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he development of advanced and

complex devices on polymer sub-

strates such as flexible electronics' >
and sensors,* artificial skins® and muscles,®
biomedical devices, polymer memory
devices,” and flexible solar cells® has
brought a wide range of novel applications
due to their flexibility and adaptability to
nonplanar surfaces. The performance of
such devices can be significantly improved
by fabricating and integrating nanostruc-
tures on polymer substrates, increasing
their feature density and introducing novel
functionalities. However, a major limitation
is that conventional nanofabrication is based
on rigid silicon technology and chemical
resist processing that normally is not suit-
able for flexible polymer materials. Recently,
considerable advances in resistless nano-
patterning have been reported based on
transferring prefabricated nanostructures
to diverse substrates using multistep fabri-
cation processes. High-quality nanostruc-
tures have been printed with high order
and density using directed assembly,” trans-
fer printing,'®"" microdroplet molding,'?
and liquid-bridge-mediated nanotransfer
molding.'® Using a much simpler approach,
herein we describe a complementary alter-
native using direct patterning by stencil
lithography (SL) to fabricate metallic nano-
structures on polymers.

Stencil lithography is a novel technique
based on parallel shadow mask patterning for
metal deposition, as illustrated in Figure 1a.'*
SL is also very versatile and has been used
for patterning with dry etching and ion
implantation processes, as well.”>"® A major
advantage of SL is that stencil masks can
be reused several times for cost-efficient
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ABSTRACT

Plasmaonic biosensing

The development of nanoscale lithographic methods on polymer materials is a key

requirement to improve the spatial resolution and performance of flexible devices. Here,

we report the fabrication of metallic nanostructures down to 20 and 50 nm in size on polymer

materials such as polyimide, parylene, SU-8, and PDMS substrates without any resist

processing using stencil lithography. Metallic nanodot array analysis of their localized surface

plasmon spectra is included. We demonstrate plasmon resonance detection of biotin and

streptavidin using a PDMS flexible film with gold nanodots. We also demonstrate the

fabrication of metallic nanowires on polyimide substrates with their electrical characteristics

showing an ohmic behavior. These results demonstrate high-resolution nanopatterning and

device nanofabrication capability of stencil lithography on polymer and flexible substrates.

KEYWORDS: stencil - nanodots - nanowires - biosensors - plasmonic -

flexible substrates - nanopatterning

nanofabrication.'”” ~'® SL also has broad
material compatibility because no resist
processing, chemical solvents, energy radia-
tion, or mechanical pressure are involved,
allowing nanofabrication on diverse materi-
als like polymers that are typically less re-
sistant to such treatments. This is of great
benefit compared to conventional nano-
fabrication techniques like electron-beam
lithography (EBL) or deep-UV and nano-
imprint lithography based on chemistry
resist processing. In fact, micrometer-scale
organic transistors and metallic wires have
successfully been fabricated by SL on polymer
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Figure 1. Stencil lithography on polymer substrates. (a) Schematic illustration of resistless and parallel patterning by stencil
lithography. First, a stencil is put on top of a substrate followed by the vapor deposition of metal through the stencil
apertures, reproducing the patterns onto the substrate. Finally, the stencil is removed from the substrate. (b—e) SEM images
of LS SiN stencil membranes with nanoapertures (left column) and their corresponding deposited structures (right column)
showing the stencil-to-substrate pattern transfer. (b) Word “STENCIL” made of Au with 75 nm line width deposited on SU-8. (c)
Arrays of high-resolution 50 nm wide Au and Al nanodots deposited on polyimide. (d) Array of 20 nm wide Au nanodots
deposited on SU-8. (e) A 10 um long and 80 nm wide Au nanowire between two side micrometric pads deposited on

polyimide.

flexible substrates.?®?' Nanoscale patterning on

polymer substrates has also been demonstrated for
nanodots*® and nanoantennas.*® The results pre-
sented in this work demonstrate a major improvement
in resolution down to ~50 and ~20 nm, realizing
metallic nanodots and nanowires and demonstrating
a biosensor on a flexible PDMS substrate. Herein we
present high-quality gold and aluminum nanodots
down to 50 nm in size with 50 nm half-pitch fabricated
on four relevant polymer substrates: polyimide (PI),
epoxy (SU-8), parylene (PL), and polydimethylsiloxane
(PDMS). We analyze the plasmon spectra of the Au
nanodots deposited on the polymers, showing high-
quality resonance peaks and the effect of radiative
coupling. Similarly, we present Au nanowires on poly-
imide with their corresponding electrical characteristics.
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We also demonstrate biosensing on flexible substrates
based on localized surface plasmon resonance using
Au nanodots deposited on PDMS, showing the cap-
ability of stencil lithography to realize devices on
flexible substrates.

RESULTS AND DISCUSSION

The stencils for this study consisted of 100 nm thick
low-stress silicon nitride (LS SiN) membranes patterned
by EBL and etching, supported by 6 x 6 mm? and 2 x
2 cm? size silicon chips, for nanodots and nanowire
depositions, respectively. Pl, SU-8, and parylene poly-
mer substrates consisted of 2 um thick films deposited
on glass or silicon wafers. For nomenclature, these
samples are labeled as “PI/Si” for Pl on silicon or
“SU-8/glass” for SU-8 on glass. The PDMS substrates
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Figure 2. Au nanodots on polymer substrates by stencil lithography. (a) SEM images of stencil membranes with different
nanohole size (W) and interdot spacing (S) of W =50 nm and S =50 nm, W =100 nm and S = 100 nm, W =200 nm and S =
200 nm, and W =200 nm and S = 50 nm. (b—d) SEM micrographs of the Au nanodots deposited through the corresponding

stencils on polyimide, SU-8, and parylene films on silicon wafers

. (e) AFM topography images of Au nanodots deposited on

PDMS. The deposited nanodots reproduce the stencil aperture patterns forming high-resolution nanostructures on the
polymer substrates. Optical pictures of the nanohole and nanodot arrays and of the PDMS patterned flexible substrates are
shown in the Supporting Information-1. SEM images of the complete sets of Au and Al nanodot arrays with different sizes and

spacing are shown in the supporting images.

were free-standing 2 mm thick flexible films. To deposit
the metallic nanostructures, the stencils were fixed on
the substrates with metallic adhesive tape followed by
physical vapor metal deposition. In the case of Au
nanostructures, a 45 nm thick Au layer was deposited
at 1 A/s deposition rate by electron-beam evaporation
with a 5 nm thick Ti (4 A/s) adhesion layer. For Al
nanostructures, a 30 nm thick layer was deposited at
1 A/s also by electron-beam evaporation. The deposi-
tions were done at room temperature and 10~¢ mbar
pressure using a Leybold LAB-600 electron-beam eva-
porator. The distance from the material source to the
substrate is 1 m, and the source of material has a
diameter of 5 mm. The stencils, the patterned sub-
strates, and the flexible PDMS films are shown in
the Supporting Information-1. The stencil fabrication
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process and sample preparation are shown in the
Supporting Information-2.

The capability of SL for patterning high-resolution
metallic nanostructures is demonstrated in Figure 1b—e,
showing stencil nanoapertures with their correspond-
ing deposited nanostructures on polymer substrates:
(b) the word “STENCIL"” with ~75 nm line width made
of Au and deposited on SU-8/Si, (c) Au and Al nanodots
50 nm wide on PI/Si, (d) Au nanodots 20 nm wide on
SU-8/Si, and (e) a Au nanowire 80 nm wide on PI/Si. To
determine the resolution power of stenciling on poly-
mers, we prepared stencils with nanohole arrays with
systematic variation of width and interhole spacing.
The arrays were 30 x 30 um? in size with nanohole
width (W) from 50 to 200 nm and interdot edge-to-
edge spacing (S) from 50 to 300 nm. Figure 2 shows
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Figure 3. AFM analysis of Au nanodots on polymer sub-
strates (SU-8). AFM images and line profiles of Au nanodots
deposited on a SU-8/glass substrate for different nanodot
arrays: (@) W=50 nm, S =50 nm; (b) W=100 nm, S =100 nm;
and (c) W =200 nm, S=75 nm. The images and profiles show
that the dots have the expected nominal thickness of 50 nm
and the absence of scattered material between the dots.
AFM images of nanodot arrays on the other polymers are
shown in the supporting images.

representative results of the stencil apertures with their
corresponding deposited Au nanodots, demonstrating
fabrication of high-density 50—200 nm wide nanodots
with spacing down to 50 nm. The nanodots have very
high structural quality, showing high-resolution nano-
patterning on polymers by SL. Figure 3 shows AFM
topography images and line profiles of Au nanodots
deposited on SU-8/glass, confirming the high resolu-
tion of the nanodots. AFM also shows that the thick-
ness of the structures corresponds to the nominal
value of 50 nm. Similarly, Al nanodots were patterned
on SU-8/Si substrates achieving also high resolution
down to 50 nm, as observed in Figure 1c. Images of Al
nanodots 50—200 nm wide are shown in Supporting
Information-3. Smaller Au nanodots 20 nm wide were
realized on SU-8/Si, as shown in Figure 1d. However,
their resolution and quality was limited by the blurring
phenomenon and the clogging of the nanoapertures,
indicating the resolution limits of the technique for the
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used configuration. AFM data of the ~20 nm Au
nanodots are shown in the Supporting Information-4.
A well-known effect in SL is blurring, which is the
enlargement of the deposited structures with respect
to the stencil apertures.'®?* 2% The blurring is due to a
combined effect of two factors: (i) the spatial gap
between the stencil and the substrate and (ii) the
surface diffusion of the deposited atoms (Supporting
Information-5). Previous works on stenciled Au nano-
structures on silicon and glass substrates have shown
the presence of scattered particles around the deposi-
ted structures and a thickness reduction of the struc-
tures due to blurring.?” SEM and AFM analyses in
Figure 2 and Figure 3 clearly indicate that blurring is
strongly reduced for depositions on polymer sub-
strates compared to bare glass or silicon substrate
depositions reported previously,?” thus improving sig-
nificantly the quality of the nanostructures (Supporting
Information-6). We attribute this to a smaller stencil—
substrate gap (<1 um), due to a better contact of silicon
nitride stencils with polymer substrates compared
to the case using glass or silicon substrates. This is
probably associated with the flexibility, softness, and
adhesion forces of the polymers related to electrostatic
charges and van der Waals forces,?® resulting in larger
contact areas and a smaller stencil—substrate gap.
Similarly, interactions between polymer molecules
and the deposited atoms play a significant role in the

surface diffusion and can also reduce the blurring."®
An important property of metallic nanodots is the
electromagnetic field enhancement due to localized
surface plasmon resonance (LSPR).? Integrating plas-
monic structures on polymer substrates can bring
significant improvements for flexible sensing and
photonic and optoelectronic devices. Hence, we mea-
sured the extinction spectra of Au nanodots on the
polymer substrates. The spectra have well-defined
LSPR peaks within the visible-IR range, as shown in
Figure 4a,b for W = 50 and 200 nm Au nanodots with
varying spacing. The complete LSPR spectra for all
widths and spacing are shown in Supporting Informa-
tion-7. The resonance wavelength (1g) depends on the
nanodot size and spacing, as shown in Figure 4c. The
Au nanodots on all four polymers show similar trends
with variations due to their different refractive indexes.
In fact, the 200 nm wide nanodots on PDMS, which has
the lowest refractive index, show the smallest red shift
(Ar increase) with spacing as expected. The largest
nanodots (W = 150 and 200 nm) show a significant
red shift as the spacing increases attributed to far-field
interactions between nanodots (radiative coupling),
proportional to the polarizability and size of the
nanodots. Similar spacing-related red shifts are re-
ported for nanodots on rigid glass substrates made by
resist-based nanofabrication methods®**3' and by SL.%’
For the smaller nanodots of W = 50—100 nm, the far-
field interaction is not observed. It is worth noting that
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Figure 4. LSPR and biosensing with Au nanodot arrays on polymers. Extinction spectra for (a) W =50 nm and (b) W =200 nm
nanodots with varying spacing S, showing LSPR peaks on all four polymer substrates. (Refractive indexes: (Pl) n = 1.7, (SU-8) n =
1.67, (PL) n = 1.64, (PDMS) n = 1.4.) (c) Plots of A as function of spacing (S) and size (W) showing a 4 red shift as the spacing
increases for W =200 and 150 nm nanodots. For the smaller nanodots, W = 50—100 nm, there is no clear change in iz with
spacing. All extinction spectra are shown in Supporting Information-7. (d) Schematics of biosensing experiments with
nanodots on PDMS. Au nanodots and PDMS are biotin-functionalized, and then streptavidin binds to biotin. (e) LSPR shift of
an array of W =75 nmand S = 50 nm Au nanodots on PDMS upon the addition of biotinylated molecules and streptavidin. The
arrows indicate the addition of biomolecules and buffer rinsing.

near-field interactions (static-dipole coupling) are not
observed in the extinction spectra of the stenciled
nanodots. This coupling manifests as a blue shift (1g
decrease) when the spacing increases in the S < 50 nm
range.3?** The absence of near-field interactions is also a
strong indication of a strongly reduced blurring; other-
wise, shortening of the spacing and scattered particles
between the nanodots would produce a blue shift due to
near-field coupling as observed for the case of nanodots
on silicon oxide substrates®” (Supporting Information-6).

The potential of SL to fabricate nanoscale devices on
polymer substrates is demonstrated implementing a
LSPR-based biosensor on a PDMS substrate. An array of

VAZQUEZ-MENA ET AL.

Au nanodots, W =75 nm and S = 50 nm, was used for
detecting biotin and streptavidin (SA) based on LSPR
wavelength shift upon biomolecule adsorption.>*3¢
The nanodots are functionalized with biotin to which
SA binds selectively, as schematically illustrated in
Figure 4d. The concentration of the SA solution is 370 nM.
The resonance shift (Aldg) time response is plotted in
Figure 4e. The measurement starts with a HEPES pH 7.4
buffer solution to obtain a baseline. When biotin
(PLL-g-PEG-biotin) is injected and adsorbed on the
Au nanodots, a first resonance shift of AAg ~ 0.7 nm
is observed. Then, after SA is injected, an additional Adg
of ~1.7 nm is produced. The resonance shift is larger
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Figure 5. Au nanowires on Pl substrate. (a—c) Au nanowires deposited on a Pl/silicon substrate with widths of 150, 85, and
65 nm, respectively, and 20 um long. The nanowires have a thickness of 40 nm. (d) //V characteristics at room temperature of
the nanowires show a linear response as expected for ohmic metallic structures. (e) Resistance of the nanowires as a function
of the inverse cross section area A~ ". The width is extracted from SEM images and the thickness from AFM measurements.
The contact resistance contribution has been subtracted for the plot. The dashed lines indicate linear fittings. Details on
the electrical characterization are given in Supporting Information-9.

than the noise level, clearly showing binding events.
Even though this resonance shift is smaller than pre-
vious reports for similar experiments,?’3* the results
demonstrate the capability of stencil lithography to
realize biosensing devices on a flexible substrate using
stencil deposition of nanostructures on a PDMS film.
Experimental details and PLL-g-PEG-biotin are shown
in Supporting Information-8.

Nanowires are also central for implementing nano-
electronic devices on polymer substrates. Using sten-
cils with nanoslits, we fabricated Au/Ti nanowires 10
and 20 um long, 40 nm thick, on PI/silicon substrates as
shown in Figure Te. Figure 5a—c shows Au nanowires
150, 85, and 65 nm wide (20 um long). Au/Ti electrical
contacts were deposited on the nanowires using a
second stencil deposition. The linear IV curves of the
Au nanowires measured at room temperature shown
in Figure 5d indicate an ohmic behavior as expected for
metallic nanowires. The resistance as a function of the
inverse cross section area (A~") is plotted in Figure 5e,
allowing the extraction of a resistivity of p =6.05 uQcm.
This resistivity is larger than Au bulk resistivity of
2.2 uQcm at room temperature. This increment is
expected for metallic nanostructures with dimensions
comparable to the electron mean free path (~40 nm
for Au at 300 K) as in our case.*’ The measured

METHODS

Stendil Fabrication. The stencils were fabricated using 100 mm
diameter (100) silicon wafers. First, a 100 nm thick LS SiN layer is
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resistivity is in accordance with previous reports of
Au nanowires on silicon oxide fabricated by e-beam
lithography>® and by SL (o = 5.16 £Qcm).>® (Nanowire
contacting and resisitivity analyses are shown in Sup-
porting Information-9.)

CONCLUSIONS

In conclusion, we have demonstrated a simple,
straightforward, and scalable resistless parallel fabrica-
tion of high-resolution and high-density nanostruc-
tures down to 50 nm on a variety of relevant polymer
substrates. The extinction spectra of the nanodots
show LSPR in the visible-IR range suitable for plasmo-
nic applications. The application of the nanodots for
biosensing demonstrates the potential of this tech-
nique to realize plasmonic devices on polymer and
flexible substrates. Similarly, the metallic nanowires
with ohmic behavior can be used for interconnections
on polymer materials. These results also prove that
stencil lithography is a promising and ready technique to
integrate nanotechnology developments on soft flexible
and polymer-based devices. Further work shall concen-
trate to better understand and reduce blurring, increase
the patterning area to large scale, and demonstrate high-
resolution patterning on other polymer materials.

deposited by low-pressure chemical vapor deposition. Then,
nanoapertures in the LS SiN are patterned by e-beam lithography
and dry etching. Conventional UV lithography on the backside
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of the wafer is used to form windows to release the patterned
membranes. The bulk silicon is etched by deep reactive ion
etching followed by KOH wet etching. After membrane release,
the wafers are cleaved into chips. In the case of stencils for
nanodots, the nanoholes have widths (W) of 50—75—100—
150—200 nm and interdot edge-to-edge spacing (S) of
50—75—100—150—200—300 for each width. The stencil fabrica-
tion process is explained in detail in the Supporting Information-7.

Substrate Preparation. Polyimide (PI-2610, HD Microsystems)
was spin coated on silicon and glass wafers followed by a curing
process. SU-8 (GM1040, Gersteltec) was also spin coated on
silicon and glass wafers, followed by a UV exposure and baking.
Parylene-C was deposited by chemical vapor deposition on
silicon and glass wafers. PDMS (Sylgard 184, Dow Corning, USA)
was prepared by mixing the base polymer and curing agent
with 10:1 ratio. The mixture was degassed, poured into a Petri
dish and cured. The detailed preparation of the substrates is
given in Supporting Information-7.

Deposition Conditions. In the case of Au nanostructures, a Ti
adhesion layer 5 nm thick followed by Au 45 nm thick was
deposited through the stencils by electron-beam physical vapor
deposition. Au was deposited at a rate of 1 A/s and Tiat 4 A/s. In
the case of Al nanostructures, a 30 nm thick layer was deposited
at 1 A/s. The depositions were done at room temperature and at
10 mbar pressure using a Leybold LAB-600 evaporator. The
distance from the material source to the substrate is 1T m, and
the source of material has a diameter of 5 mm.

Extinction Spectra Measurements. The extinction spectra of the
nanodots were measured on the transparent substrates: Pl/
glass, SU-8/glass, PL/glass, and PDMS. The spectra were mea-
sured in the 450—950 nm range. The spectra were acquired with
a spectrophotometer SpectraPro 2150, Pixis 400, Princeton
Instruments (U.S.A.) equipped with an optical microscope,
Axiovet 200, Carl Zeiss (Germany). A halogen lamp with parallel
illumination was used. The characteristic oscillation spectral
features due to the interference within the 2 um thick polymer
layer (polyimide, SU-8, and parylene) were removed by Fourier
filtering in 1/4 space. A parabolic function was used to detect
the resonance wavelength.

Biosensing Measurements. Biosensing measurements were
done using 75 nm wide nanodots with 50 nm spacing on a
PDMS film. The measurements were carried in 160 mM salt
buffer solution adjusted to pH 7.4 containing 10 mM of 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) with
150 mM NaCl. The Au nanodots were functionalized with a
biotinylated poly(L-lysine)-g-poly(ethylene glycol), PLL-g-PEG-
biotin. The concentration of the PLL-g-PEG-biotin solution
was 100 ug/mL. The streptavidin (SA) solution had a con-
centration of 20 ug/mL. The measurements were done with
a flow cell containing the PDMS film with the nanodot
arrays. The area of the sensing measurements was 30 x
1.5 um?. The PLL-g-PEG-biotin molecule is shown in the
Supporting Information-8.

Electrical Characterization of Nanowires. A second stencil con-
taining micrometric apertures (~300 um) was used to deposit
electrical contacts on the nanowires. The I/V curves were
measured using a probe station in two-probe configuration at
room temperature in DC mode. The //V data were used to obtain
the resistance of the devices (Ry), which includes the resistance
of the nanowires (Ryw) and the contact resistance (Rc). The area
cross section of the wires was obtained from their width
measured with SEM and from their 40 nm thickness. The contact
resistance (R¢) and resistivity (p) of the nanowires were obtained
by linear fitting the data set of Ry, versus A~' to the expression

L
Rwv = Rc+Rw = RC+pNWZ

From the linear fitting, Rc and p can be independently extracted
since the length L of the nanowires is known. The value of Rc can
be subtracted from Ry, to obtain Ryw, which is plotted in
Figure 5e. The electrical contacting of the nanowires and the
resistivity analysis are described with more details in Supporting
Information-9.

Conflict of Interest: The authors declare no competing
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Supporting Information Available: The supporting images
file contains images of the complete set of stencil membranes
with their corresponding nanodot arrays. The other file contains
optical images of nanodot arrays and PDMS substrate, stencil
fabrication, and substrate preparation, images of aluminum
nanodots, images of 20 nm wide gold nanodots, gap and blur-
ring discussion, comparison of stencil depositions on oxide and
polymer substrates, extinction spectra of full set of nanodots,
description of biosensing measurements and PLL-g-PEG-biotin
molecule, and a description of the electrical analysis of nano-
wires. This material is available free of charge via the Internet at
http://pubs.acs.org.
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