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  1.     Introduction 

 With the advance in nanofabrication 
technology, noble metallic nanostructure 
reveals its advantages on various applica-
tions including chemical and biological 
sensing, subwavelength imaging, power 
harvesting, and medical treatment. [ 1–4 ]  
The versatility is attributed to the unique 
plasmonic properties of metallic nano-
structure, which lead to surface plasmon 
resonance (SPR) and localized surface 
plasmon resonance (LSPR). [ 5 ]  Refractive 
index sensing is one of the important 
plasmonic applications, which provides 
an accurate and non-labeling analytical 
method. This technique is based on moni-
toring wavelength or angle shift of the 
resonance peak when the surrounding 
condition of metallic nanostructure is 
changed by replacing the bulk dielectric 
material or inducing molecular interac-
tion on the nanostructure surface. [ 6 ]  It has 
been implemented by several different 

confi gurations including Kretschmann confi guration, subwave-
length grating, nanoparticle-based sensor, and extraordinary 
transmission (EOT) device. [ 7,8 ]  Refractometric sensing coupled 
with subwavelength grating reduces the size and complexity of 
prism integration of Kretschmann confi guration. However, it 
loses the ultrahigh sensitivity achievable by Kretschmann con-
fi guration. [ 9 ]  On the other hand, sensing technique based on 
LSPR mode in metal nanoparticles demands less instrumental 
requirement compared to SPR sensors. However, it suffers 
from low uniformity and reproducibility because the particle 
size and spatial distribution of metal nanoparticle are diffi cult 
to control precisely. Furthermore, the LSPR sensitivity is usu-
ally lower than SPR sensitivity. [ 10 ]  Shen et al. [ 11 ]  lately proposed 
an LSPR-based periodic gold mushroom array, which exhibits 
ultrahigh sensitivity and fi gure of merit (FOM) due to its WA-
LSPR mode at infrared region. However, this device is not oper-
ated in visible range, which means that it cannot be simply 
applied on conventional optical spectroscopic system. 

 Recently, nano Lycurgus cup array (nanoLCA) plasmonic 
sensor has been demonstrated its advantages in refractive 
index sensing. [ 12 ]  Unlike most of other EOT sensors, which 
are fabricated by expensive and time-consuming processes 

 A bifunctional ultrasensitive nanoplasmonic sensor is demonstrated with 
combined surface plasmon resonance (SPR) and surface-enhanced Raman 
spectroscopy (SERS) sensing capabilities. Unlike traditional extraordinary 
transmission (EOT) devices, nano Lycurgus cup array (nanoLCA) contains 
a hybrid confi guration of periodic quasi-3D nanostructure array and dense 
sidewall metal nanoparticles within each nanostructure, which enables both 
refractive index sensing and SERS chemical identifi cation on the same device 
with high sensitivity. The visible plasmon resonance sensitivity of nanoLCA 
is measured to be as high as 796 nm/RIU with the fi gure of merit (FOM) 
of 12.7 so that the device is applied for colorimetric liquid sensing with an 
ordinary microscopic system. Moreover, the SERS enhancement of the very 
same nanoLCA for liquid sample is calculated to be 2.8 × 10 7 , which is the 
highest among all reported EOT-based SERS devices. The urea concentra-
tion detection has been demonstrated to show the complementary rapid 
colorimetric screening and precise SERS identifi cation functions provided by 
nanoLCA plasmonic sensor for chemical analysis or biological diagnostics in 
a resource-limited environment. 
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such as focus ion beam milling or electron beam lithography, 
the fabrication of nanoLCA is based on the large-area and cost-
effective nanoreplica technique. Besides, the huge absolute 
peak wavelength shift from nanoLCA opens an opportunity for 
colorimetric sensing by simple microscopic system or naked 
eye instead of applying complicated spectroscopic system. 
Although nanoLCA has shown its signifi cant advantages on 
plasmonic colorimetric sensing, its application is still limited 
by the nature of refractive index sensing technique: high purity 
of sensing environment is required and the probing molecule 
must be identifi ed beforehand; otherwise the undesired inter-
ference from impurities may lead to false positive or readout 
error for quantitative measurement. Although the surface func-
tionalization can increase the specifi city to the targeted mole-
cule, however, it requires specialized laboratory facilities and 
professional personnel to perform time-consuming and multi-
steps procedures. As a result, it is not suitable in point-of-care 
or a resource-limited environment. 

 In contrast, Raman spectroscopy is able to precisely iden-
tify chemical molecules by their distinctive molecular vibra-
tional modes. Moreover, surface-enhanced Raman spectroscopy 
(SERS) greatly extends this capability to ultralow concentra-
tion detection. [ 13 ]  SERS has been performed on several devices, 
which have similar confi guration as nanoLCA such as nanohole 
array and quasi-3D devices. However, the Raman enhance-
ments of these devices are moderate (≈10 3  to 10 6 ) compared 
to other SERS substrates and diffi cult to meet the practical 
requirement of detection at lower analyte 
concentration. [ 14–17 ]  

 In this paper, we demonstrated the bifunc-
tional property of nanoLCA, which possesses 
combined colorimetric sensing and SERS 
capability. Similar idea of multifunctional 
plasmonic sensor has been reported in other 
literatures; however, none of those devices has 
satisfactory performance with both refractive 
index sensing and SERS for practical applica-
tions. [ 18,19 ]  The simulated and experimental 
results presented here show that the unique 
confi guration of nanoLCA, which is a hybrid 
combination of a periodic quasi-3D nano-
structure array pattern and dense sidewall 
metallic nanoparticles, enables both high sen-
sitivity and sharp resonance peak in refractive 
sensing. Besides, we demonstrated the highest 
Raman enhancement from nanoLCA device 
compared with any other reported periodic 
EOT-based devices in a liquid-sensing envi-
ronment. This dual functionality of nanoLCA 
shows great potential to provide a sensing plat-
form, which can rapidly screen large amount 
of liquid samples by colorimetric sensing with 
minimum sample preparation and facility 
requirement. Subsequently, the capability of 
SERS from the same device is able to perform 
molecule identifi cation on selected samples. It 
compensates the defi ciency of both low speci-
fi city on refractive index sensing and non-
linearity on SERS molecule quantifi cation.  

  2.     Results and Discussion 

  2.1.     Nanofabrication of NanoLCA Plasmonic Sensors 

 The schematic of nanoLCA fabrication process is shown in 
 Figure    1  a. First, a nanocone glass master mold was prepared by 
the laser interference lithography technique. Then the pattern 
was transferred to an optically transparent fl exible polyethylene 
terephthalate (PET) fi lm by the UV-curing nanoreplica process. 
Finally thin layers of 9 nm titanium (Ti) and 90 nm silver (Ag) 
were deposited on the replicated device by the electron beam 
evaporation. Ti was used as an adhesive layer to tightly bond 
Ag to the polymer substrate. The images of scanning electron 
microscopy (SEM) are shown in Figure  1 b,c. It can be clearly 
observed that nanoLCA holds high uniformity after the repli-
cation process and each nanocup contains a top Ag layer and 
bottom Ag nanodisk, which is similar to quasi-3D device. [ 15 ]  
Moreover, due to the unique cup-shaped profi le of nano 
Lycurgus cup, a dense array of sub 50 nm Ag nanoparticles was 
formed on the sidewall after metal deposition. 

    2.2.     Optical Characterization 

 In order to understand the plasmonic property of nanoLCA 
device, 3D-fi nite-difference time-domain (FDTD) method was 
applied to simulate the optical characterization based on this 
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 Figure 1.    a) Schematic of nanoLCA plasmonic sensor fabrication; b) top side and c) 60° tilted 
angle view SEM images of nanoLCA plasmonic sensor fabrication.
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confi guration. First Ag plane thin fi lm, single 
and periodic cup-shaped nanostructure (pro-
fi le is the same as nano Lycurgus cup) with 
only top Ag layer were compared to identify 
the resonance peaks. The thickness of a top Ag 
layer in all the geometries was kept the same 
as 90 nm. Figure S1 (Supporting Information) 
shows the transmission spectra of all three 
confi gurations and the cross-section  z -direc-
tion electric fi eld (E  z  ) distribution of periodic 
cup-shaped nanostructure with a top Ag layer 
at the wavelength of 354, 455, and 644 nm. All 
three transmission spectra exhibit resonance 
peak at 320 nm, which is related to bulk 
plasma of Ag. [ 20 ]  Additional peak at 354 nm 
appears in both single and periodic nano-
structures. According to the electric fi eld dis-
tribution at 354 nm, the strong electric fi eld 
is focused on the upper rim edge of the top 
Ag layer, which indicates that this peak is due 
to LSPR. [ 21 ]  On the other hand, peaks at 455 
and 644 nm are only found in the periodic 
case. Moreover, the cross-section electric fi eld 
at both wavelengths is focused at the inter-
face of air–Ag and Ag–substrate, which is the 
signature pattern of SPR mode. [ 22 ]  Therefore, 
these two peaks can be identifi ed as surface 
plasmon polariton-Bloch wave (SPP-BW) 
modes. [ 23–25 ]  Peaks at 455 and 644 nm are 
related to (1,0) mode at air–Ag and Ag–sub-
strate interface, respectively. Other literature 
has also identifi ed these two modes at similar 
wavelengths for the periodic nanostructured 
device with the same periodicity. [ 26 ]  

 Based on the previous analysis, the reso-
nance peaks from a cup-shaped nanostructure 
array with a top Ag layer are identifi ed. How-
ever, comparing to the actual nanoLCA confi gu-
ration, some important structural components 
of nanoLCA such as the bottom Ag nanodisk 
and sidewall Ag nanoparticles are not included 
yet. Hence, a step-by-step analysis of adding 
these components was performed to under-
stand the unique confi guration of nanoLCA 
and its resonance conditions. The study will 
elucidate the mechanism of nanoLCA reso-
nance compared to other EOT devices. The simulation model 
of nanoLCA was based on the observation of SEM images and 
shown in  Figure    2  a. Since in reality the sidewall Ag nanoparticles 
are randomly distributed, different diameter ( D ) of sidewall Ag 
nanoparticle ( D  = 30, 40, and 50 nm) were simulated to match the 
measurement data as shown in Figure  2 b. We modeled the side-
wall Ag nanoparticles to be in four rows and evenly distributed in 
height. In each row, there were eight nanoparticles as observed in 
the SEM images. From the simulation results, Ag nanoparticles 
with the diameter of 40 nm on the sidewall matched the experi-
mental data the best and were applied in the following analysis. 

  Figure  2 c depicts the transmission spectra through the 
same periodic cup-shaped nanostructure but with different Ag 

components. Spectrum A, B, C, and E are simulated transmis-
sion spectra with a top Ag layer, bottom Ag nanodisk, quasi-3D 
confi guration (refers to the combination of a top Ag layer and 
bottom Ag nanodisk), and nanoLCA confi guration, respectively. 
The scattering spectrum of only sidewall Ag nanoparticles is 
also included in the fi gure as spectrum D. It can be observed 
that the resonance peaks from top Ag layer only (spectrum A) 
and bottom Ag nanodisk only (spectrum B) are coupled to form 
multiple resonance peaks at 438, 463, and 495 nm in quasi-3D 
confi guration (spectrum C). This phenomenon of coupled reso-
nance was observed in other literatures as well. [ 27,28 ]  However, 
when the sidewall Ag nanoparticles are taken into considera-
tion, the scattering from sidewall Ag nanoparticles (spectrum D) 
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 Figure 2.    a) Simulation model of nanoLCA plasmonic sensor; b) Simulated transmission 
spectra of nanoLCA with no sidewall Ag nanoparticles and different sizes of sidewall Ag nano-
particles (diameter = 30, 40, and 50 nm). The measured transmission spectrum of nanoLCA is 
shown in the fi gure as well for comparison; c) Simulated transmission spectra of periodic cup-
shaped nanostructure with (A) top Ag layer; B) bottom Ag nanodisk; C) quasi-3D confi guration; 
E) actual confi guration of nanoLCA. Scattering spectrum of only sidewall Ag nanoparticles is 
plotted in the fi gure as well as spectrum D.
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is in the same spectral range as coupled resonance peaks of 
quasi-3D confi guration. As a result, a single and sharper reso-
nance peak with full-wave half maximum (FWHM) of ≈50 nm 
comparing to traditional nanohole array confi guration (refers to 
spectrum A in the fi gure with FWHM of ≈100 nm) is formed 
and plotted in spectrum E. This sharper FWHM is benefi cial 
for refractive index sensing providing better FOM as well as in 
the image analysis of colorimetric sensing. 

 The comparison of transmission spectra between simulated 
and experimental data is shown in  Figure    3  a. Air ( n  = 1) and 
water ( n  = 1.333) superstrates, which were defi ned as the die-
lectric material above the nanoLCA device, were examined and 
presented in the fi gure. The logarithm electric fi eld intensity 
of corresponding resonance peaks is shown in Figure  3 b. In 
general, the simulated model predicts the actual optical phe-
nomenon very well despite minor resonance offsets at longer 
wavelength with water superstrate (610 nm in experiment and 
592 nm in simulation). From the electric fi eld intensity dia-
grams, it can be found that peaks (i) and (iii) are in the same 
resonance mode in different superstrates, where the electric 
fi eld is mainly focused at the upper edge of the top Ag layer and 
the fi rst row of sidewall Ag nanoparticles. On the other hand, 
peaks (ii) and (iv) are in the same resonance condition since 
the electric fi eld patterns are the same and have strong cou-
pling among sidewall Ag nanoparticles. It can also explain the 
minor resonance offset at longer wavelength with water super-
strate mentioned before: the difference between the simulated 
and measured spectra of the nanoLCA may be due to the limi-
tations in the simulation software to accurately represent the 
quasi-random spatial distribution of sidewall Ag nanoparticles. 

    2.3.     Characterization of Colorimetric Sensing Performance 

 To characterize the colorimetric sensing performance of 
nanoLCA, glycerol solutions with different wt% concentrations 
(0%, 3%, 10%, 20%, 30%, and 40%) were used to vary the 

refractive index of superstrate covered on nanoLCA. The meas-
ured results of transmission spectra are shown in  Figure    4  a. 
It can be observed that the resonance peaks were red-
shifted when the refractive index of superstrate increased. 
3D-FDTD simulation with the same condition is shown in 
Figure  4 b. From the simulation, the wavelength shift of reso-
nance peaks is consistent with the measurement results. 
Figure  4 c depicts the peak resonance shift with respect to 
the refractive index change of superstrate by analyzing the 
resonance peak at shorter wavelength (refer to the peak at 
465 nm with 0% concentration of glycerol). The sensitivity 
(Δλ/Δ n , λ is the wavelength and  n  is the refractive index) was 
calculated to be 796 nm/RIU by using the linear curve-fi tting 
method. The maximum fi gure of merit (FOM  =  sensitivity/ Δw , 
where Δ w  is the FWHM of the peak inconsideration) is calcu-
lated as 12.7 with the FWHM width of 62.55 nm at that reso-
nance peak. The corresponding bright-fi eld optical images of 
the spectral measurement are shown in Figure  4 d and dem-
onstrate the colorimetric sensing capability of nanoLCA with 
simple microscope setup. As the concentration of glycerol 
increased, the color of transmission optical image became more 
reddish, which is consistent with the red-shifting phenomenon 
in the experimental transmission spectrum results. 

    2.4.     Characterization of SERS Performance 

 The SERS capability of nanoLCA device was analyzed by 
applying monolayer of 1,2-bis(4-pyridyl)ethylene (BPE, 99%; 
Sigma–Aldrich) as the probing molecule. First the nanoLCA 
devices were immersed in 5 × 10 −3   M  BPE ethanolic solution 
for 24 h and then rinsed with pure ethanol solution in order 
to wash out extra BPE molecules stacked on the surface. 
Finally devices were blown with nitrogen gas to completely dry. 
 Figure    5  a shows the extinction spectra of nanoLCA device with 
air and water superstrates. It can be observed that nanoLCA 
exhibits higher absorption at 633 nm in water than in air, which 
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 Figure 3.    a) Comparison of simulated and measured transmission spectra of nanoLCA covered with air and water; b) The logarithm electric fi eld 
intensity of nanoLCA at 460 and 538 nm with air (i and ii) and 474 and 592 nm with water (iii and iv) (enlarged fi gure can be found in Figure S4, Sup-
porting Information).
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indicates the resonance should be stronger in water with the 
excitation wavelength at 633 nm. As shown in Figure  5 b, the 
simulated logarithm electric fi eld intensity with water super-
strate also possesses much stronger near fi eld than the case in 
air especially among the sidewall Ag nanoparticles. The simu-
lated results further proved that nanoLCA device is optimized 
for liquid SERS detection with 633 nm excitation wavelength. 
Figure  5 c shows the Raman spectra of BPE on nanoLCA in 
both air and water. For comparison, commercially available 
Klarite SERS substrate (Klarite KLA-313, D3 Technologies Ltd., 
UK) was measured with the same treatment and the result is 
included in the fi gure as well. All spectra show characteristic 
Raman peaks of BPE at 1020, 1200, 1340, 1607, and 1637 cm −1 . 
It can be observed that the Raman enhancement is approxi-
mately 20 times higher when nanoLCA covered with water than 
air after normalization of excitation laser power, which matches 
the trend that nanoLCA exhibits higher resonance with water 
superstrate from the results of extinction spectra and FDTD 
simulation. Furthermore, nanoLCA device under solution-
based detection environment provides 148 and 107 times 
better performance than the commercial available Klarite 
SERS substrate with air and water as superstrate. The minor 
Raman signal improvement of Klarite SERS substrate in 
water compared to air can be attributed to the low-resonance 
peak shift respect to refractive index change. [ 29 ]  The enhance-
ment factor (EF) is estimated by the integration of peak inten-
sity at 1607 cm −1  with respect to the bulk BPE solution and 

calculated to be 2.8 × 10 7 . (The detail information of EF calcula-
tion can be found in Supporting Information.) This is so far 
the highest SERS enhancement achieved compared to other 
EOT devices such as nanohole array or quais-3D devices (The 
list of SERS performance from other similar EOT devices can 
be found in Supporting Information). In addition, most of 
the SERS performance from other devices were characterized 
and optimized under dry-state measurement; however, most 
of the chemical or biological molecules are existed in a solu-
tion-based environment. Therefore, the actual SERS perfor-
mance from those devices might be lower with the application 
of solution-based measurement. The nanoLCA device shows 
its great advantage for in vivo SERS detection or rapid SERS 
testing with minimal sample preparation time (no waiting 
time to dry the sample), at the same time, it possesses com-
parable sensitivity in refractive index sensing compared to 
other types of plasmonic sensor. To examine the uniformity 
of SERS performance of nanoLCA device, a mapping of SERS 
spectra on nanoLCA was performed and the peak intensity at 
1607 cm −1  is shown in Figure  5 d. The total mapping is carried 
out on an area of 1 mm × 1 mm and measured at a spacing 
of 100 µm. The averaged intensity of total measured data was 
set as baseline (0% in the fi gure) to estimate the uniformity 
of spatial SERS performance. The relative standard deviation 
(RSD) was calculated as 10.2%, which demonstrates the high 
spatial uniformity of nanoLCA device in SERS detection for 
quantitative measurement. 
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 Figure 4.    a) Measured and b) simulated transmission spectra of nanoLCA covered with different wt% concentrations of glycerol (0%, 3%, 10%, 20%, 
30%, and 40%); c) Sensitivity of nanoLCA calculated for glycerol concentration range from 0% to 40%. The sensitivity was calculated as 796 nm/RIU; 
d) Optical images of different wt% concentrations of glycerol on nanoLCA.
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    2.5.     Detection of Urea Concentration 

 In this section, the detection of urea concentration was dem-
onstrated as a proof-of-concept to show the potential of uti-
lizing the dual functionality of nanoLCA for diagnostics under 
resource limited environment: on-site plasmonic colorimetric 
screening can be performed with ordinary bright-fi eld micros-
copy to rapidly select out the samples of interest (without 
specifi city). This sample-screening process requires minimum 
laboratory facility, sample preparation, and 
professional personnel. Later on the selected 
samples can be further analyzed for iden-
tifi cation of the molecules with high speci-
fi city by Raman spectroscopy with the same 
nanoLCA plasmonic device. This comple-
mentary two-step analytical procedure pro-
vides a sensing platform with high speed, 
sensitivity, and specifi city while minimizing 
probability of false positive. 

 Urea is one of the major components in 
urine and plays a signifi cant role in main-
taining fl uid and electrolyte balance in the 
body. [ 30 ]  Urea concentration in urine is 
directly related to the amount of protein 
intake. Sudden decrease of urea concentra-
tion indicates the protein breakdown, which 
is the hint of acute kidney failure, malnu-
trition, and severe liver damage.  Figure    6   

demonstrates the results of both colorimetric and Raman 
spectroscopy detection of urea concentration by nanoLCA plas-
monic device. Ordinary bright-fi eld microscopy (with fi lters) 
was used to take optical images with different concentrations 
of urea solution (0 × 10 −3 , 25 × 10 −3 , 50 × 10 −3 , 100 × 10 −3 , 
250 × 10 −3 , 500 × 10 −3 , 750 × 10 −3 , and 1000 × 10 −3   M ). All 
the images were taken with FITC emission fi lter, which only 
allows the light between 505 to 535 nm to be captured by the 
CCD camera. This step is able to avoid the interference from 
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 Figure 5.    a) Extinction spectra of nanoLCA covered with air and water; b) The logarithm electric fi eld intensity of nanoLCA with superstrates of air and 
water (enlarged fi gure can be found in Figure S4, Supporting Information); c) Raman spectra of BPE on both nanoLCA and commercially available 
Klarite SERS substrate covered with air and water; d) Mapping of Raman intensity at 1607 cm −1  of BPE on nanoLCA at excitation wavelength 633 nm. 
The total mapping is on area of 1 mm × 1 mm and measured at every 100 µm distance.

 Figure 6.    a) Averaged green-channel intensity of nanoLCA device with different concentrations 
of urea. All images are taken with FITC fi lter applied. The inset fi gure demonstrates the shift of 
transmission spectrum when the concentration of urea becomes higher (25 × 10 −3  to 100 × 10 −3   M  
in this example). The green shadow region represents as the fi ltered band of FITC in spectrum; 
b) Raman spectra of nanoLCA device with different concentrations of urea at 708 cm −1 .
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incident light within other wavelengths. As shown in the inset 
of Figure  6 a, when the urea concentration increases, the reso-
nance peak experienced red shift due to the increase of refrac-
tive index. As a result, the total intensity within FITC-fi ltered 
range will be increased accordingly. Figure  6 a shows the aver-
aged green-channel intensity extracted from images with 
respect to urea concentration. The relationship curve fi ts to 
the Langmuir equation since urea has strong adsorption to the 
silver surface. [ 31 ]  The peak wavelength shift of different urea 
concentrations measured by spectrometer shows consistence to 
the intensity based colorimetric measurement (see Supporting 
Information). The results of Raman spectroscopy are shown 
in Figure  6 b with the same concentrations of urea as used in 
the colorimetric measurements. All spectra show the domi-
nant peak at 708 cm −1 , which is π CO  vibrational mode when 
the urea is adsorbed on the silver surface. With the concentration 
higher than 500 × 10 −3   M , peaks at 1007 and 1145 cm −1  can be 
observed, which are related to Raman peaks from bulk urea 
molecules. [ 32 ]  The plot of peak intensity at 708 cm −1  with 
respect to different concentrations of urea is shown in the inset 
of Figure  6 b. The intensity curve is also fi t to the Langmuir 
equation and further validates the results obtained from col-
orimetric measurement. This experiment proves the concept of 
utilizing the capability of molecule identifi cation from SERS to 
increase the specifi city to the refractive index sensing, while the 
colorimetric screening process can quickly recognize the tar-
geted sample with minimum sample preparation. Most of all, 
these two sensing methods can be directly performed on the 
very same device without any modifi cation. 

     3.     Conclusion 

 In summary, bifunctional nanoLCA plasmonic device has 
been developed and demonstrated for both colorimetric and 
SERS sensing. Proved by both simulation and experiments, 
the unique confi guration of nanoLCA, which contains periodic 
quasi-3D nanostructure and dense Ag sidewall nanoparticles, 
leads to sharper FWHM (≈50 nm) compared to traditional 
nanohole array device (≈100 nm). The sensitivity was calculated 
as 796 nm/RIU with the FOM of 12.7 and the capability of uti-
lizing nanoLCA for colorimetric sensing has been performed 
as well. In addition, the Ag sidewall nanoparticles contribute to 
strong coupling and enable the nanoLCA device to be optimized 
for SERS measurement under the solution-based environment, 
where most of the biological and chemical analyses are typically 
performed. The SERS EF was calculated as 2.8 × 10 7  under a 
solution-based environment with 10.2% RSD, which is so far 
the highest reported SERS enhancement achieved with similar 
periodic EOT devices. Finally, the detection of urea concentra-
tion has been demonstrated as proof-of-concept of a two-step 
sensing process, which enables rapid on-site screening and fur-
ther molecule identifi cation.  

  4.     Experimental Section 
  Fabrication of nanoLCA : The glass master mold is consisted of 

nanocone array, which is fabricated by the laser interference lithography 

technique. [ 33 ]  The periodicity, height, and width of nanostructure are 
350, 500, and 200 nm. Before nanoreplica process, the glass master 
mold was immersed into dimethyl dichlorosilane solution for 30 min. 
The mold was rinsed with DI water and ethanol to wash out extra 
molecules to form a monolayer saline on the mold surface. This step 
is to achieve hydrophobic surface for the master mold and be able to 
assist in the removal of cured polymer replica. About 10 µL UV-curable 
polymer (NOA-61) was evenly spread on the nanopillar surface. A 
250 µm thick fl exible PET sheet was used as a supporting substrate for 
replica process. UV light-curing fl ood lamp system (Dymax EC-Series) 
was applied for providing constant UV light with power density of 
105 mW cm −2 . The curing time was set as 60 s. After replication, metal 
deposition was implemented by the CHA SEC-600 e-beam evaporator 
system. The power of electron beam was set at 10 kV and operating base 
pressure was around 10 −7  Torr. The deposition rate was controlled at 
1 Å s −1  to ensure surface uniformity. 

  FDTD Simulation : The numerical simulations of optical characteristic 
were studied by using the 3D-FDTD method with FDTD software package 
from Lumerical Solutions, Inc. The  x -axis-polarized electromagnetic 
wave was set to propagate normal to the substrate (- z- direction) for 
refl ection, transmission, and near-fi eld simulations. Perfect matching 
layer (PML) was applied to the boundary conditions in  z -axis to eliminate 
any interference from the boundaries. In addition, PML aperiodic 
boundary was applied at  x - and  y -axes for simulating single and array 
nanostructure, respectively. The near-fi eld simulation observed in this 
paper is at  x–z  plane where  y  = 0. The mesh size was set as 1.5 nm and 
the total FDTD simulation region was 350 nm × 350 nm × 1000 nm. 

  Optical Characteristic : The optical images were collected by Olympus 
BX51 Upright Fluorescence Microscope equipped with mercury lamp in 
Micro and Nanotechnology Laboratory, University of Illinois at Urbana-
Champaign. The microscope was set at bright-fi eld mode without 
applying any fi lter. The light was focused onto the sample with 20× 
(NA = 0.45) objective lens. The transmission and refl ection spectra were 
collected by the same microscopy setup with USB2000+ Fiber Optic 
Spectrometer by Ocean Optics. The detection wavelength range is from 
200 to 1100 nm and the spectral resolution is up to 0.3 nm FWHM. The 
extinction spectrum shown here is defi ned as the subtraction from the 
measured transmission and refl ection spectrum. 

  Raman Spectroscopy Measurement : Renishaw PL/Raman micro-
spectroscope system was applied in this for SERS signal measurements. 
633 nm He–Ne lasers are used as excitation light source. 20× objective 
lens (NA = 0.45) was used to focus/collect incident light and Raman 
signal onto/from the surface of nanoLCA plasmonic sensor. The range 
of collected wavenumber was from 200 to 2000 cm −1 . The acquisition 
time for nanoLCA plasmonic device and Klarite SERS substrate is 10 and 
30 s. Every spectrum shown in this paper is the average value measured 
from fi ve different spots. 

  Image Analysis : The fi ltered color images of nanoLCA device 
were taken by the same microscope system mentioned in optical 
characterization section at 20× magnifi cation with exposure time of 
50 ms (gain = 1; gamma = 1). FITC fl uorescence emission fi lter was applied, 
which enables a narrow passing wavelength band from 505 to 535 nm. 
Each image contains three 8-bits channels of red, green, and blue. The 
image analysis was done by ImageJ software. For the calculation, an area 
of 512 × 512 pixels was selected to remove the boundary area.  

    Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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