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Abstract Two dimensional (2D) arrays of noble metal nanoparticles are widely used in the sensing of nanoscale biological

and chemical events. Research in this area has sparked considerable interest in many fields owing to the novel optical properties,

e.g., the localized surface plasmon resonance, of these metallic nanoarrays. In this paper, we report successes in fabricating 2D

arrays of gold nano-islands using nanosphere lithography. The reproducibility and the effectiveness of the nano-patterning

method are tested by means of spin coating and capillary force deposition. We found that the capillary force deposition method

was more effective for nanospheres with diameters greater than 600 nm, whereas the spin coating method works better for

nanospheres with diameters less than 600 nm. The optimal deposition parameters for both methods were reported, showing

about 80% reproducibility. In addition, we characterize gold nano-island arrays both geometrically with AFM as well as

optically with UV-VIS spectrometry. The AFM images revealed that the obtained nano-arrays formed a hexagonal pattern of

truncated tetrahedron nano-islands. The experimental and theoretical values of the geometric parameters were compared. The

2D gold nano-arrays showed strong LSPR in the absorption spectra. As the nano-islands increased in size, the LSPR absorption

bands became red-shifted. Linear dependence of the plasmon absorption maximum on the size of the gold nano-islands was

identified through the increment in the plasmon absorption maximum rate for a one nanometer increase in the characteristic

length of the nano-islands. We found that the 2D gold nano-arrays showed nearly seven-fold higher sensitivity of the absorption

spectrum to the size of the nano-islands as compared to colloidal gold nano-particles. 

Key words gold nanoparticles, atomic force microscopy, localized surface plasmon resonance, nanosphere lithography,

nanosensor.

1. Introduction

Two-dimensional (2D) arrays of gold (Au) nanoparticles

have been found to be very useful in biological and chem-

ical applications. These periodic metallic arrays have been

found to have applications in areas ranging from nano-

photonics, such as switches and couplers, to electronics and

information storage as well as sensing.1,2) In particular, these

arrays have important applications in surface-enhanced

Raman spectroscopy as well as in biosensors that can detect

biological molecules of interest.3,4) Nano-arrays of noble

metals, such as gold, silver, and platinum, display unique

optical properties known as localized surface plasmon

resonance (LSPR), which allow for a variety of applications

in nano-sensing and bio-sensing.5) These arrays can also be

functionalized through the addition of functional groups in

order to investigate the properties of various biochemical

systems and create arrays of chemical sensors.6-8) In add-

ition, 2D arrays of Au nanoparticles have great potential in

biomedical research because the number of biological pro-

cesses that occur at the nanoscale. In particular, periodic

arrays of Au nanoparticles have potential in creating cell

scaffolds. Combined with the orthogonal chemistry of the

self-assembled monolayer of particles, the array can be

used as a selective cell seeding template. These arrays of

cells can then be used to test properties of cells, such as

cell adhesion, spreading, growth, and other fundamental

studies of cells.9) In addition, they hold interests in other

applications of biomedical research, spanning areas such as

tissue engineering to drug and radiation treatment screen-

ing.10) Such applications are made possible by the selective

and highly regular nature of the arrays. Traditional methods

of capturing cells into periodic arrays, such as the use of

physical barriers and physical adsorption, have been tried,

but these methods are not as powerful as the self-

assembled 2D Au arrays.11) These motivations have led

many to create 2D periodic particle arrays, or “labs-on-a-

chip,” in order to take advantage of the novel properties,

such as LSPR, they possess. 

Popular nano-patterning techniques often used include

photolithography, electron beam lithography, and focused
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ion beam milling. However, these methods often experi-

ence limitations because of their high initial and operating

costs as well as their relatively low throughput. Thus,

creating a cost-effective and high throughput method to

create 2D Au nanoparticle arrays is a crucial step in the

improvement in this field of study. Nanosphere lithography

(NSL) is a materials general, high throughput fabrication

process which allows for the inexpensive and efficient pro-

duction of nanoparticle arrays on a variety of substrates.12)

Previously mentioned nanoparticle array synthesis techniques,

such as photolithography and electron beam lithography,

have some advantages over NSL, but they are each limited

by a restraint that prevents them from being used to

produce nanoparticle arrays in high enough volume or in

high enough quality. Photolithography, for example, is

limited by diffraction to a resolution of around 100 nm.13)

Electron beam lithography, however, is capable of creating

nanoparticle arrays with extremely high resolution (up to

2 nm), but it is an extremely expensive and is a serial

fabrication technique, severely limiting its throughput. NSL

combines the strengths of both methods: it is an inherently

parallel fabrication process that can create arrays of nano-

particles ranging from 20 nm to 1 µm.14,15) Nevertheless,

the reproducibility and effectiveness of NSL rely solely

on the trial and error and the systematic fabrication

parameters have not been reported before. 

In this paper, we investigate reproducible and effective

ways to create Au nano-arrays using NSL. We characterize

the resulting Au arrays both geometrically and optically.

Geometric results of the surface topography of the arrays

are analyzed by obtaining the Au nano-arrays with an

Atomic Force Microscope (AFM), which provides data on

the spacing and periodicity of the nanoparticle islands.

This data can then be compared with the theoretically

calculated values for the nano-array, allowing us to verify

the successful creation of the nano-array. Optical results are

analyzed by using ultraviolet-visible (UV-VIS) spectrom-

etry, which allows us to characterize the effect of different

wavelengths of light on the absorbance of the material. By

studying the parameters to create the Au nano-arrays con-

sistently over large areas of substrate, we develop a more

effective method for creating 2D arrays of Au nano-islands

and use their novel properties as a nano-sensor.

2. Experimental Procedure

2.1 NanoSphere Lithography

The general process of NLS includes three steps: a)

preparation of the substrate, b) deposition of the nano-

sphere mask onto the substrate, and c) deposition of the

material, in our case, Au, onto the substrate, and d) re-

moving the nanosphere mask, as shown in Fig. 1.

Preparation of the hydrophilic glass substrate was done

by piranha cleaning (H2SO4:H2O2= 3:1) for 30 minutes

followed by washing with deionized water. The pre-cleaned

glass sides were stored in deionized water immediately after

the cleaning process before being used. We then used one

of two nanosphere deposition methods - spin coating and

capillary force depositions - described in the later sections to

deposit polystyrene beads onto the substrate. The colloidal

suspensions of polystyrene nanospheres (8% w/v) with diam-

eters ranging from 200 to 800 nm were used. We coated all

of our samples with 2 nm of chromium prior to the depos-

ition of 50 nm of Au by electron beam deposition in order

to create the periodic particle array of Au nano-islands.

The polystyrene nanospheres were then released through

sonication in ethanol at 37oC, leaving behind only a 2D

array of Au nano-islands and completing the NLS process.

2.2 Spin Coating Deposition

Spin coating deposition was achieved using a centrifuge

spin processor (Laurell Technologies, PA). We used circular

glass slides measuring 2.54 cm in diameter and tested spin

coating the slides by changing two variables: angular

velocity and time. By changing the angular velocity of the

Fig. 1. Schematic of nanosphere lithography process (top view). 
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spin coater, we were able to vary the centripetal acceleration

acting on the solution: ac =ω
2r, and changing the time of

spinning allowed the water to evaporate, leaving behind the

polystyrene nanospheres. We developed a three-step pro-

gram for spin coating the colloidal solution onto the sub-

strate such that the polystyrene nanospheres would undergo

colloidal self-assembly, creating a 2D hexagonally close

packed monolayer. The first step was used for 15 seconds at

400 rpm in order to fully spread the colloidal solution across

the entirety of the substrate. The second step was the

variable step: we used an angular speed ω rpm for 90

seconds, varying the speed in order to produce monolayers

or bilayers. The third step lasted for 5 seconds to remove

the extra solution that had gathered at the edge of the

substrate: the speed used was ω' = ω + 1000 rpm. The fine

tuning of the ω used in the second step was one of our

goals because finding the appropriate speed to use in order

to create a monolayer of spheres consistently would allow

us to create the Au nano-arrays much more easily. 

2.3 Capillary Force Deposition

Capillary force deposition describes a different process

for depositing nanospheres onto a substrate. With this

method, we made cuvettes from epoxy and glass slides

(25 mm × 75 mm). We then inserted the nanosphere colloi-

dal solution into the cuvette and placed it on a device such

that the opening of the cuvette was perpendicular to the

plane on which the substrate was placed. The cuvette was

then moved slowly across the substrate slide (25 mm ×

75 mm) by a servo system. Because the substrate is highly

hydrophilic, and the colloidal solution contains water,

capillary forces will drag the spheres out from the cuvette

and onto the slide. By controlling the speed at which the

cuvettes are moved across the substrate, we can control

how many nanospheres are dragged onto the slide before

the water evaporates, thus controlling how many layers of

nanospheres are deposited onto the substrate. 

2.4 Characterization of Geometric Parameters

We used AFM to geometrically characterize the 2D Au

nanoparticles that we produced. Topographic images were

obtained in contact mode imaging. All AFM experiments

were performed with a MFP-3D® AFM (Asylum Research,

Santa Barbara, CA) under ambient conditions using silicon

nitride probes (Microlevers, Veeco Metrology, Santa Barbara,

CA). In order to geometrically characterize the layers, we

measured several values and compared them to the theor-

etically computed values. As shown in Fig. 2, we measure

the characteristic length c, and the base length b, as well

as the center-to-center distance s, which is defined as the

distance between the centers of adjacent Au nano-islands.

The area of nano-islands is also obtained from two ways.

The first method is to approximate the area of the nano-

island as the equilateral triangles, then the area is calculated

as (1/2) × c × b. The second method is to count the number

of pixels in each Au nano-islands using image processing

software (ImageJ®, NIH). Both methods were used to

compare to the theoretical result.

2.5 Characterization of Optical Properties

To optically characterize the Au nano-arrays, we used

UV-VIS spectrometry, to measure the absorbance versus

the wavelength of light passing through the sample. The

wavelength range of the light used is 190 nm < λ < 1100

nm. However, because of the properties of the glass slide

used as the substrate, only wavelengths greater than 350 nm

are considered. 

3. Results and Discussion

3.1 Effectiveness of Methods in Creating 2D Arrays

of Nanospheres

We conducted a comparative study in order to identify

the most effective parameters and conditions for creating

2D periodic Au nano-island arrays. We found that the capil-

lary force deposition method dwas more effective for nano-

spheres with the diameter greater than 600 nm. The spin

coating method was more effective for nanospheres with

the diameter less than 600 nm. In Fig. 3, we summarize our

results in finding the optimal deposition parameters on the

spin coating device. The parameters are found when more

than 80% of trials produced tens of mili-meter area of

monolayers. One of the possible reasons for this is due to

the decrease in the angular velocity for the larger size

nanospheres. As the size of the nanospheres increases, the

angular velocity should decrease; for 600 nm, the speed

needed is already ω = 600 rpm. Larger nanosphere sizes

would require the speed less than 600 rpm, which is too

slow to cause a sufficient deposition of polystyrene nano-

spheres. Throughout our experiments, we found that a

second step of ω < 600 rpm caused multiple layers to form.

The relationship between the angular velocity and the diam-

eter of nanospheres can be expressed with a best-fit power

curve:

Fig. 2. Schematics of theoretical values (a) for the characteristic

length c, the base length b, and (b) the center-to-center distance s

with the diameter of nanosphere d. 
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ϖ = (5 × 107)d−1.758 (1)

which has the fitting parameter of R2 of 0.9415. Although

this curve may not be perfect in predicting the speed neces-

sary in order to generate monolayers with the spin coating

device, it does present the general conclusion that smaller

sized nanospheres require faster speeds, at a rate much faster

than linear, in order to self-assemble into mono-layers. We

postulate that the reason is due to the increased interactions

between the polystyrene nanospheres when they are smaller,

leading to a more viscous colloidal solution that requires a

greater centripetal acceleration to self-assemble. 

Rather, we found that using capillary force deposition to

create monolayers of nanospheres with diameter equal to or

greater than 600 nm was much more effective. In Table 1,

we summarized our results for monolayer production using

the capillary force deposition. The variable changed in the

capillary force experiments was the frequency of the square

wave from a function generator used to control the servos

moving the cuvette across the substrate. The optimal trans-

lation speed of the horizontal stage is calculated from this

frequency using the calibration factor of 0.583 m/min as

shown in Table 1. The trend in capillary force deposition

is that larger diameter nanospheres require faster speeds in

order to be deposited more successfully and for the spheres

to self-assemble. We postulate that the larger sized nano-

sphere colloidal solutions evaporate more quickly than the

smaller sized nanospheres, thus requiring a faster speed in

order to prevent multiple layers to stack on top of one

another. 

In summary, we found that for d > 600 nm, capillary

force deposition was more effective, and for d < 600 nm,

spin coat deposition was more effective. We also give the

parameters for successful creation of monolayer and bilayer

masks.

3.2 Geometric Characterization

The AFM contact mode topographic images are obtained

from the Au nano-islands in 2D arrays. A typical hexagonal

pattern self-assembled by nanosphere deposition is shown

in Fig. 4a. After the evaporation of Au and the subsequent

removal of polystyrene nanospheres, the 2D array of tri-

angular Au nano-islands are observed as shown Fig 4b.

Slight defect lines can be observed due to non-close packing

of the nanospheres and irregular sizes of the nanospheres.

These defect lines cannot be avoided because of the inherent

variability caused during production in the sizes of the nano-

spheres used to create the mask.

Using the simple geometry illustrated in Fig. 2, the theor-

etical values of characteristic lengths c, base lengths b, and

Fig. 4. AFM topographic images of 2D arrays of (a) nanospheres (d = 400 nm) formed by the nanosphere deposition, (b) Au nanoparticles

formed by the Au deposition and the subsequent removal of nanospheres on the monolayer of nanospheres (d = 400 nm) and (c) Au

nanoparticles formed by 200 nm nanospheres. All scale bars are 1 µm.

Table 1. Capillary force deposition parameters for monolayer pro-

duction. 

d (nm) frequency (Hz) speed (mm/min)

400 3000 1.75

500 2600 1.52

600 2200 1.28

800 2100 1.23

Fig. 3. Spin coat deposition parameters for monolayer produced by

nanospheres with various diameters. The power fitting is added as

a line.
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the center-to-center distance s are calculated as in eqs (2),

(3), and (4). In addition, the theoretical area of an Au nano-

island A is calculated as in eq (5). 

(2)

(3)

(4)

(5)

Here d is the diameter of the nanosphere used to create

the mask. The data in Fig. 5 shows the geometric charac-

terizations for the Au nano-island arrays. The numbers

used are the average of 100 measurements made with

multiple samples. The theoretical and experimental values

for spacings agree well within 10% except for the pattern

created by the nanospheres of d = 300 nm. The experimen-

tal values for the characteristic and base lengths are sig-

nificantly smaller than the theoretical values (Fig. 5a and b)

while the area shows the opposite trend (Fig. 5d). The

areas were measured by the two different methods -pixel

counting and triangle area calculated from the characteristic

and base lengths. While these two methods provided the

values agreeing with each other within 20%, the experi-

mentally measured values significantly differ from the

theoretical values. This observation has been encountered

by other studies as well.16) The discrepancy in the theor-

etical and experimental values for the characteristic and

base lengths might be originated from the simple geometry.

As shown in Fig. 2, the theoretical shape of a nano-island

is not a perfect triangle. However, experimentally, we rather

obtained the triangular shape of nano-islands as shown in

Fig. 4b because the Au particles deposited in the narrow

gap between nanospheres are possibly detached from the

surface during the removal of nanospheres. The detachment

of the Au during the removal process is exacerbated in the

patterns created by nanospheres of the diameter of 200 nm

and 300 nm. As shown in Fig. 4c, the Au nanoislands

created by the 200 nm nanospheres rather look the circle

than the triangle. Thus, we obtained the diameter instead of

the characteristic and base lengths for these patterns. We

claim that the experimental values for the area of the Au

islands are much greater than the theoretically calculated

values because of two factors: the first is geometric decon-

volution of the AFM tip. The AFM functions with a

cantilever and a tip mounted at the end of the cantilever that

probes the topography of the sample being imaged. How-

ever, the tip is not perfectly sharp and has a finite volume,

and therefore, when it is dragged along the surface topo-

graphy of the sample, it will detect the samples earlier than

they actually appear, due to the volume taken up by the tip

itself. Thus, the apparent experimental area is larger than the

theoretical area. However, there is another factor in play

that contributes to the differences between the theoretical

and experimental values for the area. The theoretical area is

c 3 1–( )d=

b
π

6
---d=
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d
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-------=

A
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Fig. 5. Geometric values obtained from the 2D arrays of nanoparticles: (a) characteristic length, (b) base length, (c) center-to-center spacing,

and (d) area of a single nanoparticle.
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calculated assuming that the gold is deposited straight down

into the cavity between three spheres, as shown in Fig. 2.

However, because of the curvature of the spheres, the gold

can actually be deposited in a larger region when gold

evaporation was done at an angle. 

3.3 Optical Characterization

We observed an optical effect known as Localized Sur-

face Plasmon Resonance (LSPR) using the UV-VIS spec-

trometer. Surface plasmons are surface electromagnetic

waves that propagate in a direction parallel to the metal/

dielectric or vacuum interface. They exist at the interface

when the real part of the dielectric function changes sign

across the interface. In order for surface plasmon resonance

to occur, a material is needed with a negative real dielectric

constant and an extremely small, near-zero imaginary die-

lectric constant.17) Excitation of surface plasmons by electrons

or photons can cause surface plasmon resonance. When

light interacts with nanoparticles that are smaller than the

incident wavelength, the excited plasmon oscillates locally

around the nanoparticle, creating LSPR. We measured the

spectroscopy on Au nano-island arrays on glass using the

UV-VIS spectrometry.

We found from the absorption spectra that there is no

noticeable LSPR signal for Au nano-arrays created from

nanospheres of d > 600 nm; only Au arrays created by

nanosphere of d ≤ 600 nm exhibit LSPR (see Fig. 6a). It

is known that the strong absorption band results from the

in-plane dipolar electronic surface plasmon transitions in

the nanoparticles. There is a weak absorption bands around

600 nm for the Au arrays of d = 600 nm, which might be

resulted from the in-plane quadrupole resonance absorp-

tion.18-20) As the size of the particle increases, the surface

plasmon resonance absorption displays the red-shifts. Fig.

6b shows the linear dependence of the plasmon absorption

maximum on the size of Au nano-island 2D arrays. From

the linear regression fit (R2> 0.95), we found that the plas-

mon absorption maximum of Au nano-arrays increases by

1.8 nm for every 1 nm increase in the characteristic length

of the nano-islands, ∆max/∆c = 1.8. This number is smaller

than the previously reported value using the smaller par-

ticles.21) The lower sensitivity we observed may be originated

from the round edge of the nano-islands as shown in Fig

4c. Nevertheless, our Au nano-arrays show a much higher

sensitivity in the absorption spectrum to the size of nano-

particles compared to that of the spherical nanoparticles in

the colloidal solution (∆max/∆l = 0.26) and on the 2D array

(∆max/∆l = 0.64) where the l is the diameter of the nano-

particle. The sensitivity of the spherical nanoparticles was

theoretically calculated from the Mie theory calculation

using the spherical nanoparticles of the comparable size to

our samples.21,22)

4. Conclusion

In this paper, we investigated different methods for

creating 2D arrays of Au nano-islands. We identified the

optimal conditions for two deposition methods to produce

the Au nano-arrays with a high throughput and a low cost,

while maintaining a high resolution, overcoming many of

the obstacles. In addition, we characterized both geomet-

rically and optically the Au nano-island arrays using the

AFM and the UV-VIS spectrometer, and we provided a

rationale for the differences we observed between the

expected theoretical results and the experimentally observed

data. We also observed novel optical phenomena produced

by periodic particle arrays of Au nano-islands, i.e., LSPR.

We found that our 2D array of truncated tetrahedron nano-

islands displays a high sensitivity of the absorption spec-

trum to the size of nanoparticles, which will be beneficial

in the nano-sensor application. 

Fig. 6. (a) Normalized absorbance measured with a UV-Vis

Spectrophotometer on the 2D nano-arrays of Au particles. The indices

denote the diameters of nanospheres used to create the monolayer

patterns and the characteristic lengths measured from the AFM

topographic images. (b) The wavelength corresponding to the

maximum absorbance where the LSPR occurs plotted as a function of

the characteristic lengths of nanospheres. 
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