
 

 

  
Abstract—Localized surface plasmon resonance (LSPR) is the 

coherent oscillation of conductive electrons confined in noble 
metallic nanoparticles excited by electromagnetic radiation, and 
nanosphere lithography (NSL) is one of the cost-effective methods to 
fabricate metal nanostructures for LSPR. NSL can be categorized 
into two major groups: dispersed NSL and closely pack NSL. In 
recent years, gold nanocrescents and gold nanoholes with vertical 
sidewalls fabricated by dispersed NSL, and silver nanotriangles and 
gold nanocaps on silica nanospheres fabricated by closely pack NSL, 
have been reported for LSPR biosensing. This paper introduces 
several novel gold nanostructures fabricated by NSL in LSPR 
applications, including 3D nanostructures obtained by evaporating 
gold obliquely on dispersed nanospheres, nanoholes with slant 
sidewalls, and patchy nanoparticles on closely packed nanospheres, 
all of which render satisfactory sensitivity for LSPR sensing. Since 
the LSPR spectrum is very sensitive to the shape of the metal 
nanostructures, formulas are derived and software is developed for 
calculating the profiles of the obtainable metal nanostructures by 
NSL, for different nanosphere masks with different fabrication 
conditions. The simulated profiles coincide well with the profiles of 
the fabricated gold nanostructures observed under scanning electron 
microscope (SEM) and atomic force microscope (AFM), which 
proves that the software is a useful tool for the process design of 
different LSPR nanostructures.  
 

Keywords—Nanosphere lithography, localized surface plasmon 
resonance, biosensor, simulation.  

I. INTRODUCTION 
N recent two decades, localized surface plasmon resonance 
(LSPR), a coherent oscillation of conductive electrons in 

nanostructured noble metal with light excitation, is broadly 
used for reflective index variation based biosensors [1]–[7], 
surface-enhanced spectroscopic methods such as surface-
enhanced Raman spectroscopy (SERS) [8], [9], and killing of 
cancerous cells through plasmonic heating [10], [11].  

In general, LSPR exists for all kinds of metal 
nanostructures. In LSPR, each metal nanostructure acts as an 
individual emitting element, and the oscillation peaks of the 
LSPR spectrum are determined by the shape, size, 
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interdistance, material of the nanostructures, as well as the 
adjacent media. Although single metal nanoparticle LSPR has 
been heavily investigated and demonstrated with the detection 
of biological samples, a large amount of nanostructures with 
identical shape and even distribution on an area with > 10 μm 
critical length are desired for practical applications, which 
potentiate the development of a LSPR chip into a microfluidic 
device or a microfluidic sensing array. Moreover, the 
fabrication of the nanostructures is also expected to be cost-
effective, able to generate sharp corners on the nanostructures 
to enhance the plasmonic signal, and able to be fine tuned to 
control the oscillation peaks of the metal nanostructures.  

Nanosphere lithography (NSL), which uses a group of 
dispersed or closely packed nanospheres on a substrate as a 
mask for nanostructure fabrication, is an ideal candidate for 
obtaining various nanoparticles or nanoholes for LSPR 
biosensing [12]–[32]. In reality, nanospheres are difficult to 
be dispersed or closely packed on a substrate; they tend to 
aggregate due to the strong capillary force among them. 
However, recent studies have facilitated the dispersion or 
close-pack of the nanospheres on various kinds of substrates. 
In dispersed NSL [12]–[20], the nanospheres are dispersed on 
a substrate, and each nanosphere serves as a separate mask for 
metal evaporation or metal etching; whereas in closely packed 
NSL [21]–[32], the nanospheres are closely packed in mono 
or multiple layers, the shadows of several adjacent 
nanospheres contribute to the formation of a nanostructure. 
NSL includes critical processes of nanosphere arrangement 
and metal evaporation, and optional subsequent processes of 
metal etching and nanosphere removal. Most importantly, any 
parameter in these processes will severely affect the shape of 
the nanostructures, thus the process control in NSL for 
obtaining the desired nanostructures becomes crucial.  

In this paper, three novel metal nanostructures created in 
our group, including 3D nanostructures on dispersed 
nanospheres, nanoholes with slant sidewalls, and patchy 
nanoparticles on closely packed nanospheres, are reported for 
LSPR applications. A simulation method is introduced to 
correlate the profile of the nanostructures to the process 
conditions and parameters in NSL fabrication. The 
programmed software is applied to predict the profiles of the 
gold nanostructures fabricated in our experiments, and high 
coincidence is demonstrated between the simulation and the 
profiles of the fabricated nanostructures examined under 
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scanning electron microscope (SEM) and atomic force 
microscope (AFM).  

II. PROFILE SIMULATION OF NANOSTRUCTURES OBTAINED BY 
DISPERSED NSL 

As dispersed NSL produces metal nanostructures with 
numerous varieties in shape, it is important to conduct the 
profile simulation for the nanostructures based on the factors 
including nanosphere size, metal evaporation angle and 
thickness, conformal or non-conformal metal deposition, etc. 
Our simulation method can be used to predict and design the 
profile of metal nanostructures for LSPR application.   

A. Nanostructure profile after oblique metal evaporation  
To fabricate the metal nanostructures by dispersed NSL, the 

nanospheres dispersed on a substrate are evaporated with a 
layer of metal film [17], [18]. As shown in Fig. 1(a), 
according to the nanosphere diameter r, the metal evaporation 
thickness t and the evaporation angle θ, the metal on the 
substrate can either be detached from the metal on the 
nanosphere under the condition of rtr <+ θθ cossin  to 
form a 2D nanostructure on the substrate; or be attached to the 
metal on the nanosphere to form a 3D nanostructure, and the 
3D nanostructure can either be conformal or non-conformal as 
illustrated in Fig. 1 (b) and 1(c), respectively.  

  t

xo

zo

0
r

φ
θ

xφzφ

yo (yφ)   (b)

 
 

       
Fig. 1 Metal nanostructure around a nanosphere after oblique metal 
evaporation. (a) is the condition for the formation of a 2D or 3D 
nanostructure, (b) is 3D conformal metal nanostructure; (c) is 3D 
non-conformal metal nanostructure with a non-conformal angle θc; 
(d) is for calculating the thickness of the metal after evaporation in 
the xθ-yθ-zθ coordinate system, where the metal looks as if 
evaporated from the top of the nanosphere.  
 

In order to calculate the profile of the nanostructure after 
metal evaporation, four inter-transformable coordinate 
systems are introduced: the original coordinate system xo-yo-
zo, where the gold is evaporated at the angles of θ and φ (Fig. 
1(b)); the coordinate system xφ-yφ-zφ (where yφ = yo) with φ = 
0, θ ≠ 0 (Fig. 1(b)); the coordinate system xθ-yθ-zθ (where zθ = 
zφ) with φ = 0, θ = 0 (Fig. 1(d)); and the coordinate system 
xφc-yφc-zφc for non-conformal gold deposition (Fig. 1(c)), 

where the non-conformal angle θc is the angle between yθ and 
yφc.  

According to Fig. 1(d), the metal evaporated on the 
nanosphere has a shape of [18] 

22
2
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where t is the thickness of the metal, r is the radius of the 
nanosphere.  

When the metal is deposited at a direction with θ ≠ 0 and φ 
= 0 in the xφ-yφ-zφ (where yφ = yo) coordinate system, by 
making the coordinate transformation  
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the metal deposited on the nanosphere after one deposition at 
angle θ is  
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                  (3) 
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If φ ≠ 0, one more coordinate transformation of (3) will 
yield the metal profile on the nanospheres with θ ≠ 0 and φ ≠ 
0. Because  
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Equation (3) can further be derived as 
        02 11

2
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                            (5) 

with 2
111 1 TaA −= , 22111 aTaB = , 2

22
222

1 TarzxC oo −−+= , 

θcos11 =a , and ( )ϕϕθ sincossin22 oo zxa += .  

The areas fulfill 222 rzx <+ θθ  has no metal evaporated on 
the glass substrate, whereas other areas of the substrate have a 
metal deposition thickness of θcost .  

The above formulas are for conformal metal deposition. To 
calculate the metal profile for non-conformal evaporation, the 
coordinate system xφ-yφ-zφ is transferred into xφc-yφc-zφ by  
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by inserting (9) into (3), it is found that  
           02 222

0000
2

0 =−++− rzxCyxByA cccc ϕϕϕϕϕ             (10) 

where )(cos1 2
0 cTA θθ +−= , ( ) 222sin00 cTB θθ += , 

)(sin1 2
00 cTC θθ +−= , and xφc, yφc, and zφ are obtained by 

inserting (4) to (9) as following   
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According to the gold profile on the nanosphere derived in 
(10), its tangent surface for the non-conformal structure is the 
surface that has only one intersection point with the gold 
profile in the xφc-yφc-zφ coordinate system, i.e., (10) should 
only have one solution for yφc. So the equation for calculating 
the non-conformal structure is obtained as 

       )( 222
000

22
00 rzxCAxB cc −+= ϕϕϕ                     (12) 

which can be simplified and expressed in the xφc-yφc-zφc 
coordinate system as  
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the gold evaporation angle, θc is the non-conformal angle in 
Fig. 1(c).  

B. Non-conformal metal evaporation at a vertical angle  
Based on our experimental observations under AFM, when 

gold was vertically evaporated onto the dispersed 
nanospheres, there was a slope on the sidewalls of the gold 
nanoholes after the removal of nanospheres. This means the 
vertical metal evaporation is non-conformal. Depending on 
the non-conformal angle γ , two cases are shown in Fig. 2, 
where in the case of angle 1, the nanohole sidewall is a part of 
a cone with slope γ ; whereas in the case of angle 2, a part of 
the nanohole forms a part of a cone with slope γ , whereas its 
other parts fill around the bottom of the nanosphere. In the xo-
yo-zo coordinate system, the slope γ  can be expressed as 

o

oo

ytr
zxr

ctg
−+−
+−

=
22

γ                           (14) 

 
Fig. 2 Non-conformal vertical gold evaporation for calculating the 
profile of the nanohole with a slant sidewall, which comprises two 
cases for different non-conformal angle γ . 
 

For the case of angle 2, point A+ in Fig. 2 can be found by  
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Let γctgrtrF ⋅+−= , A+ is solved to be  

γγγγ 222 sinsincossin FrFA −±=+
                   (16) 

In the case of angle 2, for a specific point (xo,zo) on the xo-
zo plane, if rzxA oo ≤+<+

22 , the metal thickness at this 

point is calculated through (14); if +≤+< Azx oo
220 , the 

thickness is calculated by the profile of bottom part of the 
nanosphere.  

III. PROFILE SIMULATION OF NANOSTRUCTURES OBTAINED BY 
CLOSELY PACKED NSL 

Closely packed NSL has the advantages of cost-effectively 
obtaining periodic metal nanostructures on a substrate. By 
vertically evaporating metal onto the nanospheres, the metal 
nanocaps on the nanospheres can be used for LSPR generation 
[30], [31]. When the nanospheres are removed, nanotriangles 
are left on the substrate, which have been fabricated by many 
research groups as classic metal nanostructures for LSPR 
measurements [4], [5], [26], [32]. The shapes of the nanocaps 
and the nanotriangles can be trimmed by evaporating the 
metal at a small oblique angle.  

To evaporate metal at a large oblique angle is called 
glancing angle deposition, where no metal will exist in the 
flaws of the nanospheres on the substrate and only patchy 
nanoparticles are generated on the top of the nanospheres due 
to the shadowing effect of several adjacent nanospheres. It is 
demonstrated in this paper that the patchy gold nanoparticles 
on polystyrene nanospheres render sensitive LSPR responses.  

However, when the metal is evaporated at an angle between 
the range of near vertical deposition and glancing angle 
deposition, depending on the nanospheres’ size and 
arrangement, the metal might be on anywhere of the 
nanospheres and the substrate with various sizes and shapes, 
thus the 3D profiles of the nanostructures on the nanospheres 
and the substrate are simulated.  

The formulas for calculating the gold evaporated onto each 
closely packed nanosphere is the same as in (1)-(5). However, 
the shadows of its adjacent nanospheres should be considered. 
When the part of the nanosphere is shadowed by another 
nanosphere, there will be no gold on this part.  

A monolayer of nanospheres closely packed in hexagon is 
as shown in Fig. 3(a). As long as enough adjacent 
nanospheres are considered for the shadowing effect, the 
angle φ that needs to be considered is in the range of 0 to 30°, 
other angles of φ will repeat theses profiles.         

                         

Ori
For 
2X2

For 
3X3

For 
4X4

φ
A

(b)

xo

zo  
Fig. 3 Profile calculation for hexagonally packed nanospheres in 
monolayer. (a). shows the azimuthal angle φ needs to be considered 
is in the range of 0 to 30°, (b) shows the adjacent nanospheres need 
to be considered for calculating a specific nanosphere “Ori”. Besides 
the nanosphere “A”, either adjacent 2 × 2 (in purple), 3 × 3 (in amber 
plus the ones in purple), or 4 × 4 (in pink plus the ones in purple and 
in amber) arrays of nanospheres should be considered. 
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Enough number of adjacent nanospheres should be 

considered to attain an authentic profile of the metal 
nanostructures on a nanosphere. As presented in Fig. 3(b), to 
calculate the metal nanostructure on a particular nanosphere 
specified as “Ori”, for hexagonally packed nanospheres in 
monolayer, at least 5 nanospheres around it should be 
counted: besides the one beneath the “Ori” which is denoted 
as “A”, the other 4 in purple form a 2 × 2 matrix for shadow 
calculations. Or in addition to the nanosphere “A”, the other 9 
nanospheres around it are calculated, which form a matrix of 3 
× 3. Similarly, a 4 × 4 or 5 × 5 matrix can be calculated and so 
on. The more adjacent nanospheres are calculated for the 
shadowing effect, the more accurate the profile of the 
nanostructure is.  

IV. EXPERIMENTS 
This section demonstrates our LSPR experiments conducted 

with some nanostructures uniquely fabricated in our group. 
The LSPR spectrum, optical polarity, and detection sensitivity 
depend on the profile of these nanostructures, which is 
determined by the fabrication process in NSL and can be 
controlled by our simulations.   

A. 3D gold nanostructures on nanospheres   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 (a). Fabricated and simulated gold 3D nanostructures, and their 
UV-vis extinction spectra with (b) polarized light and (c) unploarized 
light. U means the shadows of gold nanostructures are vertical, C 
means the shadows are horizontal; p is with vertical electrical field, 
and s is with horizontal electrical field. 

 
3D metal nanostructures formed by oblique metal 

evaporation in dispersed NSL can be directly used for LSPR 
detection. The 3D nanostructures shown in Fig. 4(a) were 
fabricated by evaporating 30 nm of gold at 70˚ onto 170 nm 

diameter polystyrene nanospheres dispersed on a glass 
substrate. The insets in Fig. 4(a) are simulated top view and 
side view of the 3D nanostructures, which demonstrate a good 
coincidence with the SEM image taken from the top of the 
nanostructures.  

Such a kind of gold nanostructures is polarization 
dependent. In Fig. 4(b), s-U and p-C have the same LSPR 
light extinction peak around 590 nm, because the polarization 
of the light is perpendicular to the gold deposition direction; 
whereas s-C and p-U have the same LSPR peak around 730 
nm, because the polarization of the light is parallel to the gold 
deposition direction. It should be noted that the slight 
difference between s-U and p-C, as well as s-C and p-U is a 
result of ex-situ LSPR measurements. The LSPR spectra will 
be somewhat different because the gold evaporation angle is 
different at various locations of the sample, results in different 
profiles of the gold nanostructures. LSPR is so sensitive that 
in-situ test will greatly improve the LSPR sensor’s sensitivity 
and accuracy. Fig. 4(c) demonstrates that the LSPR spectrum 
with unpolarized light shows the same spectrum for C- and U- 
shaped nanostructures, since it is the superposition of the two 
spectra of s-C and p-C, or the superposition of s-U and p-U. 
The unpolarized light can be used for LSPR sensing, but 
polarized light can tune the extinction peak of LSPR up to 
hundreds of nanometers, which is difficult to achieve by 
changing the shape of the gold nanostructures, thus this can be 
regarded as an advantage of the polarization dependent gold 
nanostructures for LSPR.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 LSPR spectra when the adjacent media are air and deionized 
(DI) water for various gold nanostructures. (a) 50 nm of gold was 
evaporated onto the 170 nm diameter polystyrene nanospheres at 70˚; 
(b) 30 nm of gold was evaporated at 70˚ onto the same kind of 
nanospheres; (c) when the nanospheres in (b) were burnt. The LSPR 

(a)

(b)

(c)

(c)

(b)

(a)
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sensitivities for (a)-(c) are respectively 317, 242, and 170 nm/RIU, 
RIU is the refractive index unit.  

It is also find that the LSPR sensitivity is very sensitive to 
the gold thickness and the existence of the polystyrene 
nanospheres. Fig. 5(a) shows the spectra when 50 nm of gold 
was evaporated onto 170 nm diameter nanospheres at 70˚. The 
extinction peak of the LSPR spectrum shifts 104 nm when the 
medium is changed from air to water, and thus gives a 
sensitivity of 317 nm/RIU, RIU is the refractive index unit. 
Fig. 5(b) presents when 30 nm of gold is evaporated at 70˚ (as 
shown in Fig. 4(a)), the LSPR spectra yield a LSPR sensing 
sensitivity of 242 nm/RIU, and the spectral bandwidth is 
narrower. Fig. 5(c) presents the LSPR spectra of the same 
gold nanostructures of Fig. 5(b), when the polystyrene 
nanospheres were burnt up at a high temperature in an oven. 
In this case, the bandwidth of the LSPR spectra is further 
reduced, but it renders a sensitivity of only 170 nm/RIU.  

It seems that when the gold thickness is reduced or the 
polystyrene nanospheres are removed, the LSPR spectra can 
be sharpened. But the decrease in the bandwidth of the LSPR 
spectra blue shifted the LSPR peaks and thus reduced the 
sensitivity of the LSPR sensing. Even so, in the optimization 
of our gold nanostructure fabrications, narrower LSPR 
spectrum is preferred, because this gives clearer identification 
of small LSPR spectrum shift and overall it is expected to 
provide a higher signal to noise ratio in LSPR detections.  

B. Nanoholes with slant sidewalls  
Nanoholes were fabricated by dispersing 110 nm-diameter 

polystyrene nanospheres on a 2 cm × 2 cm glass substrate 
[19], evaporating 40 nm of gold film onto the nanospheres, 
and removing the nanospheres by sonication in water for 40 
seconds.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6 SEM and AFM images of 40 nm thick gold nanoholes with 
110 nm diameter. (a) is the SEM image, (b)  shows the AFM image 
and the cross section of the nanoholes, (c) is the simulated profile 
after 40 nm gold evaporation at a non-conformal angle of 45˚, (d) is 
the simulated shape of the nanohole on the substrate after removing 
the nanospheres.   

The SEM images of the fabricated nanoholes are shown in 
Fig. 6(a), where the density of our nanoholes is about 3/μm2 
and the average interval of the nanoholes is 2 times of the 
diameter. The AMF image in Fig. 6(b) indicates that the 
nanohole’s cross section is not a square but a slope. This is 
due to the non-conformal gold evaporation in the thermal 
evaporator, as the capillary force attracted gold atoms to 
deposit under the nanospheres during gold evaporation. Such a 
profile is different from previously reported nanoholes with 
vertical sidewalls [14], [15], [33], and it benefits the bonding 
of more biomolecules in the plasmonic enhanced area.  

The simulated gold profile after gold evaporation is 
presented in Fig. 6(c), and the nanohole obtained after the 
removal of the nanosphere is shown in Fig. 6(d). In these 
simulations, it is supposed that the non-conformal angle γ is 
45˚. It can be observed that Fig. 6(d) has the same profile as 
the one measured by AFM in Fig. 6(b).  

By measuring the nanohole sample in air and water, and 
taking a glass substrate with a gold thin film evaporated at the 
same thickness of the nanoholes as a reference [19], the 
sample indicates a LSPR sensitivity of 36 nm/RIU. The lower 
sensitivity compared to 100 nm/RIU for 110 nm-dia nanoholes 
in [14] is due to the lower aspect ratio of our nanoholes, as the 
gold is thicker in our samples. However, due to the slant 
sidewalls of the nanoholes in our sample, the biotin-
streptavidin immunoassay measurement of this sample 
demonstrates satisfactory sensitivity for biological tests [19]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7 Biotin-streptavidin immunoassay measured by the nanoholes. 
(a) shows the extinction spectra, (b) shows the error bars for the 
LSPR peaks at different locations of the sample, as the nanoholes are 
quite uniform on the whole 2 cm × 2 cm sample. 

 
The biotin-streptavidin immunoassay was studied with a 

nanohole sample in several steps, and the LSPR spectrum was 
taken after each step. Firstly, the sample was immersed into 
biotinylated thiol at the concentration of 374 μM in ethanol for 

(a)

(b)

(a) (b)

(c) (d)
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20 hours at room temperature to form a self assembled 
monolayer of biotin, then the sample was rinsed with ethanol 
and deionized (DI) water and nitrogen dried. Secondly, the 
sample was immersed into 1 μM streptavidin in PBS for 20 
hours at room temperature, dried without rinse. Thirdly, the 
sample was rinsed repeatedly with ethanol, PBS and DI water 
and nitrogen dried. Fourthly, the sample was exposed under a 
UV cleaner for 30 minutes to break the chemical bond 
between the thiol and gold, then the sample was rinsed with 
ethanol, PBS and DI water repeatedly and nitrogen dried. 
Fifthly, the sample was incubated with biotinylated thiol in 
ethanol for 20 hours at room temperature again, rinsed and 
dried.   

For the biotin-streptavidin immunoassay, its LSPR 
extinction spectra are plotted in Fig. 7. The nanohole sample 
modified with biotin had a LSPR peak at 567 nm. After 
incubation in streptavidin and dried, the LSPR peak red-
shifted to 578 nm and exhibited a prominent 11 nm shift, due 
to the local dielectric change induced by streptavidin bonding. 
Repeated rinse of ethanol, PBS and DI water only blue-shifted 
the wavelength 3 nm, because some unspecific bonded 
substances on the sample were washed away. Biotin and 
streptavidin were chemically bonded on gold, and the LSPR 
peak shift was mainly contributed from the streptavidin at the 
circumferences of the nanoholes. As the density of our 
nanoholes was about 3/μm2, the area for detection is 5 mm in 
diameter defined by the spot size of the illumination light, 
based on the size/shape of the nanohole and streptavidin (SA) 
[4], there were about 218 SA around each nanohole, therefore, 
the effective number of streptavidin under detection for a 
sample was estimated to be 1.28 × 1010, i.e., 21.3 fMol/sample. 
This is about 3 times of the limit of detection (LOD) reachable 
by silver nanotriangles measured in nitrogen gas environment, 
where 4.6 × 109 SA/sample, equivalent to 7.6 fMol/sample, 
was reported by Northwestern University [4]. However, silver 
has higher LSPR sensitivity, and it will be oxidized in air.  

After UV exposure and rinse, the LSPR peak turned to 
561.7 nm, as the UV exposure broke the bond between 
biotinylated thiol and gold. No obvious extinction intensity 
change at this step was observed, which inferred the biotin and 
streptavidin were not washed away. After incubating the UV 
exposed sample with biotinylated thiol in ethanol, the intensity 
of the sample’s LSPR extinction peak returned to its original, 
because the streptavidin nearby the nanoholes were dragged 
away by excessive biotin in ethanol. This means the sample is 
reusable, thus the cost of the device can be further reduced. 

C. Patchy gold nanoparticles on nanospheres  
Although silver nanotriangles fabricated by closely packed 

NSL has been intensively investigated, here it is demonstrated 
for the first time that patchy gold nanoparticles on the top of 
polystyrene nanospheres can be utilized for LSPR detections 
with high sensitivity.  

In closely packed NSL, defects tend to happen at a critical 
length longer than 10 – 100 µm. The defects change the 
orientation, i.e., the azimuthal angle φ, of the nanospheres and 
thus vary the shape of the nanostructures. According to the 
study of Kretzschmar’s group [27], at small deposition angle 
θ, the shape of the patch on the nanospheres are not so 

sensitive to the azimuthal angle φ, whereas only at large 
deposition angle, the shape of the patchy varies dramatically 
at different φ. In our experiment, patchy gold nanoparticles 
were obtained at 85° for LSPR measurement, and the 
challenge was to reduce the defects in the closely packed 
NSL.  

The 500 nm-diameter polystyrene nanospheres were 
dropped onto a clean glass substrate to self-assemble into a 
hexagonally close packed monolayer. The samples were 
deposited with 50 nm of gold in a thermal evaporator at θ = 
85°, and the patchy gold nanoparticles were formed on the top 
of the nanospheres, as photographed in Fig. 8(a). The inset in 
Fig. 8(a) shows that the simulation is consistent with the SEM 
image.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 8 (a) is the SEM image of the nanospheres with patchy gold 
nanoparticles fabricated, by evaporating 50 nm of gold at 85° onto 
500 nm diameter polystyrene nanospheres, inset shows the simulated 
shape. (b) LSPR measurements of the patchy nanoparticles with 
media of different refractive indices. The inset shows the wavelength 
shift of the LSPR peak versus the refractive index increase.  

 
To examine the LSPR sensitivity of the patchy 

nanoparticles, the refractive index of the nanoparticles’ 
adjacent medium was adjusted by using glycerol solutions at 
different concentrations. In the experiments, the solution and 
the LSPR chip were confined in a transparent fluidic chamber, 
the chip’s transmission spectra were taken as shown in Fig. 
8(b). The LSPR extinction peak red-shifted linearly with the 
refractive index variation, varied from 645 to 670 nm, and 
rendered a LSPR sensitivity of 258 nm/RIU.  

V. CONCLUSION 
This paper described three gold nanostructures developed in 

our group with nanosphere lithography for LSPR detections. 
For dispersed NSL, 3D gold nanostructures on polystyrene 

(a)

(b)
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nanospheres, gold nanoholes with slant sidewalls were 
proposed; and for closely packed NSL, patchy gold 
nanoparticles on polystyrene nanospheres were investigated. 
Since the nanostructures fabricated by NSL have an 
abundance of different shapes, and each shape renders a 
different LSPR spectrum and LSPR sensitivity, 3D profile 
simulation for these nanostructures were conducted to control 
the shape of desired metal nanostructures for LSPR, and good 
correlations between the fabrication and simulation were 
verified. Our LSPR measurements demonstrated that these 
cost-effective nanostructures have satisfactory sensitivities on 
the detections of biotin-streptavidin immunoassay, or glycerol 
solutions at different concentrations.  
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