that were previously unavailable, such as nanocups with an optional background layer of

metal between structures.

[0020] The fabrication and chip processing of closely-spaced metal nano-spheres for surface-
enhanced Raman spectroscopy (SERS) applications have been described in previous disclosures,
see Refs. [1-3]. Briefly, as visible in Fig. 1, nanostructures can be defined on Si substrates, for
example by pseudo Bosch etching (105), followed by thermal oxidation (110), and a metal is
then deposited (115) and reflowed (120). For example, gold can be used. Starting with such
structures, a flexible layer (145) can then be deposited on top of the chip (125). For example,

polydimethylsiloxane (PDMS) can be used; other options can include, and are not limited to,
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polymers, plastics, etc. The flexible layer is then detached from the substrate (130); options
include mechanical peel-off, chemical etching that does not attack the flexible membrane during
the processing time, etc. The hollow interiors of the nano-spheres, previously attached to the
glass pillars, are now exposed as nanocups. Previously nanocups had been fabricated using
nano-indentation, see Ref. [4], lift-off with sacrificial layers, see Ref. [5], metal deposition on
nano-beads, see Ref. [6], and substrate treatment for self-organized structures, see Ref. [7].
These methods have many disadvantages including lack of designer’s freedom, low aspect ratio
of structures, etc. In the technique presented herein it is possible to control where the
nanostructures should be on a substrate, and shapes with a high aspect ratio can be easily
achieved with etching control techniques, such as pseudo Bosch. The pseudo Bosch technique
also allows 3D sculpting of the nanostructures, therefore the fabricated nanocups can take a
variety of interior cavity shapes like rectangular, oval, etc, unlike highly-symmetric ones in
previous literature documents, such as Refs. [4-7]. Depending on the thickness of the deposited
metal and the reflow process (ramp-up/down rates, temperature, duration, etc.), it is also possible
to control the final shape of the nanospheres that wick onto the top of the nanostructures, and
hence further customize the final shape of the nanocups. For the areas between nanocups,
moreover, previous approaches would either not use metal, or would result in metal deposition
everywhere on the structure, while the method described herein can enable the choice of keeping

or discarding the metal between the nanostructures.

[0021] If the choice is made to remove the regions of silicon and silicon dioxide with etching
chemistry that does not affect the metal and the flexible layers, it is possible to optionally keep
the metal in the region between nanocups as shown in (132). In the present technique,
additionally, it is possible to precisely control how deeply the nanocups are embedded in the
flexible substrate. Referring to (135), it is possible to first deposit a sacrificial layer (155) on top
that can be etched with precision; an example of such a combination is photoresist and oxygen
plasma ashing. After the sacrificial layer (155) is brought to the desired thickness, the flexible
layer (150) can be applied on top as described earlier, followed by the separation of the flexible
substrate along with embedded nanocups either mechanically or chemically into the
configuration as depicted in (140). In this embodiment it is possible to take advantage of the

small gaps between metal spheres, as well as the newly-exposed nanocup cavities after the
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separation of layers. The gaps between metal spheres can be controlled to be 10-20 nm or
smaller, for example. Furthermore, the flexible layer (150, 140) can be manually stretched or
compressed to modify the distance between metal nanostructures. Some exemplary fabrication
results are shown in Fig. 2, which describes the embodiment of (140) in Fig. 1, where the metal
structures are close to the surface of the non-conducting substrate for easier SEM (scanning
electron microscope) imaging. Fig. 2 (205) shows a nanocup from a pillar structure. As
described above, it is possible to tailor the nanocup shapes with great freedom, as shown in Fig.
2 (215) for a rectangular post. Fig. 2 (210) illustrates how it is possible to exploit the small gap

between nanospheres in the methods described in the present disclosure.

[0022] Employing some additional steps as described below, it is possible to fabricate nanocups
with an interior cavity much smaller than that typically allowed by lithography resolution.
Starting from etched nanostructures as in Fig. 3 (305), the chips then go through a quick
oxidation process either in a thermal furnace or a rapid thermal annealing (RTA) machine (310);
the oxidation time is chosen so that the core of the Si nanostructures remains not oxidized. The
outer layer of silicon oxide (312) is then removed (315), for example by hydrofluoric acid. The
entire chip is then thermally treated again, this time for the entire nanostructures to be oxidized
(320, 322). After depositing metal on a top surface of the device (325), including the
nanostructures, the metal can be reflowed into nanospheres (330). For example the metal can be
Au (327). In a subsequent step, the nanosphere structures can be converted into nanocups (Fig. 1,
130, 132, or 140) as described above. In some embodiments, the protruding nanostructures can
be etched away or mechanically removed (Fig. 3, 335), for example for applications such as
plasmonic assays or extraordinary transmission, see Ref. [2]. In some embodiments, the openings
in the metal layer are transparent to photons, and therefore can be termed as nano-tunnels (340),
although these structures are filled with an oxide. In the present disclosure, nano-apertures can
refer to different structures, for example in some embodiments nano-apertures are nano-cups (for
example nano-cups that have a mushroom shape), while in other embodiments nano-apertures
may be nano-tunnels, which are actually filled with an oxide but are still considered apertures for
the incoming photons. In some embodiments, the glass opening in the midst of the metal film can

be much smaller than lithography allows.
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[0023] In some embodiments, the structures can be transferred to flexible substrates.
Referring to Fig. 4 (405), a sacrificial layer (407) is first deposited on top of the chip (406), and a
carrier chip (408) is then attached to the sacrificial layer (407) for mechanical support in
subsequent steps of processing. The substrate below the structures is then removed (410): First,
the silicon region is exposed by etching away the bottom silicon dioxide layer (409), for example
by hydrofluoric acid or by fluorocarbon plasma; the silicon can then be etched away with XeF,,
SFe plasma, or other methods. Depending on the flexible substrate of choice, an optional
adhesion layer (417) can be applied to the now-exposed SiO, layer, and a flexible layer (420) is
deposited or bonded onto the entire stack (415). The sacrificial layer is then etched away, thus

releasing the carrier chip from the final structures (425).

[0024] The method described above can also be applied to nano-apertures on metal films as in
Fig. 3 (335). For this embodiment, as visible in Fig. 4, the chip is coated (430) with a sacrificial
layer (432) and a carrier chip (433). In subsequent steps, a fabrication flow similar as to what
described above can be followed to obtain nano-apertures on a flexible layer as in (435). The
nano-apertures can be fabricated, in some embodiments, by chemically or mechanically
removing the protruding nanostructures in (435), leaving nano-tunnels apertures between the
metallic layers. Regarding the embodiment with metal nanospheres on pillars, the option is

available to choose whether to keep the metal layer on the background or not.

[0025] In some embodiments, referring to Fig. 5 (505), a patterning layer (507) can be spin-
coated onto the chip to protect the nanospheres. In some embodiments, a photoresist can be used,
but it is also possible to employ other materials that can be patterned (by lift-off, etc.) and
subsequently removed. An etch method can be chosen to remove the bottom metal layer without
compromising the patterning layer (510). In some embodiments, a Gold Etchant TFA can be
used. The patterning layer (507) is then removed by either wet chemistry or plasma etching
(515), and the entire chip can then undergo the fabrication procedures as described above, to be
transferred onto a flexible substrate (535). The substrate can be chosen to be transparent in the
spectral region of interest, so that optical excitation can be transmitted through for a readout. An
example of an optical technique is to excite the final structure from the backside with a laser

beam, and detect the scattered Raman signals (520). For example, a pump wave will be in the
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direction (525) and Stokes wave will be received in the direction (530). An optional adhesive

layer (517) can also be used.

[0026] Fig. 6 (605) shows an example of SERS structures transferred onto a flexible substrate
(PDMS in this embodiment), and Fig. 6 (610) is a close-up verifying the integrity of transferred
structures. Figs. 6 (615) and (620) demonstrate the removal of a bottom Au region while
keeping the SERS nanospheres intact, thus corroborating the method of Fig. 5. For nano-
apertures, Fig. 6 (625) shows an example of such fabrication on a 200 nm Au layer, and Fig. 6

(630) is an exemplary structure starting from the same Si template on a 200 nm Al layer.

[0027] For SERS structures, the metal nanospheres can be further modified before being
transferred to flexible substrates. For example, starting from reflowed structures as in Fig. 7
(705), it is possible to use techniques like focused ion beam (FIB) to reshape the nanospheres
topically (710). In other embodiments (715), it is possible to reshape all the nanostructures with
techniques like ion milling. In both cases the substrate can be tilted so that the nanostructures are
reshaped at specific angles; the reshaping procedures can be carried out in multiple steps at
different angles each time, for more sophisticated sculpting. For example, starting from oxidized
nanostructures (Fig. 1, 110), it is possible to tilt the substrate for shadow evaporation so that
metals are deposited at a specific angle (Fig. 7, 720). Several deposition runs can take place at a
different tilt angle each time. After deposition, the nanostructures can optionally go through
further reshaping (710, 715), also at different angles for each step. The structures can then be

transferred as described above.

[0028]  When the SERS nanostructures are functionalized for binding-specific applications, it
is possible to take advantage of local field enhancements to achieve self-aligned
functionalization. Referring to Fig. 8 (805), finite-difference time-domain (FDTD) simulations
verifies the local field enhancement between metal nanostructures. If the entire chip is coated
(810) with photo-sensitive materials (813), the illumination intensity (812) can be chosen so that
the exposure is below the threshold of photo-reaction except at the hot spots where the optical
fields are locally enhanced (811). If the photo-reaction is chemical, these exposed parts can be

developed for removal. In the case of ablation, these regions are burned away in the fabrication
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process. Local spots of metal nanostructures are then again exposed (815), and these areas can
be functionalized in a self-aligned manner (820) where there will be hot spots again during the
SERS detection. Therefore, in some embodiments the functionalization is localized in the
hotspots (822). Similarly, for nanocups (as in Fig. 1, 130, 132 and 140) it is possible to achieve
self-aligned functionalization within the interiors of the cups. For example, for the configuration
(825), after the application of a photo-sensitive layer and illumination (827) at controlled optical
intensities, the areas with local field enhancement (826) will again be exposed by either
development or ablation. The inside of the nanocups can be functionalized (830). Detection
techniques that take advantage of a small distance between molecules, such as Forster resonance

energy transfer (FRET), can be used in these embodiments.

[0029] In several embodiments, it is possible to transfer the plasmonic structures into the recess
of a cavity as in Fig. 9. In Fig. 9 (905), the chip is mounted on a carrier substrate (908) before a
flexible layer (906) is deposited. Sacrificial layers (907) can be used. In another embodiment
(910), on the other hand, it is possible to etch into the regions outside of the nanostructures,
either prior to the nanofabrication (i.e., the nanostructures would be fabricated on the mesa
regions of the chip) or after (i.e., the area of plasmonic structures are protected with a masking
material during the etch), before eventually applying a flexible layer (911). Sacrificial layers
(912) can be used. After the removal of unwanted regions, it is possible to obtain SERS
structures inside of a cavity (915). In some embodiments, optical excitation can be applied (916)

during measurements.

[0030] In some embodiments, the device can be used as a sticker, which can adhere conformally
to a surface of interest such as human skin, endoscopic probe, etc. An exemplary application
would be wearable SERS sensors for clinical purposes. To transfer the metal nanostructures
with the pillars, a sacrificial layer (922) can be used. In some embodiment, the structure can be
fabricated with a thick sacrificial layer (923) or an etched carrier chip (920). For subsequent
optical illumination from the back side, the metal in these embodiments is already removed,

except for the nanospheres on top of the pillars.
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[0031] Following similar steps as in Fig. 4, it is possible to obtain SERS nanostructures in a
flexible cavity as in Fig. 9 (925). Starting from structures similar to that in Fig. 3 (335) or Fig. 4
(430), with similar fabrication procedures it is possible to transfer nano-apertures as depicted in
Fig. 9 (930). In this embodiment, the glass nano-openings (nano-tunnels) can be functionalized

(935, 936) for a plasmonic assay for optical readout.

[0032] In some embodiments, as visible in Fig. 10, a flexible substrate (1006) can be bent so
that the SERS structures are on the inwardly-curved side of the channel (1005); this embodiment
has the added benefit that the nanostructures can be even closer to each other. Furthermore, it is
possible to roll the flexible layer (1012) into a tube (1010). The core region can not only
accommodate fluid sample flows (1013) but also serve as a waveguide due to the difference in
refractive index relative to the sidewalls. After optical excitation (1011) through the transparent
sidewalls (1012), some Stokes waves (1014) would propagate along the channel for subsequent

collection and detection.

[0033] In some embodiments (1015), the channel can also function as a waveguide for the pump
waves (1016), resulting in Stokes waves (1017) scattering through the sidewalls or propagating
along the channel for detection. In other embodiments, with proper designing and cutting of
nanostructures on a flexible layer (1024), the strip can be rolled into a tube in a spiral fashion to
extend the effective interaction area (1020). These rolled substrates can also host pillar
nanostructures instead of nanocups. An optional layer, also flexible and transparent (1022), can
be wrapped on the outside for hermetic sealing if necessary. In other words, the flexible layer is
rolled in a spiral fashion to form a cylindrical tube. In some exemplary embodiments (1010,
1015, 1020) it is possible to use nanocups, but other embodiments, such as (1005) are also
feasible with stretched substrates, if the regions outside the nanostructures are etched into

zigzagging patterns, as it has been done in the literature for stretchable electronics, see Ref. [§].

[0034] The present disclosure describes wafer-scalable methods, available in commercial
semiconductor foundries for mass production, for making plasmonic nanostructures and

transferring them onto flexible substrates. In several embodiments, polydimethylsiloxane

10
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(PDMS) is used for demonstration purposes, but other options can include, and are not limited to,

polymer, plastics, etc.

[0035] A flexible layer can be deposited on top of the nanostructures, followed by separation
from the semiconductor substrate either through mechanical peel-off or chemical etching that
does not affect the flexible materials. Nanocups with an arbitrary shape of cross section and a
high aspect ratio, with optional 3D sculpting, can be mass-fabricated in this manner. By
controlling the thermal reflow process, it is also possible to fine-tune the shapes of these

nanocups before their transfer onto flexible substrates.

[0036] It is possible to optionally remove the metal in the open areas between nanostructures,

resulting in the choice of a blank or metal background.

[0037] With the application and treatment of a sacrificial layer before the transfer, it is possible
to control how deeply embedded the nanostructures are in the flexible layer. For Raman
applications, such structures can have hot spots not only within the nanocups but also between

adjacent nanocups.

[0038] The flexible substrate can be stretched or compressed to adjust the distance between

nanostructures externally.

[0039] By controlling the oxidation process so that the Si nanostructures are not oxidized
through, the outer SiO, layer can be removed before further oxidation to achieve even smaller

structures than allowed by the lithography resolution.

[0040] The structures can be first attached to a carrier chip with a sacrificial layer to facilitate the
removal of the original substrate, and the nanostructures can then be transferred onto a flexible
layer in an upright position. An optional adhesion layer can be used between the nanostructures

and the flexible substrate.

[0041] For metal nanostructures on top of SiO, pillars, it is possible to preserve these
nanostructures with masking while removing the metal layer in the general background. In this

way the optical excitation can come from the other side of the membrane.

11
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[0042] It is possible to modify the reflowed metal nanostructures, either locally through
techniques like focused ion beam (FIB), or globally like ion milling. In both cases the substrate
can be tilted for more variation, and several runs of reshaping can take place at different angles.

The structures can then be transferred to flexible substrates as described.

[0043] The metal deposition step can also be done at an angle as in shadow evaporation, and
again several subsequent deposition steps can be carried out at different angles, followed by
various reshaping procedures, also optionally at different angles. The final structures can then be

transferred to flexible substrates.

[0044] Since local fields are enhanced at Raman hot spots, it is possible to first coat the entire
chip with photo-sensitive materials, and expose the chip to controlled intensities of illumination,
so that only materials around the hot spots are photo-activated. These regions can be removed
either by ablation or by subsequent development, and can be functionalized in this self-aligned
manner. A similar fabrication process can be applied to nanocup structures. These
functionalized sites can facilitate detection techniques such as Forster resonance energy transfer

(FRET).

[0045] With a carrier substrate, or by etching into the original semiconductor substrate, it is
possible to create a recess in the final flexible substrate with plasmonic nanostructures on the
inside. Such a device can be implanted or used as a conformal sticker onto a surface such as
human skin for wearable applications. If nano-apertures are used, they can be functionalized

accordingly.

[0046] It is possible to bend the flexible substrates so that the metal nanostructures are closer to
each other. The flexible layer can also be rolled into a tube. In some embodiments the central
region can function not only as a sample flow channel but also as an optical waveguide. For
waveguide purposes, the excitation electromagnetic waves can either come through the
transparent sidewall or propagate along this central waveguide. The signal waves to be detected
can either propagate along the waveguide or scatter through the sidewall for subsequent

detection.

12
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[0047] The nanostructures and the flexible layer can be designed in such a manner that they can
be rolled up in a spiral fashion for extended interaction area. An optional outer layer can be

coated for sealing if necessary.

[0048] Therefore, in some embodiments, the fabrication methods of the present disclosure
comprise etching a silicon substrate to form silicon nanostructures on top of the silicon substrate;
oxidizing the silicon nanostructures to form silicon oxide nanostructures; depositing a metallic
layer on the silicon oxide nanostructures; reflowing the metallic layer to form metallic bulbs on a
top section of the silicon oxide nanostructures; depositing a continuous flexible substrate on the
metallic bulbs and on the silicon oxide nanostructures; and removing the silicon substrate and the

silicon oxide nanostructures.

[0049] In other embodiments, the fabrication methods of the present disclosure comprise etching
a silicon substrate to form silicon nanostructures on top of the silicon substrate; oxidizing the
silicon nanostructures to form silicon oxide nanostructures; depositing a metallic layer on the
silicon oxide nanostructures and on the silicon substrate between the silicon oxide
nanostructures; reflowing the metallic layer to form metallic bulbs on a top section of the silicon
oxide nanostructures while leaving parts of the metallic layer on the silicon substrate between the
silicon oxide nanostructures; removing the silicon oxide nanostructures by etching or mechanical
methods to form nano-apertures between the parts of the metallic layer on the silicon substrate;
depositing a continuous sacrificial layer on the nano-apertures; attaching a carrier chip to the
continuous sacrificial layer; removing the silicon substrate by etching; depositing a continuous
flexible substrate on a surface of the nano-apertures opposite to a surface with the continuous

sacrificial layer; and removing the continuous sacrificial layer and the carrier chip.

[0050] In yet other embodiments, the fabrication methods of the present disclosure comprise
etching a silicon substrate to form silicon nanostructures on top of the silicon substrate; oxidizing
the silicon nanostructures to form silicon oxide nanostructures; depositing a metallic layer on the
silicon oxide nanostructures; reflowing the metallic layer to form metallic bulbs on a top section
of the silicon oxide nanostructures; depositing a photosensitive layer on the metallic bulbs and on

the silicon oxide nanostructures; selecting an intensity for optical excitation to be above an
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excitation threshold only for the photosensitive layer between the metallic bulbs; optically
exciting at the selected intensity; removing the excited photosensitive layer, thereby leaving gaps
in the photosensitive layer between the metallic bulbs; and functionalizing the gaps between the
metallic bulbs. In some embodiments, an adhesive layer can be attached to some parts of the

flexible substrate so that the device can be attached as a flexible sticker.

[0051] A number of embodiments of the disclosure have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and scope
of the present disclosure. Accordingly, other embodiments are within the scope of the following

claims.

[0052] The examples set forth above are provided to those of ordinary skill in the art as a
complete disclosure and description of how to make and use the embodiments of the disclosure,

and are not intended to limit the scope of what the inventor/inventors regard as their disclosure.

[0053] Modifications of the above-described modes for carrying out the methods and systems
herein disclosed that are obvious to persons of skill in the art are intended to be within the scope
of the following claims. All patents and publications mentioned in the specification are indicative
of the levels of skill of those skilled in the art to which the disclosure pertains. All references
cited in this disclosure are incorporated by reference to the same extent as if each reference had

been incorporated by reference in its entirety individually.

[0054] It is to be understood that the disclosure is not limited to particular methods or systems,
which can, of course, vary. It is also to be understood that the terminology used herein is for the
purpose of describing particular embodiments only, and is not intended to be limiting. As used in

this specification and the appended claims, the singular forms "a," "an," and "the" include plural
referents unless the content clearly dictates otherwise. The term “plurality” includes two or more
referents unless the content clearly dictates otherwise. Unless defined otherwise, all technical and
scientific terms used herein have the same meaning as commonly understood by one of ordinary

skill in the art to which the disclosure pertains.
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[0055] The references in the present application, shown in the reference list below, are

incorporated herein by reference in their entirety.
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CLAIMS

What is claimed is:
1. A method comprising:
etching a silicon substrate to form silicon nanostructures on top of the silicon
substrate;
oxidizing the silicon nanostructures to form silicon oxide nanostructures;
depositing a metallic layer on the silicon oxide nanostructures;
reflowing the metallic layer to form metallic bulbs on a top section of the silicon
oxide nanostructures;
depositing a continuous flexible substrate on the metallic bulbs and on the silicon
oxide nanostructures; and

removing the silicon substrate and the silicon oxide nanostructures.

2. The method of claim 1, wherein the nanostructures are pillars.

3. The method of any one of claims 1-2, wherein the metallic layer is Au.

4. The method of any one of claims 1-3, wherein the continuous flexible substrate is

polydimethylsiloxane.

5. The method of any one of claims 1-4, further comprising depositing a sacrificial layer

between the silicon oxide nanostructures and the continuous flexible substrate.

6. The method of any one of claims 1-5, wherein the continuous flexible substrate is transparent

to optical waves.

7. The method of any one of claims 1-6, further comprising reshaping the metallic bulbs prior to

depositing the continuous flexible substrate.
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10.

11.

12.

13.

14.

15.

16.

17.
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The method of claim 7, wherein reshaping comprises applying a focused ion beam with a

different intensity for at least two metallic bulbs.

The method of claim 7, wherein reshaping comprises ion milling the metallic bulbs.

The method of claim 7, wherein reshaping comprises shadow evaporating at an angle.

The method of claim 10, wherein shadow evaporating at an angle comprises shadow

evaporating at an angle in successive steps, each step being at a different angle.

The method of any one of claims 1-11, further comprising bending the continuous flexible

substrate with the nanostructures being on a concave side of the continuous flexible substrate.

The method of claim 12, wherein bending the continuous flexible substrate comprises

bending the continuous flexible substrate in a cylinder shape.

The method of claim 13, wherein the continuous flexible substrate rolled in the cylinder

shape is configured to contain a fluid sample flow within.

The method of claim 14, wherein the continuous flexible substrate rolled in the cylinder

shape is further configured to act as a waveguide for optical waves.

The method of claim 13, wherein bending the continuous flexible substrate is carried out in a

spiral fashion.

A method comprising:
etching a silicon substrate to form silicon nanostructures on top of the silicon

substrate;
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18.

19.

20.

21.

22.
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oxidizing the silicon nanostructures to form silicon oxide nanostructures;

depositing a metallic layer on the silicon oxide nanostructures and on the silicon
substrate between the silicon oxide nanostructures;

reflowing the metallic layer to form metallic bulbs on a top section of the silicon
oxide nanostructures while leaving parts of the metallic layer on the silicon substrate
between the silicon oxide nanostructures;

removing the silicon oxide nanostructures to form nano-apertures between the
parts of the metallic layer on the silicon substrate;

depositing a continuous sacrificial layer on the nano-apertures;

attaching a carrier chip to the continuous sacrificial layer;

removing the silicon substrate by etching;

depositing a continuous flexible substrate on a surface of the nano-apertures
opposite to a surface with the continuous sacrificial layer; and

removing the continuous sacrificial layer and the carrier chip.

The method of claim 17, further comprising inserting an adhesive layer between the
continuous flexible substrate and the surface of the nano-apertures opposite to a surface with
the continuous sacrificial layer, and wherein the removing the silicon oxide nanostructures is
by etching or mechanical removal.

The method of any one of claims 17-18, wherein the nanostructures are pillars.

The method of any one of claims 17-19, wherein the metallic layer is Au.

The method of any one of claims 17-20, wherein the continuous flexible substrate is

polydimethylsiloxane.

The method of claim 17, further comprising depositing a sacrificial layer between the silicon

oxide nanostructures and the continuous flexible substrate.
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23. The method of any one of claims 17-22, wherein the continuous flexible substrate is

transparent to optical waves.

24. The method of any one of claims 17-23, wherein removing the silicon oxide nanostructures

to form nano-apertures comprises controlling a depth at which the nano-apertures are formed.

25. A method comprising:

etching a silicon substrate to form silicon nanostructures on top of the silicon
substrate;

oxidizing the silicon nanostructures to form silicon oxide nanostructures;

depositing a metallic layer on the silicon oxide nanostructures;

reflowing the metallic layer to form metallic bulbs on a top section of the silicon
oxide nanostructures;

depositing a photosensitive layer on the metallic bulbs and on the silicon oxide
nanostructures;

selecting an intensity for optical excitation to be above an excitation threshold
only for the photosensitive layer between the metallic bulbs;

optically exciting at the selected intensity;

removing the excited photosensitive layer, thereby leaving gaps in the
photosensitive layer between the metallic bulbs; and

functionalizing the gaps between the metallic bulbs.

26. The method of claim 25, further comprising an adhesive layer attached to the continuous

flexible substrate on a surface opposite the nanostructures.
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