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Nanotechnology has enabled new
developments and possibilities for
biology and biomedical applications.

Among them, the use of localized surface
plasmon resonance (LSPR) in metallic nano-
structures has been demonstrated as a novel
method for biomolecular sensing.1-4 LSPR
is the optical resonance in electromagnetic
radiation due to the coupling with electrons
(plasmons) in nanoscalemetallic structures.5-7

The resonance wavelength depends not only
on the material and geometry of the nano-
structures but also on the refractive index of
the surroundingmedia. LSPR is used for label-
free biosensing by monitoring the resonance
wavelength, which follows the changes in
local refractive index due to the adsorption
of biomolecules on the nanostructures.
The use of LSPR for biosensing has impor-
tant advantages: the detection system is
based on simple and low-cost transmission
spectroscopy;8,9 the metallic nanodots do
not blink or bleach; and sensitivities com-
parable to other state of the art methods
can be achieved in a small detection
area.1,10-12

However, similar to other nanoscale phe-
nomena, the application of this technology
still requires adequate and affordable nano-
fabrication methods for further develop-
ment and low-cost production. Chemically
synthesized nanoparticles are extensively
used for LSPR biosensing, yet the position-
ing of the nanoparticles is still a major
challenge for the integration and device
fabrication using this bottom-up ap-
proach.2,13 Metallic nanodots for biosensing
have also been produced using conven-
tional but expensive nanopatterning meth-
ods such as electron beam lithography14,15

and extreme ultraviolet interference litho-
graphy.16 Alternative methods for low-cost
nanopatterning such as nanoimprint litho-
graphy17,18 and nanosphere lithography19,20

have been also successfully used for the
fabrication of metallic nanostructures.
However, these methods also have limita-
tions, such as the use of resists and lift-off
processing.
In this work, we present stencil lithogra-

phy as an alternative method to fabricate
metallic nanodots for label-free LSPR bio-
sensing. Stencil lithography is based on the
principle of shadow mask patterning for
local modification or deposition on a sub-
strate, as shown in Figure 1.21-23 This tech-
nique has been employed not only for
material deposition but also for etching24

and implantation25 of submicrometer struc-
tures. Stencil lithography has been used for
the fabrication of metallic nanowires,26-29

nanodots,23,30 resonators,31 and plasmonic
structures.32,33 Recently, Aksu et al. reported
the use of stencil lithography for infrared
plasmonic nanorods.33 Herein we focused
on nanodots down to 50 nm for label-free
LSPR biosensors. Stencil lithography does
not require any resist processing such as
coating, baking, solvents, or energy radia-
tion. It also offers great versatility regarding
the materials and substrates that can be
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ABSTRACT The fabrication of gold nanodots by stencil lithography and its application for optical

biosensing based on localized surface plasmon resonance are presented. Arrays of 50-200 nm wide

nanodots with different spacing of 50-300 nm are fabricated without any resist, etching, or lift-off

process. The dimensions and morphology of the nanodots were characterized by scanning electron

and atomic force microscopy. The fabricated nanodots showed localized surface plasmon resonance

in their extinction spectra in the visible range. The resonance wavelength depends on the periodicity

and dimensions of the nanodots. Bulk refractive index measurements and model biosensing of

streptavidin were successfully performed based on the plasmon resonance shift induced by local

refractive index change when biomolecules are adsorbed on the nanodots. These results demonstrate

the potential of stencil lithography for the realization of plasmon-based biosensing devices.

KEYWORDS: stencil lithography • shadow mask • nanofabrication • nanodots •

plasmonics • biosensors
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deposited and patterned. The patterns defined by stencil
lithography can have different shapes and distribution;
they are not limited to spherical related geometries
and do not require any lift-off processing as compared
to nanosphere or colloidal lithography.19,20,34 Stencils
can also be reused several times, allowing the cost-
efficient fabrication of nanostructures.26,33,35,36 On the
other hand, stencil lithography still faces challenges for
the fabrication of nanostructures:37 the fragility of the
membranes, the clogging due to material accumula-
tion in the apertures,35 and the blurring that limits the
resolution of the deposited structures.38 Various ap-
proaches and solutions have been proposed for these
issues as discussed elsewhere.35,39-42

This work reports the fabrication of 50-200 nm size
gold nanodots deposited on silicon and glass sub-
strates. The structures are analyzed by scanning elec-
tron microscopy (SEM) and atomic force microscopy
(AFM). The localized surface plasmon resonances of the
Au nanodots deposited on glass wafers are investi-
gated through their extinction spectra. To study the
sensing capabilities of the stenciled nanodots based
on LSPR, the bulk sensitivity to the refractive index is
measured. Finally, 100 nm nanodots are successfully
used for biosensing, showing a wavelength shift
of the LSPR peak upon the binding of biotin and
streptavidin.

RESULTS AND DISCUSSION
Nanodot Deposition. The stencils consist of silicon

chips supporting low stress silicon nitride (LS SiN)
membranes with micro- and nanoapertures. For the
deposition of the nanodots, stencil chips of 6� 6 mm2

in size and 525 μm in thickness were fabricated. The
stencils contain LS SiN membranes 230 � 300 μm2 in
size and 100 nm in thickness patterned with arrays of
nanoholes. The arrays have sizes between 20� 20 and
40 � 40 μm2. The stencil nanoholes have widths (WSt)
of 50, 75, 100, 150, and 200 nm and were defined by
electron beam lithography and silicon nitride dry
etching. The holes were designed as squares. For each
nanohole size, different arrays with interhole spacing
(S) of 50, 75, 100, 150, 200, and 300 nmwere produced.
The nanoholes in the stencils were inspected by SEM
and show variations in size of (8 nm (two times
the standard deviation σ). In the case of the 50 nm

wide nanoholes, their shape is rounded due to the
limitations of the electron beam lithographic process.
The process flow for the fabrication of the stencils is
shown in the Supporting Information, Figure SI1.
Figure 2 shows a SEM image of a stencil membrane
with several nanohole arrays and magnified SEM
images of an array of 75 nm wide nanoholes with
interhole spacing of 75 nm.

To fabricate the nanodots, the stencil chips were
fixed on Si and glass substrates with adhesive tape. The
fixation of the stencil to the substrate is schematically
illustrated in the Supporting Information in Figure SI2.
Then, 5 nm of Ti was deposited through the stencil as
adhesion layer followed by 45 nm of Au. The deposi-
tions were done by electron beam evaporation at a
pressure of 10-6 mbar, room temperature, and deposi-
tion rates of 4 Å/s for Ti and 1 Å/s for Au. The deposi-
tions were carried in a Leybold LAB-600 evaporator
having a source-substrate distance of D = 1 m and a
material source with diameter of SM ∼ 5 mm. After the
deposition, the stencil apertures are clogged, reducing
their size or closing them completely. The stencils can
be cleaned and reused several times using wet etching
solutions to remove Ti and Au as described in previous
reports.26,33,35,36

When the stencil is fixed on the substrate and
during the metal deposition, there is an inherent gap
between the stencil and the substrate that is due to
several factors such as the curvature of the wafers and
chips, the topography of their surface, and any bend-
ing of the membranes. Conventional silicon wafers
used as stencils or substrates always have a slight
curvature that results in a small gap between the
stencil and the substrate, as shown in the Supporting

Figure 2. Stencil for nanodot deposition. (a) SEM micro-
graph of a LS SiN stencil membrane with an area of 230 �
300 μm2 and a thickness of 100 nm. The membranes have
6 arrays of nanoholes with different nanohole spacing
(50-300 nm). This membrane has arrays with 75 nm wide
nanoholes, and the size of the arrays is 30 � 30 μm2. (b)
Magnified SEM micrograph of an array of nanoholes with
width of WSt = 75 nm and spacing of S = 75 nm (pitch =
150 nm). (c) Zoom-in on the 75 nmwide nanoholes defining
WSt (nanohole width) and S (nanohole spacing).

Figure 1. Stencil lithography. A stencil containing mem-
branes with apertures is fixed on top of a substrate. Then,
during the evaporation of a metal, the material passing
through the stencil is deposited on the substrate, repro-
ducing the pattern of the stencil apertures.
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Information in Figure SI3. This stencil-substrate gap,
together with the surface diffusion of thematerial during
the deposition, produces the blurring phenomenon

known in stencil lithography, as illustrated in Figure 3
and discussed in detail elsewhere.26,37,38,43 The blurring
produces a size enlargement of the deposited structures
with respect to the size of the stencil apertures and a
spread shape on the deposited structures. Fromprevious
studies on stencil lithography, it is known that the size
enlargement of the structures, B = WSb - WSt, can be
estimated as B≈ G� SM/D (see Figure 3), where G is the
size of the stencil-substrate gap.37,38 In our case, for 6�
6mm2 stencil chips fixed on the substrate wafer, the gap
observed between the stencil and the substrate is usually
smaller than 5μm.ConsideringD=1mand SM=5mm, it
can be estimated that the size enlargement of the
structures B will be less than 25 nm.

Arrays of Au nanodots with sizes of W = ∼50, ∼75,
∼100,∼150, and∼200 nmandwith different spacing S
from 50 to 300 nm were deposited on Si and glass
substrates using stencils with the corresponding aper-
ture geometry. In this case, the arrays are 30� 30 μm2

in size. SEMmeasurements were performed to analyze
the size and resolution of the nanodots deposited on Si
substrates. Figure 4 shows SEM images of 50, 100,
and 200 nm wide nanodots with their corresponding

Figure 3. Blurring is the size enlargement of the deposited
structures with respect to the stencil aperture (B = WSb -
WSt). The blurring is due to the geometrical configuration of
the source stencil-substrate setting, to the divergent flow
of metal vapor from source to substrate and to the surface
diffusion of the deposited material on the substrate. The
blurring also produces a spread shape on the deposited
structures. The geometrical contribution to the blurring can
be approximated to B = WSb - WSt ≈ G � SM/D.

Figure 4. SEM images of stencil nanoholes and their corresponding Au nanodots with different widths (W) and spacing (S)
deposited on Si substrates. The deposited nanodots reproduce the geometry of the stencil apertures obtaining nanodots
down to 50 nm. Due to the blurring and surface diffusion, the size and shape of the deposited nanodots differ from those of
the stencil nanoholes. The presence of scattered particles between the nanodots is also due to surface diffusion.

A
RTIC

LE



VAZQUEZ-MENA ET AL. VOL. 5 ’ NO. 2 ’ 844–853 ’ 2011 847

www.acsnano.org

stencil apertures. The 50 nm wide nanodots have a
rounded shape, whereas the larger 100 and 200 nm
wide nanodots keep the squared shape. The nanodots
present a size variation of (10 nm (2σ), and on
average, they are 10 nm wider than the stencil nano-
holes due to blurring. The SEM images in Figure 4 also
show the presence of scattered particles between the
deposited nanodots due to the blurring and surface
diffusion. In the arrays of∼50 nmwide nanodots, such
scattered particles are 5-10 nm large, whereas for
the ∼200 nm wide nanodots, the scattered particles
can be as large as 20 nm.

AFM measurements were also performed to ana-
lyze the Au nanodots deposited on glass wafers.44

These measurements confirm the realization of nano-
dots with dimensions and spacing corresponding to
the apertures in the stencil. AFM images also confirm
the presence of scattered particles between the nano-
dots as observed previously on silicon substrates.
Figure 5 shows AFM images and line profiles of 50,
100, and 200 nm wide nanodots. The AFM line profiles
reveal that the 50 and 75 nm wide nanodots have a
reduced thickness compared to the 100, 150, and 200
nm wide nanodots. The profiles in Figure 5 show that
the 100 and 200 nm wide nanodots have a thickness
between 40 and 45 nm, whereas the 50 nm wide
nanodots have a thickness of 20-25 nm. In summary,
the SEM and AFM analysis of the stenciled nanodots
reveal a good pattern transfer from the stencil to the
substrate. However, it also shows the presence of
scattered particles and a thickness reduction for the
smallest apertures.

The size and shape of the deposited nanodots are
affected by the uniformity of the stencil apertures, the

blurring related to the stencil-substrate gap, and the
surface diffusion properties of Au and Ti. However, it is
difficult to differentiate and quantify the contributions
of each factor. Au and Ti actually show different
behaviors when deposited through stencils due to
different surface diffusion and wetting behaviors. The
blurring for the Ti adhesion layer is expected to be
smaller than for Au since previous reports indicate that
the blurring in stencil lithography is also proportional
to the deposition thickness,38 which in this case is
nominally 5 nm for Ti and 45 nm for Au. These effects
can eventually give rather complicated landscapes
because the deposited Au atoms probably have differ-
ent wetting properties depending on whether they are
on top of Ti atoms or on the bare substrate. As seen in
SEM and AFM images (Figure 4 and Figure 5), the
surface diffusion produces small scattered particles
<20 nm in size between the main nanodots rather
than a continuous thin film. This is probably a conse-
quence of thewetting properties of Au on silicon oxide.
Previously, Tun et al. showed that ∼20 nm size Au
nanostructures deposited through stencils on silicon
oxide substrates form droplet-like structures with con-
tact angle larger than 90�.26 This seems to be repro-
duced in our experiments, in which the small scattered
Au particles show a nonwetting behavior between the
dots, where there are probably fewer Ti atoms, as well.
The blurring also causes the observed thickness reduc-
tion of the structures deposited through the smallest
apertures. The effect of the blurring on the thickness of
the nanodots is illustrated in the Supporting Informa-
tion in Figure SI4 and discussed in detail elsewhere.27,38

The stability of the membranes and the blurring im-
pose the ultimate limit in the density and resolution of

Figure 5. AFM images and line profiles of Au nanodots deposited on glass wafers: (a)W= 200 nm, S = 200 nm; (b)W = 100 nm,
S = 200 nm; (c)W = 50 nm S = 100 nm. The position of the line profile is indicated by the dashed lines in the AFM images. The
50 nm nanodots are thinner compared to the 200 and 100 nm wide nanodots. The AFM images also confirm the presence of
scattered particles observed previously in nanodots deposited on silicon wafers (Figure 4).
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nanodots that can be achieved by stencil lithography.
Figure SI5 of the Supporting Information illustrates
these limiting factors for the case of stencils with 150
and 200 nm wide nanoholes with spacing of 50 nm.
The use of an improved fixation system would be an
important alternative to reduce the blurring and im-
prove the resolution and reproducibility of the dots by
minimizing the stencil-substrate gap. The use of
compliant membranes has also been demonstrated
for reducing the gap and improving the resolution of
submicrometer structures deposited through compliant
stencils.41 Concerning surface diffusion, depositions at
low temperature are an option to decrease its con-
tribution to the blurring.

Localized Surface Plasmon Resonance. The extinction
(absorption þ scattering) spectra of Au nanodots
deposited on a glass substrate were measured in
transmission mode. The spectra of W = 50, 100, and
200 nm nanodot arrays with different spacing are
shown in Figure 6 (W = 75 and 150 nm Au nanodots
spectra are shown in Supporting Information, Figure
SI6). These nanodots have resonance wavelengths (λR)
in the measured range of 500-900 nm. In the case of
the W = 50 nm nanodots, the spectra are very broad
(Figure 6a), whereas for larger W = 100 and 200 nm
nanodots, the resonance peaks are better defined
(Figure 6b,c). This is presumably due to the better
defined shapes of the larger nanodots and a larger
effect of the blurring for the smaller nanodots. The

resonance wavelength λR of the nanodots depends on
their size and spacing. Figure 6d shows the behavior of
λR as a function of the nanodot spacing S for the
different nanodot sizes. The plots show that, for the
largest 150 and 200 nm nanodots, λR increases with
spacing, whereas for the smallest 50 and 75 nm
nanodots, λR decreases as the spacing increases. The
same data for λR but plotted as function of the size for
different spacing are shown in the Supporting Informa-
tion in Figure SI7.

The observed behavior of the LSPR in the nanodots
can be explained by two factors affecting the spectral
shift: the interdot coupling is dependent on the dot
spacing and the dot shape due to the blurring. Pre-
vious works have shown that the shape,4,45 size,15 and
spacing between the nanodots14,16,46,47 have an effect
on the LSPR of metallic nanodots. In the following
arguments, we focus on the interdot coupling to
explain the observed dependence of the LSPR wave-
length on the dot spacing (S). There are two types of
interdot coupling affecting the LSPR: (i) the static
dipolar interaction, or near-field coupling between
the nanodots, that leads to a decrease in λR (blue shift)
as the spacing increases;16,46 and (ii) the radiative
dipolar interaction, or far-field coupling, that increases
λR (red shift) as the spacing increases.14,47 The radia-
tive dipolar interactions depend on the polarizability
of the nanodots and hence on their volume and size.48

In our case, theW = 150 and 200 nm nanodots showed

Figure 6. Extinction spectra of Au nanodots deposited on glass of (a)W= 50 nm, (b)W=100 nm, and (c)W= 200 nmnanodots
with spacing (S) from 50 to 300 nm. The resonance peaks for W = 50 nm are broad, whereas for W = 100 and 200 nm, the
resonance is better defined. (d) Resonance wavelength λR as a function of the nanodot spacing (S). ForW = 200 and 150 nm
nanodots, λR increases with the spacing, while for the smaller W = 50 and 75 nm nanodots, λR decreases with the spacing.
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an increase of λR as the spacing increases from 50 to
300 nm. Indeed, the W = 200 nm nanodot arrays
showed a stronger spacing dependence (∼ΔλR/ΔS ≈
0.50) than the W = 150 nm nanodots (∼ΔλR/ΔS ≈
0.15). Previous works studying radiative dipolar inter-
actions have also shown shifts of ΔλR/ΔS from 0.2 to
0.6 for 100-150 nm size Au nanodots.14,15,47 These
values are comparable to our observations forW = 150
and 200 nm nanodots. Therefore, we conclude that
the behavior of our 150-200 nm wide nanodot arrays
is mainly dominated by the dipolar radiative (far-field)
interactions.

On the other hand, the results for our 50 and 75 nm
wide nanodot arrays show an opposite trend. The
resonance wavelength decreases rapidly as the spac-
ing between the nanodots is increased. This behavior
is mostly related to the near-field coupling, which
quickly decays as the separation increases. Since the
volume of the smallest W = 50 and 75 nm nanodots is
around 1 order of magnitude smaller than theW = 150
and 200 nm nanodots, the polarizability is reduced in
the same proportion and the radiative dipolar interac-
tion is strongly reduced. In addition, for the smallest
nanodots, the static near-field coupling can be en-
hanced by the small scattered particles between the
nanodots and by the reduced thickness. It is known
that particles with elongated shapes show larger near-
field coupling than spherical ones.49,50 Such near-field
coupling results in a rapid red shift of the LSPR peak as
the interparticle distance decreases.14,16,46,47 This
seems to be clearly the case for the W = 50 nm
nanodots, showing a strong red shift when the spacing
decreases from 100 to 50 nm. The case forW = 100 nm
does not show a clear trend, and probably, there are no
clear dominant interactions. Further work is still re-
quired to understand the LSPR behavior in the sten-
ciled nanodots. In particular, it would be important to
determine the effect of the scattered particles in the
plasmon resonance and coupling between the nano-
dots. Since the absorption and scattering cross section
of nanoparticles are proportional to the third and sixth
power of the size, it is difficult to observe the resonance
from these structures.6 However, they can play a major
role in the near- and far-field coupling between the
main nanodots. A full understanding of the plasmons
in stenciled nanodots requiresmore detailed structural
analysis, which is a challenge due to the blurring,
wetting behavior, and scattered particles of the sten-
ciled structures.

Sensing Measurements. In order to demonstrate the
biosensing capabilities of the stenciled nanodots, the
LSPR response of nanodots deposited on glass to
changes in the bulk refractive index and to biotin
and streptavidin (SA) was measured. In order to obtain
the bulk sensitivity (m = ΔλR/Δn), the extinction spec-
tra ofW = 100 nm Au nanodots with 100, 200, and 300
nm spacing were measured in media with different

refractive index. The arrays used in these measure-
ments were 20 � 20, 30 � 30, and 40 � 40 μm2 in size
for S = 100, 200, and 300 nm interdot spacing, respec-
tively. AFM images of these structures are shown in the
Supporting Information in Figure SI8. The used bulk
media were water (n = 1.33336), ethanol (n = 1.3614),
isopropyl alcohol (n = 1.37776), and chloroform (n =
1.4459).51 The results for the spectral shift as a function
of the refractive index of the liquid media are shown in
Figure 7 (the shifts are taken with respect to spectra in
air with n = 1). The LSPR wavelength increases monot-
onously with the refractive index of the media as
expected. The bulk sensitivity was found to be higher
for larger nanodot spacing. The obtained bulk sensi-
tivities are m = 179 nm/RIU for S = 300 nm, m =
93 nm/RIU for S = 200 nm, andm = 30 nm/RIU for S =
100 nm. The peak shift for S = 300 nm is 6 times larger
than that for S = 100 nm. The dashed lines in Figure 7
correspond to a quadratic fitting since λR is propor-
tional to n2 (ε = n2) for simple dipoles.52 However, a
linear fit is enough for a good comparison in the
given range.1,4,53

Higher bulk sensitivity for larger spacing is most
likely associated with the spread shape of the dots due
to blurring. The spread edge of the nanodots concen-
trates the enhanced electric field toward the substrate,
thus reducing the sensitivity to the bulk medium. The
dots with a shorter spacing suffer from this spreading
effect more than those with a larger spacing. Two-
dimensional simulations of periodic structures with
spread edges (instead of 3-D spread dots) indicate a
similar trend, higher sensitivity for larger spacing, as
shown in Supporting Information in Figure SI9.54 The
stenciled nanodotswith a spacing of 300 nmshowbulk
sensitivities comparable to other similar studies.
McFarland et al. report m = 191 nm/RIU for an array
of nanoparticles fabricated by nanosphere lithography

Figure 7. Bulk sensitivity measurements of W = 100 nm
nanodot arrays show the resonance wavelength shift as
function of the refractive index (n). The measurements
correspond to air (n = 1), water (n = 1.33336), ethanol (n =
1.3614), isopropyl alcohol (n=1.37776), and chloroform (n=
1.4459). The response to the refractive index is larger for
larger nanodot spacing. The bulk sensitivities are m = 179
nm/RIU for S = 300 nm,m = 93 nm/RIU for S = 200 nm, and
m = 30 nm/RIU for S = 100 nm. The dashed lines show
quadratic fittings.
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and m = 197 nm/RIU for an individual Ag triangular
nanoparticle.3

Biosensingmeasurements of streptavidin (SA) were
performed based on the LSPR shift of Au nanodots
upon the binding of biomolecules changing the local
refractive index. The measurements were done using
the same 100 nm wide Au nanodot arrays used for the
bulk sensitivity measurements. These measurements
were done in a HEPES buffer solution adjusted to pH
7.4. The Au nanodots were first functionalized with a
PLL-g-PEG-biotin solution (biotinylated poly(L-lysine)-
g-poly(ethylene glycol), shown in Supporting Informa-
tion, Figure SI10).55 During this step, PLL-g-PEG-biotin
not only binds to the Au nanodots but also to the bare
glass substrate between the nanodots. Due to the
specific SA-biotin interaction, the SA binds to the Au
nanodots and glass substrate via the PLL-g-PEG-biotin,
as shown in Figure 8a. The concentration of the SA
solution is 370 nM. Themeasurements started with the
HEPES buffer solution to obtain a baseline. After a few
minutes, the PLL-g-PEG-biotin solution was injected,
producing a first resonance shift. The resonance shift
(ΔλR) response is plotted as a function of time in
Figure 8b. The peak shifts (parabolic fitting) are ΔλR ∼
1.7 nm for S= 100 nm,ΔλR∼ 2.4 nm for S=200 nm, and
ΔλR ∼ 2.8 nm for S = 300 nm. Half of the peak shift
happens within ∼15 s, and it takes up to ∼10 min to
reach the final stable value. The PLL-g-PEG-biotin is left

incubating until the signal is stabilized and then rinsed
with buffer to remove the free PLL-g-PEG-biotin left in
solution. This buffer rinsing produces a small and
transient variation which is an artifact due probably
to a small lateral and vertical shift (defocusing) of the
sample. This transient variation is more significant for
the sample with smaller array area (100 nm spacing,
20 � 20 μm2). After a few minutes, the SA solution is
injected, generating additional resonance shift in λR.
The shift induced by the SA adsorption isΔλR∼ 2.5 nm
for S= 100 nm,ΔλR∼ 3.4 nm for S= 200 nm, andΔλR∼
3.8 nm for S = 300 nm. The LSPR response to the SA is
larger but slower compared to the PLL-g-PEG-biotin.
For SA, it takes∼3 min to achieve half of the peak shift
and up to ∼15 min to reach the final stable value. The
slower response for SA compared to the PLL-g-PEG
biotin has been observed previously.16 This is presum-
ably due to the lower concentration of SA, as the initial
adsorption is limited by diffusion. Finally, the buffer is
used to washout nonbound SA causing also a transient
variation. Signal-to-noise ratio (S/N) of 92 for SA in the
arrays with 300 nm spacing using a measurement area
of 40 � 1.5 μm2 was obtained based on the 3σ of the
baseline over 5 min using efficient peak fitting method
(CMCC fitting). The spectral shift curves by CMCC fitting
method and the behavior of the peakwidth and height
are shown in Supporting Information in Figure SI11.
The arrays with 300 nm spacing not only have the
largest response but also show a better stability with
respect to S = 100 and 200 nm arrays in terms of peak
width and quality during the measurements.

Similarly to the bulk sensitivity, the response for
both biotin and SA is larger in the arrays with larger
nanodot spacing, presumably also due the concentra-
tion of the electric field toward the substrate. However,
the peak shift response to the biomolecular layer is less
dependent on the dot spacing compared to the bulk
sensitivity. The peak shift for SA is only 1.5 times larger
for S = 300 nm than for S = 100 nm, whereas the bulk
sensitivity is 6 times larger. Even though the peak shift
value depends on the fitting method, such tendency
was observed with different fitting methods. This
reduced dependence of the biomolecular adlayer sen-
sitivity on the spacing seems to support our previous
hypothesis that the sensitivity is more focused on the
substrate. The adsorbed biomolecules, both on nano-
dots and bare substrate, would probably contribute to
the refractive index change more effectively than the
case of bulk sensing for all of the spacings. Simulation
results of similar 2-D structures, as shown in the
Supporting Information in Figure SI9, clearly show
the strong field enhancement at the close vicinity of
the substrate. The spectral shift curves by CMCC fitting
method show comparable performance to other LSPR
sensors with small sensing areas.10,16 The peak shift
values obtained are similar to those obtained by
Sannomiya et al.16 (SA 370 nM, spectral shift of 6 nm)

Figure 8. (a) Schematics illustrating the biosensing system:
the PLL-g-PEG-biotin attaches to the Au nanodots and to
the substrate and then SA binds to the biotin units. (b)
Resonance peak shift response (parabolic fitting) in time
upon the addition of biomolecules to W = 100 nm Au
nanodot arrays with spacing of 100, 200, and 300 nm. The
arrows indicate the addition of different solutions. The
nanodot arrays show a peak shift upon the addition of PLL-
g-PEG-biotin and SA (370 nM). The solutions are prepared in
a HEPES buffer solution pH 7.4. The spectral shift is larger in
the arrays with larger spacing between dots (λ0 refers to λR
at the initial baseline measured in HEPES buffer).
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and Rashke et al.2 (SA 2 μM, spectral shift of 2-4 nm)
for 40-50 nm Au nanoparticles but using different
fabrication methods and nanoparticle geometries.
However, our peak shift is lower than that obtained
by Haes et al., reporting a shift of 27 nm for 100 nM SA
using silver nanoparticles made by nanosphere
lithography.1 Improvements in the plasmonic reso-
nance and biosensing capabilities of the stenciled
nanodots can be achieved, reducing the blurring of
the deposited structures. This can improve not only the
resolution of the dots but also the quality factor of the
plasmon resonance increasing the sensitivity of the
structures.

CONCLUSIONS

We have demonstrated a simple fabrication of
metallic Au nanodots by stencil lithography and their
application for biomolecular detection. Au nanodots
down to 50 nm have been achieved; however, the
blurring is the major factor affecting the resolution

and shape of the dots. The optical measurements
show the presence of LSPR in the stenciled Au
nanodots. The resonance wavelength behavior de-
pends on their size and spacing and is presumably
governed by radiative and near-field interdot cou-
pling. However, the shape of the nanodots and the
interdot scattered particles related to the blurring
probably also affect the LSPR behavior. The bulk
sensitivity and biosensing measurements confirmed
that the stenciled nanodots can be used for sensing
applications, showing responses comparable to
other works that use conventional fabrication meth-
ods. The nanodots show larger response for larger
interdot spacing. A better understanding of the
plasmonic behavior and the sensing response still
requires further analysis, which should include the
effects of the blurring. Overall, the presented results
show the potential of stencil lithography for cost-
effective fabrication of metallic nanodots and LSPR-
based sensors.

METHODS
Stencil Fabrication. The stencils are fabricated using conven-

tional 100mmdiameter siliconwafers Æ100æwith a 100 nm thick
low stress silicon nitride layer deposited by chemical vapor
deposition. E-beam lithography and dry etching are used to
pattern nanoholes in the silicon nitride. Then, using conven-
tional UV lithography, the backside of the wafer is patterned to
form windows for the membrane release. The bulk silicon is
etched by deep anisotropic reactive ion etching followed by
KOH wet etching. After membrane release, the wafers are
cleaved into 6 � 6 mm2 chips. The fabrication process in detail
is illustrated in Figure SI1 in the Supporting Information.

Optical Measurements. The extinction spectra were measured
in the 500-900 nm range. The characterization and sensing
measurements were performed on the arrays deposited on
glass. Extinction spectra were acquired with a spectropho-
tometer SpectraPro 2150, Pixis 400, Princeton Instruments
(USA), equipped with an optical microscope Axiovet 200, Carl
Zeiss (Germany). A halogen lampwas used for illumination with
nearly zero convergence angle (parallel illumination). A para-
bolic function was used to detect the resonance wavelength
unless otherwise stated.

Biosensing Measurements. The biosensing measurements
were carried in 160 mM salt buffer solution adjusted to pH 7.4
containing 10 mM of 4-(2-hydroxyethyl)piperazine-1-ethane-
sulfonic acid (HEPES) with 150 mMNaCl. The Au nanodots were
first functionalized with a biotinylated poly(L-lysine)-g-poly-
(ethylene glycol), PLL-g-PEG-biotin, shown in the Supporting
Information in Figure SI10.55 The concentration of the PLL-g-
PEG-biotin solution was 100 μg/mL. The streptavidin (SA) solu-
tion had a concentration of 20 μg/mL (370 nM). The measure-
ments were done with a flow cell containing the chip with the
nanodot arrays. The areas of the sensing measurements for 100
nm size nanodots were 20� 1.5, 30� 1.5, and 40� 1.5 μm2 for
100, 200, and 300 nm spacing (S), respectively. The exposure
time at each point in Figure 8b and Figure SI11 in the Support-
ing Information is 2.5 s.
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