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ABSTRACT: We report the first observation of symmetry breaking-
induced mode splitting in coupled gold−silver alloy nanodisk array (ANA).
According to the plasmonic hybridization picture, the original localized
surface plasmon resonance (LSPR) of individual nanodisk is split into a pair
of high and low energy modes when placed in between a superstrate and a
substrate. Although well studied in single silver nanoparticles, the high
energy mode has been largely suppressed in gold nanoparticles, which
nevertheless are more chemically robust and have superior environmental
stability. Herein, we show that the high energy mode can be partially
restored and precisely engineered to ∼540 nm for silver-rich alloy nanodisk
which has excellent environmental stability. However, peak broadening and
red-shifting occur due to plasmonic dephasing when the nanodisk diameter
increases. We next demonstrate that a far-field coupled ANA fabricated by
low-cost nanosphere lithography can fully restore the high energy mode with
electric field concentration extended into the superstrate, thereby imparting greater sensitivity to local refractive index changes.
The high energy mode at 540 nm is of key importance for color change detection using low-cost RGB cameras/human vision
and broadband light sources (e.g., the sun). The index sensitivity of ANA is the highest among existing plasmonic arrays
(particles or holes) within a similar resonance wavelength region. We demonstrate colorimetric detection of sub-nanomolar and
sub-monolayer biotin−streptavidin surface binding with a smartphone camera and a white light lamp. The high performance yet
low-cost fabrication and detection technology could potentially result in affordable point-of-care biosensing technologies.

KEYWORDS: plasmonic nanoparticles array, plasmonic hybridization and mode splitting, gold-silver alloy nanodisk array,
smartphone colorimetric detection, plasmonic biosensing

■ INTRODUCTION

Metal nanoparticles possess fascinating optical properties due
to light-induced collective oscillation of conduction band
electrons, a phenomenon known as localized surface plasmon
resonance (LSPR).1,2 LSPR has been the basis for various
applications in sensing,3 imaging,4 energy conversion,5 and
catalysis.6 The specific LSPR frequency and bandwidth
typically depend on the material, shape, size, and the
surrounding dielectric medium of the nanoparticles.7−9 In
particular, recent advances in nanofabrication and synthesis
allow for the fine-tuning of the LSPR properties over a broad
spectral range. Significant efforts have been placed to
understand the plasmonic interactions of nanoparticle
“ensembles” from a group of isolated nanoparticles.10,11 Such
plasmonic interactions of the constitutional nanoparticles lead
to the modification and generation of new resonances.11,12

These interactions are also range-dependent and can be
classified as near-field and far-field interactions. Plasmonic
hybridization theory can provide explanations analogous to the
molecular orbital theory.13

According to the plasmonic hybridization theory, when two
nanoparticles are placed in close proximity to each other, the
interaction leads to the hybridization of the individual plasmon
modes and results in bonding and antibonding modes with
their properties dictated by the interaction mechanism.13 The
theory of plasmonic hybridization has been extensively applied
to study nanoparticles interactions like nanoparticle dimers,14

spherical nanoparticles,15 and nanoparticle crescents.16 More-
over, the approach also explains complex nanoparticle
interaction like nanoparticles sitting on a metallic or a
dielectric substrate.17,18 A key scenario in the plasmonic
hybridization theory is symmetry breaking, which can be
modeled by placing the nanoparticle on an interface met by a
substrate and a superstrate.
Sherry et al. studied the symmetry breaking in a single silver

nanocube by changing its distance to a glass substrate.19 As the
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silver nanoparticle approaches the glass substrate, mode
splitting was observed and subsequently verified using finite
difference time domain (FDTD) simulations. Ringe et al.
further elucidated that the symmetry breaking also caused
uneven electric field (E-field) localization: the E-field
associated with the higher energy LSPR peak concentrated
toward the lower index dielectric medium (i.e., air superstrate),
whereas the E-field of the lower energy LSPR peak
concentrated toward the higher index dielectric medium (i.e.,
glass substrate).20 Zhang et al. attributed the mode splitting to
coupling and hybridization using plasmonic hybridization
theory.21 They further interpreted this phenomenon as a
Fano-resonance, which arises from the interference between
two spectrally overlapping broad and narrow resonances. The
hybridized higher energy peak in these articles has narrower
linewidth measured by full-width-at-half-maximum. Similar to
the dipolar LSPR common in all nanoparticles, the hybridized
modes are also sensitive to the refractive index (RI) of the
surrounding medium. More importantly, the higher energy
peak has higher RI sensitivity compared to the lower energy
peak presumably due to their differences in E-field distribution.
This finding was very interesting because lower energy LSPRs
typically have higher RI sensitivity22 and can have profound
implication to engineering high RI sensitivity in the visible
wavelength.
The LSPR-induced evanescent field makes metal nano-

particles highly sensitive to absorption and binding of specific
molecules onto their surface, enabling label-free sensing and
quantification by colorimetric analysis.2,23,24 As a rule of
thumb, the LSPR sensitivity (i.e., the amount of peak shift
induced by a unit change of RI, having the units of nm/RIU)
scales with the LSPR peak position in air.25 Therefore, most of
the sensitive plasmonic sensors reported in the literature have
LSPR peak in the red or near-infrared (NIR) region.26,27 With
such sensors, the red shift in the plasmonic peak due to surface
binding do not induce a substantial color change in the visible
wavelength range. For example, sensors based on extraordinary
optical transmission (EOT) around 700 nm required a
spectrally aligned LED light source with a bandwidth less
than 50 nm. The peak shift in the EOT sensor was then
detected as reduced light transmission. Such a scheme required
highly accurate intensity measurements and relied on
sophisticated fabrication processes to generate a sharp
resonance.28 Another category of techniques relies on
controlled aggregation of colloidal nanoparticles suspension,
which can induce stronger peak shift and color change than
surface modification.29−31 However, undesirable aggregation
and shelf life are always significant concerns in colloidal
nanoparticle-based approaches.32

Although the higher energy peak is more sensitive, its wide
application has been limited because silver is chemically
reactive and is generally unstable in the environment.
Unfortunately, the high energy peak has not been observed
in more chemically stable gold nanostructures as the resonance
occurs near the interband transition region for gold. In this
article, we show that we can fully harvest the potential of this
high energy peak from disk-shaped alloy nanoparticles in a
high-density, plasmonically coupled array. Instead of using gold
or silver as the only material which has their advantages and
disadvantages discussed above, gold−silver alloy in the ratio of
30:70 has been adopted. The gold−silver alloy is significantly
more chemically stable than silver alone while sustaining the
higher energy peak much better than gold alone. Finally, the

high-density array introduces strong far-field plasmonic
coupling (FFPC), which boosts the otherwise insignificant
higher energy mode for large size disks (350 nm in diameter,
80 nm in thickness).
This novel plasmonic substrate can be of significant and

broad interest in developing biosensing techniques due to
limited resources or cost concerns.32−34 By utilizing the high
energy mode, low-cost RGB cameras such as those found on
smartphones can be employed for colorimetric readout, which
is otherwise not feasible when the LSPR does not reside in the
green wavelength range. Smartphones as imaging sensors have
been widely utilized in resource-limited settings because of
their portability, affordability, high-quality camera, wireless
communication, and computational capability.35−37 Smart-
phones have been employed for colorimetric detection as well
as microscopic imaging.35,38 Various colorimetric techniques
such as enzyme-linked immunosorbent assay, lateral flow
immunoassays, and redox reaction-related chemiluminescence
are paired with a smartphone for improved color quantifica-
tion.39−41

In this work, by taking advantage of the large tuning range of
the plasmonic resonance of gold−silver alloy disks in an array,
we have designed a substrate so that the higher energy peak is
located at ∼540 nm, the most sensitive region for RGB
cameras. Combined with high RI sensitivity, we demonstrate
the detection of minute protein−protein conjugation using a
smartphone camera, suggesting a highly versatile platform for
point-of-care biosensing applications.

■ RESULTS AND DISCUSSION

Alloy nanodisk arrays (ANAs) were fabricated by nanosphere
lithography (NSL) using 460 nm polystyrene (PS) beads with
the alloy consisting of 30% gold and 70% silver in the atomic
ratio. The lattice constants in the ordered regions are equal to
the starting PS bead size of 460 nm. The ANAs have a
thickness of 80 nm and diameters of 350 nm. The exact size of
the nanodisks is controlled by the shrinkage time of the PS
beads during oxygen plasma etching. Typical SEM images of
ANA fabricated with 460 nm PS beads are shown in Figure 1.
The arrays possess “polycrystalline” characteristics, where the

Figure 1. Typical SEM images of samples fabricated using 460 nm PS
beads, showing a polycrystalline structure. Inset (a): Zoomed in SEM
image, the scale bar is 200 nm. Inset (b): FT image of the SEM image,
the ring-shaped pattern further verifies the overall disorderliness.
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PS beads are closely packed into hexagonal arrays in domains
with a characteristic size around microns to tens of microns.
Figure 2 shows both the measured and simulated extinction

spectra of the ANA array in air (black line) and water (red

line). It is known that the deviation from perfectly periodic
arrangement causes noticeable but insignificant peak broad-
ening and peak intensity decrease.11 The alloy dielectric
function was calculated using values found in ref 42. The
higher energy peak appearing around ∼540 nm has a smaller
width, whereas the lower energy peak around ∼750 nm is
much broader. Unless otherwise stated, the higher energy peak
and the lower energy peak will be called P1 and P2,
respectively. As shown in Figure 2, both peaks undergo a red
shift by changing the surrounding medium from air to water.
However, the amount of red shift is much more substantial for
P1. In water, we also observe the appearance of another peak
owing to the presence of more hybridized peaks in the higher
RI environment. The same reasoning is applicable for the
nanodisks with larger sizes and pitches. All of their extinction
responses result from the combination of hybridized bonding/
antibonding modes of individual nanoparticles because of the
symmetry breaking. This symmetry breaking is coming from
both the neighboring nanoparticles in the vicinity and the
presence of glass substrate.
A FDTD simulation was set up to investigate the physical

origin of these hybridized modes, P1 in particular, where the
separation distance between the ANA and the substrate was
varied from infinity to 0. The ANA consisted of 100
nanoparticles in a 10 × 10 array in a semi-random hexagonal
pattern, resembling the configuration obtained by NSL. The RI
of the substrate and superstrate was 1.52 and 1, respectively. As
shown in Figure 3a, when the separation distance was infinity,
only one broad peak (P2) was observed. As the separation

distance decreased, the high energy peak (P1) emerged.
Eventually, clearly separated P1 and P2 were observed as in the
previous experiment as the ANA came in contact with the
substrate.
Figure 3b shows the E-field distribution near individual disks

in the ANA when they are in contact with the substrate. It is
observed that P1 has an E-field profile that concentrates mostly
at the upper corners where the surrounding medium is the
superstrate. In contrast, the E-field distribution for P2
concentrates primarily at the lower corners with a significant
portion inside the substrate. These simulation results are
consistent with those for single silver nanocubes published by
Sherry et al.19

To experimentally prove that the mode splitting was indeed
due to symmetry breaking by introduction of the substrate, we
have immersed the ANA sample in index-matching fluid with
RI = 1.52. The experimental results shown in Figure 4
indicates the disappearance of P1 and the restoration of the

Figure 2. Experimentally measured extinction spectra (top) and
FDTD simulated extinction spectra (bottom) of samples fabricated
with 350 nm disk diameter with 460 nm mean lattice constant.
Spectra in air (black line) and water (red line) were measured and
calculated.

Figure 3. (a) Emergence of separated P1 and P2 peaks as the ANA is
brought into contact with the glass substrate from infinity. (b) E-field
distribution for wavelengths corresponding to P1 and P2 when the
ANA is in contact with the glass substrate.

Figure 4. Experimentally measured extinction spectra of samples
fabricated with 350 nm disk diameter with 460 nm mean lattice
constant. Spectra in air (blue line) and immersion oil having RI of
1.52 (red line) are displayed.
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original LSPR without symmetry breaking. Another peak
which has even higher energy than P1 is observed in both the
experimental and simulation results and can be assigned to
higher hybridized mode among neighboring disks in the higher
RI scenario. We note that this peak was present but largely
buried in the previous simulation results (Figure 3a).
Next, we discuss the choice of ANA consisting of disks with

350 nm diameter and 80 nm thickness. To investigate the size
and array effects, we have conducted a series of simulations
with various disk diameters and array sizes. First, we studied
the diameter dependence of a single alloy disk. As shown in
Figure 5a, a single 100 nm diameter alloy disk on glass
substrate has both P1 and P2 (black curve) with P1 in the blue
color region. To engineer P1 into the green color region, the
disk diameter was increased from 100 to 350 nm. Although

both peaks red-shift, they also suffer significant broadening,
causing P1 to be buried in the shoulder of P2.
To unravel the coupling effect of an array, we next simulated

arrays of various sizes. As shown in Figure 5b, P1 gradually re-
emerges as the array size was increased from a single disk to a
10 × 10 array (i.e., 100 disks). Interestingly, only 2 disks were
needed to cause P1 to reemerge from the shoulder of P2. As
the array size increased, P1 gradually shifted toward the higher
energy side. The array effect has been explained by FFPC in a
similar scenario with gold nanodisk arrays, where blue shift was
observed in P2 as the array size increased.11 As mentioned
previously, P1 has not been observed in gold nanodisks even in
the high-density array form due to interband damping.11

It is important to note that the thickness of the nanodisks
plays an important role for array coupling. Our simulation

Figure 5. (a) Simulated extinction spectra of a single alloy nanodisk with different diameters. (b) Effect of array size varying from a single disk to a
10 × 10 array. The disk diameter was 350 nm with 460 nm mean lattice constant.

Figure 6. (a) Extinction spectra of alloy disk arrays with a lattice constant of 460 nm fabricated on glass (red) and ITO-coated glass (black)
substrate. (b) Extinction spectra of alloy disk on ITO substrate in different surrounding media. (c) LSPR position of peak P1 plotted against the RI.
(d) Comparison of RI sensitivity of representative plasmonic nanostructures with ANAs.
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results indicated that P1 was not observed from ANA with disk
thickness of 20 nm and started to emerge when the thickness
was about 40 nm. As the disk thickness increases, its scattering
strength increases and thus leads to the FFPC effect. This is
consistent with our previous observation in far-field coupled
Au disk array.11

As discussed previously, the E-field distributions of the two
hybridized modes are distinct, which suggests the possibility of
independently tuning P1 and P2 by adjusting RIs of the
superstrate and substrate, respectively. As shown in Figure 6a,
when the substrate is changed to indium tin oxide (ITO), a
higher RI material, P2 red-shifts more significantly compared
to P1. A broader P1 is observed on ITO compared to glass,
which is likely due to the waveguide mode induced by the ITO
layer and its interaction with the LSPR.43

While P2 can be preferentially tuned by adjusting the
substrate material, P1 is more sensitive to the superstrate.
Figure 6b shows the extinction spectra of the ANA fabricated
on ITO immersed in solutions of various RIs. The peak
positions of P1 are read out and plotted against the
surrounding RI in Figure 6c. The sensitivity of P1 is calculated
to be 344 nm/RIU with a figure-of-merit ∼3. As shown in
Figure 6d, the index sensitivity of P1 is higher than three
representative classes of substrate-bound plasmonic nanostruc-
tures with similar resonance peak positions.22,44−50 First, for
individual Au and Ag nanoparticles of various shapes, RI
sensitivity typically increases when the LSPR peak wavelength
is redder in air. Au nanoparticles cannot sustain LSPR peaks
below ∼550 nm because of the interband transition. Ag
nanoparticles have higher sensitivity in the 500−550 nm
spectral region. The substrate-bound Ag nanocube reported by
Sherry had two peaks at 430 and 510 nm with sensitivities 118
and 146 nm/RIU, respectively.47 Second, substrate-bound
nanoparticle arrays in Figure 6d also have higher sensitivities in
the redder region. The silver nanotriangular arrays have LSPR
peak ∼550 nm with sensitivity about 191 nm/RIU.51 Au
nanodisk array fabricated with nanoimprint lithography has a
peak ∼840 nm with a sensitivity of 327 nm/RIU. The
elliptically shaped nanodisks had another bluer peak at ∼630
nm because of the nonsymmetric axes, and its LSPR sensitivity
was 197 nm/RIU.48

Third, for EOT on metallic films perforated by nanohole
arrays, the high sensitivity mode is typically redder than 650
nm. Although a 540 nm peak can be obtained from a double
nanohole array, its sensitivity suffers from the interband
transition of gold.,46 Overall, our ANA provides the highest RI

sensitivity in the green compared to all existing plasmonic
nanostructures, a distinct advantage for RGB colorimetric
sensing.

Sub-Monolayer Protein Binding Detection by Smart-
phone Colorimetry. Next, we examine the utility of P1 for
biosensing by RGB colorimetry using a smartphone camera as
an example. All results below were obtained from ANA on
ITO-coated glass substrates. Without losing generality, we
employed a well-known protein−protein interaction of biotin
and streptavidin. We expect that the framework established
here can be translated to various surface binding assays
utilizing DNA and/or aptamer probes and antibodies.
We first describe the basic sensing principle. Starting with P1

at ∼540 nm in air, increasing RI due to surface coating or
binding will cause P1 to red-shift. Imaged by a RGB camera,
the red/green ratio (R/G ratio) can be used for quantifying
red shifts. We expect that the red-shifted P1 will diminish the R
intensity while the G intensity increases, leading to a
decreasing R/G ratio. The ratiometric technique is self-
referencing, which makes it much more reliable than using
absolute intensity values. To determine the optimal P1
wavelength for such an experiment, a simple simulation has
been carried out as described in Figure 1 in the Supporting
Information. According to this simplified simulation, P1 needs
to be redder than 530 nm, which is roughly the center
wavelength of the green region, so that a monotonically
decreasing R/G ratio can be guaranteed. This simulation also
indicates that such a monotonic trend can be continued for
over 50 nm of red shift.
By using 480 nm PS beads, P1 was tuned to ∼540 nm by

fabricating the ANA on ITO. As discussed previously, using
the ITO substrate caused much greater red-shift in P2 than P1,
allowing the two peaks to become farther apart as shown in
Figure 6a.
To calibrate the R/G ratio technique, the samples were first

coated with different thicknesses of SiO2 by electron beam
evaporation. The extinction spectra and smartphone images
were acquired before and after the SiO2 deposition. The setup
used for taking smartphone images is provided in Figure S2.
Such configuration ensured the same area of the sample was
measured. Figure 7a shows the amount of P1 shift vs. SiO2
thickness, which bears a linear relationship with an R2 value of
0.996. P1 red-shifts about 2.4 nm with 1 nm of SiO2. The
reduction of R/G ratio was calculated from the smartphone
images and plotted against the peak shift in Figure 7b. A linear
relationship is observed with an R2 value of 0.926. Worth

Figure 7. (a) P1 shifts induced by different coating thicknesses of the SiO2 layer. The sensitivity is roughly 2.4 nm per nanometer of SiO2. (b) R/G
ratio reduction of the smartphone images with different peak shift. The reduction shows a linear trend with the peak shift, as predicted by the
simulation provided in the Supporting Information. (c) Smartphone images of the sample before and after coating of 10 nm of SiO2.
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mentioning here is that due to the slight difference in the P1
locations and shapes, different samples have different initial R/
G ratios. Even so, the linearity in Figure 7b shows that the
reduction of the R/G ratio induced by the peak shift is
consistent across different samples. The color change is also
visible to the naked eyes with a red shift larger than ∼10 nm.
The smartphone images of the sample before and after the
coating of 10 nm SiO2 are shown in Figure 7c. The image after
the coating has a cooler color tone, which corresponds to the
decrease of warm color (yellow and red) and the increase of
cool color (green).
The same setup was used for detecting surface binding of

biological molecules. In this experiment, the conjugation of
streptavidin to surface-bound biotin-poly(ethylene glycol)
(PEG)-thiol self-assembled monolayer (SAM) was used as
an example. P1 position and the R/G ratio before and after the
biotin-PEG-thiol modification are plotted in Figure 8a,b,
respectively. On average, the PEG layer caused P1 to red-shift
for 6.1 nm with a standard deviation of 0.54 nm. The peak
shifts induced an R/G ratio reduction of 0.041 with a standard
deviation of 0.004. These sets of data further demonstrate
uniform R/G ratio reduction after the same modification even
though the initial R/G ratios across samples were different
(Figure 8b).
The amounts of P1 shift and the R/G ratio reduction

induced by the conjugation of streptavidin molecules with
various concentrations are plotted in Figure 8c. The black
curve is the peak shift and the blue curve is the reduction in R/
G ratio. With concentrations higher than 10−10 M, P1 had
measurable peak shift which increased with increasing
concentration. The peak shift saturated at around 20 nm
with 10−8 M or higher concentrations. The reduction in the R/
G ratio corresponds well with the shift, showing a similar trend,
and the maximum reduction of the R/G ratio induced by
streptavidin was about 0.14. The corresponding smartphone
images of the sample after various steps are provided in Figure
8d. From the top to the bottom are the images of the bare
sample, thiol-PEG-biotin-modified sample, and streptavidin-
conjugated sample, respectively. The color change is not
obvious to the naked eyes with the modification of PEG.
However, it is clearly revealed by the R/G ratio. This shows
the performance of our analysis in detecting subtle color
changes. Furthermore, the plateauing observed in Figure 8c
suggests that the sensor can detect sub-monolayer of
streptavidin−biotin conjugation.
The color change induced by streptavidin is much more

prominent, leading to the detection of SAM of proteins by the

naked eyes. The streptavidin modifications were also carried
out on selected areas on a single ANA sample. As shown in
Figure 9, on a PEG-modified sample (a), 2 μL of deionized

(DI) water (1) and streptavidin solutions with concentration
ranging from 10−13 to 10−6 M (2−9) were pipetted onto the
sample (b). The sample was then kept in a humidity controlled
chamber to prevent the solvent from drying. Because of water-
induced large red shift, the droplet-covered sample area
appears to be blue-greenish in color. After the incubation, the
sample was thoroughly washed with DI water and dried by
nitrogen flow as shown in (c). The R/G ratio map of the thiol-
PEG-biotin modified sample (d) and streptavidin conjugated
sample (e) were calculated from (a,c). By subtracting (e) from
(d), the R/G ratio reduction map (f) was obtained. The results
correspond well with the previous conclusion, where the lowest
detectable concentration was 10−10 M.
It is difficult to compare sensor sensing capability (i.e.,

lowest detection limit) when different proteins are used as
targeting molecules because of the up to 7 orders of magnitude
difference in the binding affinity.36 However, by comparing
with similar works, the performance of the sensor can be
assessed. Cetin, Coskun, and co-workers reported a state-of-
the-art work,28 where a portable device can detect a 3 nm
protein layer. In our work, the protein layer is also estimated to
be 2−3 nm in thickness, demonstrating a similar level of

Figure 8. (a) P1 position before and after the modification of the thiol-PEG-biotin SAM. (b) R/G ratio of samples before and after the
modification. (c) Peak shifts (black) and R/G ratio reduction (blue) induced by incubation in streptavidin solutions with different concentrations.
(d) Smartphone images of the bare sample (top), sample modified with thiol-PEG-biotin (middle), and sample incubated with 10−6 M of
streptavidin (bottom).

Figure 9. Streptavidin conjugation of selected areas on a single ANA
sample. (a) Thiol-PEG-biotin-modified sample, the sample area is
roughly 5 mm × 5 mm. (b) 2μL of DI water (1) and streptavidin
solutions with concentration ranging from 10−13 to 10−6 M (2−9)
pipetted on the sample. (c) Streptavidin-conjugated sample. (d) R/G
ratio map calculated from (a). (e) R/G ratio map calculated from (c).
(f) R/G ratio reduction map calculated by subtracting (e) from (d).
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sensitivity. However, in our study, the requirement for the
plasmonic substrate is much less restrictive, and therefore a
large-scale, low-cost fabrication method can be used.
Furthermore, the utilization of the smartphone camera
eliminated the need for an additional charge-coupled device
(CCD) camera, reducing the cost for the portable device.
Finally, a broadband white light source was used as light source
in the experiment, further simplifying the design. In principle,
even the sun light can be a viable source.

■ CONCLUSIONS
In conclusion, we have discovered that the silver-rich Au−Ag
alloy nanodisk supports a prominent high energy resonance
located around 540 nm, the most sensitive region for a RGB
camera. The origin of this high energy resonance stems from
symmetry-breaking when the arrays are placed in between a
substrate and a superstrate. This strategy has never been
realized for two reasons: first, although such mode splitting has
been known for Ag nanoparticles, the silver material has poor
environmental stability and thus hindered its practical use.
Second, the high energy resonance mode is heavily dampened
in Au due to interband transition. In this paper, we have shown
that the high energy mode can be partially restored for silver-
rich alloy nanodisk, which has excellent environmental
stability. However, peak broadening occurs due to plasmonic
dephasing when the nanodisk diameter increases, which is
necessary to precisely place it near 540 nm. We have next
demonstrated that a far-field coupled alloy nanodisk array
(ANA) fabricated by low-cost NSL can fully restore the high
energy mode with electric field concentration extended into
the superstrate, thereby imparting greater sensitivity to local RI
changes. The high energy mode at 540 nm is of key
importance for color change detection using low cost RGB
cameras and extended light sources. As most RI-sensitive
plasmonic nanostructures rely on resonances in the red or NIR
portions of the spectrum, they are incompatible with RGB
cameras commonly found in consumer electronics such as
smartphones, webcams, tablets, and so on. The reason for this
is when the original resonance is already in the red or NIR
region, further red shift due to surface binding cannot be
quantified by a RGB sensor. Instead, a spectrum needs to be
taken, which requires additional components such as a
spectrometer, scientific camera, and highly stable, mono-
chromatic light source. The index sensitivity of ANA is the
highest among known plasmonic resonance (particles or holes)
within a similar wavelength region. We demonstrate colori-
metric detection (ratio of R/G) of sub-nanomolar and sub-
monolayer biotin-streptavidin surface binding with a smart-
phone camera and a white light lamp. The high performance
yet low-cost fabrication and detection technology could
potentially result in affordable point-of-care biosensing
technologies. Because the color change is visible by naked
eyes and can be detected by RGB colorimetry, the ANA
substrate and the sensing scheme have great potential in point-
of-care diagnostics under resource-limited condition due to the
low-cost, high-yield fabrication process, no need of a separate
CCD camera and the fact almost any broadband light source
can be used.

■ MATERIAL AND METHODS
Material. Chloroform (anhydrous, ≥99.0%), thiol-PEG-biotin,

streptavidin, and latex beads (PS beads, 10% aqueous suspension)
with mean particle sizes 460/480/600/800 nm were purchased from

Sigma-Aldrich. Ethanol (200 proof) was from Decon Laboratories,
Inc. Silicon wafers (p-type) were obtained from University Wafers and
coverslips (22 × 40 mm, No. 1) from VWR. Gold and silver
sputtering targets (>99.99%) were purchased from ACI Alloys, Inc.
Oxygen gas (99.99%) and argon gas (99.999%) was used for reactive
ion etching and ion milling, respectively.

Fabrication Process. The fabrication process was described in
detail in our previous works. Briefly, a silver−gold alloy film of
prescribed composition and thickness was deposited onto coverslip
glass precleaned in ethanol using dual-target cosputtering deposition.
A monolayer of PS beads exhibiting polycrystalline structure was then
assembled on the metal layer. The PS beads were then shrunk to the
desired diameter in O2 plasma, followed by Ar+ ion milling to transfer
the bead pattern into the metal film. The remaining PS beads were
then removed by sonication in chloroform.

Sample Characterization. The extinction spectrum measure-
ments were carried out using a Cary 5000 spectrophotometer by
measuring the optical transmission in the forward direction. The
spectral peak position was determined by locating the resonance
maximum. For detection of the surface modification, the color of the
samples before and after modification was analyzed by taking cell
phone images. The schematic setup for such measurement is shown in
Supporting Information Figure S2.

FDTD Simulation. The FDTD simulation setup was described in
detail in our previous works and briefly outlined here.11 For a
polycrystalline array, the centroids of an ANA from a typical SEM
image containing 115 particles are read out and their relative locations
are used as the array arrangement used in the FDTD simulations. The
ANAs used in the FDTD simulation are generated first by scaling the
centroid position to the desired center-to-center distance, and then
3D alloy disk structures with predetermined thickness and diameters
are added to all the centroid positions. For periodic arrays, the 100
centroids (10 by 10) are generated with the desired periodicity with
hexagonal packing and 3D alloy disk structures are added to each of
the centroid positions. In the simulation, alloy disks are located on a
glass substrate with a RI of 1.52. The total field scattered field (TFSF)
light source was used in the simulation for collecting the scattering
and absorption cross-sections. Both for single particle and large array
simulations, the number of perfectly matched layers was set to 12.
The boundaries of simulations were separated from TFSF source by
at least 1 microns, so that reflection from the PML layers does not
interfere in the convergence of the simulations. For single disks, the
effect of staircase approximation was addressed by reducing the mesh
size around the disk to 2 nm × 2 nm × 2 nm. For large array
simulations, the mesh size was 8 nm × 8 nm × 8 nm. The simulation
time step (dt) had the default value of 0.99. An air gap with various
specified separations was provided between the particle array and the
glass substrate to simulate the extinction for particles at that particular
distance from the substrate. For the substrate at infinite distance
condition, the simulations were carried out without any substrate in
the simulation region. The dielectric constant of the alloy is calculated
with an analytical model provided in the literature.42

SAM Modification. To prevent the silver content interfering with
the sulfur−gold bonding, the samples are coated with an additional 2
nm of gold by sputtering deposition. The additional coating of gold
did not have a significant impact on the extinction spectra of the
samples. The samples are first immersed in 200 proof ethanol for 24
hours before surface modification. Then, the bare samples are
incubated in 1 mM PEG solution for 24 h, followed by extensive
rinsing with DI water and drying by nitrogen gas. Finally, the PEG-
modified samples are further modified with streptavidin solution in
two schemes. In the first scheme, the samples were incubated in
streptavidin solutions with concentrations ranging from 10−12 to 10−6

M for 2 h. In the second scheme, 2 μL of DI water and streptavidin
solutions with concentrations ranging from 10−13 to 10−6 M was
dropped onto one PEG-modified ANA sample. During incubation,
the samples were kept in a humidity-controlled container to prevent
evaporation of the solution. After incubation, the samples were rinsed
with DI water and dried by nitrogen gas flow. At the end of each step
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(including bare samples), the extinction spectra and smartphone
images are acquired and analyzed.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.8b17876.

Simplified color characterization simulation; color
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simulations (PDF)
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