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ABSTRACT

An approach has been devised to create a hexagonal pattern of glass-supported gold nanoparticles (AuNPs) with
controllable particle size and inter-particle spacing, by combining the self-assembly of block copolymer micelle-loaded
metal precursors with a seeding growth method. Absorbance spectra as an optical response of the AuNP arrays were
measured to obtain their LSPR peak position (A spr). There was a red shift in A gpr With increasing cover medium
refractive index for all fabricated and simulated arrays. A comparison between computed and measured A;gpr for a 33
nm AuNP array suggests that large nanoparticles produced by this fabrication method have ellipsoidal shapes rather than
spherical ones, as in the case of small AuNP arrays.

Keywords: gold nanoparticles (AuNPs), localized surface Plasmon resonance (LSPR), self-assembly, diblock
copolymer, seeding growth, embedding ratio, COMSOL, absorbance spectra

INTRODUCTION

The surface plasmon resonance of gold nanoparticles (AuNPs) in the visible range of the electromagnetic spectrum has
made them excellent candidate structures for use in various applications such as, solar energy harvesting, lasing and
sensing applications.'” However, the fabrication of ordered arrays of metal nanoparticles over a large area with
controllable particle size and spacing is challenging. Some researchers have focused on producing metal nanoparticle
arrays over large areas using several methods®”, but many difficulties remain, including control over particle size and
spacing. Using diblock copolymer micelles loaded by metal precursors, Mdller ef al. introduced the method of forming
NP arrays on solid supports.'® This approach is not only simple and cost-friendly, but also can produce a continuous
array “sheet” of NPs of uniform size over a large area.''"® The fabrication approach used herein for producing AuNPs is
based on this method combined with a seeding growth technique.'* In this paper we give additional computation details
and results describing the optical performance of such NPs.

The metal NP’s optical response is determined to a great extent by the localized surface plasmon resonances (LSPRs)
supported thereon. The peak of such resonances has been widely used in sensing applications by monitoring its location
over time by measuring absorbance, scattering or extinction spectra.'™ '° Sensitive to the optical properties of the
surrounding environment, LSPRs are charge density oscillations on metal NPs excited by light - metal NPs can scatter
and absorb electromagnetic waves. According to the Mie theory,!” for small metal NPs, the extinction, absorption and
scattering cross-sections are given by:'®

Cabs = kK Im(a) (D

1
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where A, and R are the free-space wavelength and the NP radius, respectively. g4 is the dielectric constant of the
surrounding medium, and &, = & + ig, is metal’s dielectric constant (e’ time-harmonic form implied). For a good
plasmonic metal (g, << g;) the extinction, absorption and scattering are maximum at the wavelength where g; = —2¢,.
For the case of the dipolar LSPR; we denote this wavelength as A spr. For small NPs with a diameter of 12, 25 and 34
nm (as studied in this work), absorption dominates,'” ** as shown in Figure 1. Therefore, absorbance spectra have been
measured and computed for these nanoparticles to describe their optical response.
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Figure 1 Cg.qt/Caps (scattering cross-section to absorption cross-section) as a function of NP diameter

FABRICATION AND MEASUREMENTS

We have developed a fabrication method to produce hexagonal patterned AuNP arrays on glass — combined self-
assembly and seeding-growth."* As displayed in Figure 2, gold salt loaded poly(styrene(48.5k)-b-2-vinyl pyridine(70k))
(PS-b-P2VP), Polymer Source Inc., Montreal, QC, Canada) micelles are spin-coated on glass coverslip substrates, and
self-assembled in hexagonal patterned arrays. After the polymer shell is removed by oxygen plasma etching, AuNP
“seed” arrays with NP sizes of 3, 5 or 10 nm are obtained. Chemically growing the “seed” arrays generates large AuNPs,
up to 34 nm, while preserving the hexagonal pattern and centre-to-centre spacing.

Gold loaded
micelle

PS-P2VP 1oluene

HAUCI, 2‘1 Dry 5
Plzasma l

Etching
Growing
D —

Figure 2 Fabrication procedure of hybrid diblock copolymer self-assembly and seeding-growth method.

Various solvents have been used in our measurements to provide cover media with different refractive indices. The
solvents used in this paper are o-Dichlorobenzene (A), Toluene (F), Chloroform (G), Dichloromethane (H), Heptane (1),
Ethanol (J), Water (K), Methanol (L), and Air (M), with refractive indices of 1.5514, 1.4969, 1.4458, 1.4241, 1.3876,
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1.3614, 1.333, 1.3284, and 1.000, respectively. Also different mixtures of toluene and o-dichlorobenzene were prepared
to provide media of refractive index 1.5460, 1.5351, 1.5242, and 1.5133 (identified as solvents B, C, D and E,
respectively).

A fabricated AuNP array with mean height of 25.2 + 4.0 nm and the edge-to-edge inter-particle spacing of 37 nm is
presented in Figure 3(A). A 10 nm AuNP array with center-to-center inter-particle spacing of 62 nm was used as the
“seed” array to further grow the AuNPs by controlling the concentration and growth time."* For 15 minutes of growth, a
~25 nm AuNP array was obtained. Figure 3(B) shows the absorbance spectrum of this array for different cover media,
which illustrates a red shift in A spr With increasing cover medium refractive index.

H=25.2%+4.0nm 0.015-

0.0104

0.005

0.000-4 : : . m
400 500 600 700
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Figure 3 (A) AFM height image and (B) absorbance spectra of ~25 nm AuNP arrays. The blue arrow line indicates Apgpr
red-shifting.

COMPUTATIONS

Computations have been carried out for AuNPs of 10, 25.7 and 33 nm, and the results compared with the experimental
data.' In this paper, we present additional computations to illustrate that large nanoparticles, e.g., 33 nm, fabricated by
the method described above (and in greater detail in Ref. 21), behave like ellipsoids rather than spheres. To do so, A spr
of a fabricated 33 nm AuNP array was measured for different cover medium, and then compared with the computed
results assuming arrays of spherical and oblate spheroidal AuNPs. The former includes AuNPs 33 nm in diameter, while
the latter involves AuNPs with an ellipsoidal shape having a ratio of major to minor axes of 1.06. So, for the ellipsoid,
the longitudinal diameter along the glass-cover medium interface is 35 nm and the transverse one is 33 nm. The edge-to-
edge inter-particle spacing was 27 and 25 nm for the spherical and ellipsoidal AuNPs, respectively.

In our computations, it is assumed that the AuNP array includes an infinite number of particles of the same shape and
inter-particle distance. The averaged geometrical properties of a sample was determined by AFM, and then used in the
computations. As sketched in Figure 4(A), gold nanoparticles on glass are arranged in a quasi-hexagonal pattern, which
results in a repeated parallelogram unit cell.

(A) (B)
>\ 9 O\ ¢ Cover medium

H2 T(\;i HI
VNS

Glass

H1=AuNP height
H2 = AuNP diameter
(H2-H1)/H2=Embedding ratio

Figure 4 (A) A AuNP array fabricated on glass has a quasi-hexagonal pattern made of a repeated parallelogram-shape unit
cell. (B) A AuNP embedded into glass.

Proc. of SPIE Vol. 8915 89151M-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 13 Mar 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



To decrease the computational processing time, symmetry is exploited and one unit cell only involving one NP is
simulated. Scattering boundary conditions have been applied on the top and bottom of the unit cell’s boundaries. This
kind of boundary prevents reflections into the domain and allows an incident plane wave to be defined. For the lateral
boundaries, periodic boundary conditions were applied. As measurements show, the fabricated AuNPs are embedded
into the glass, probably due to the plasma treatment process. This phenomenon is modelled by embedding the NP into
the glass, as demonstrated in Figure 4(B). An embedding ratio of 20% was assumed in our computations. This
assumplgion is based on comparisons between experimental and computed bulk refractive index sensitivities for AuNP
arrays.

Mesh

To assess convergence of the analysis, different mesh sizes have been tested. A good discretization was determined in
the metal and in the rest of the domain as a minimum mesh size of 0.8 and 3 nm, respectively. Over the spectral range of
interest (400-700nm), the skin depth of gold is of the order of the particle size, motivating a mesh density within the gold
domain as small as 0.8 nm.

Optical properties of the materials

Frequency-dependent complex refractive indices were used in the computations to model the optical performance of the
materials. They have been measured over the wavelengths of interest for glass,”' gold,” and some of our solvents,>?
such as methanol, water, ethanol, heptane, chloroform and toluene. To determine the refractive indices of materials at the
wavelengths where data are not available, cubic spline interpolation functions were applied. For other solvents a
wavelength-independent refractive index at A = 589 nm was used, thus 1.4241, 1.5514, 1.5133, 1.5242, 1.5351, and
1.5460 were used as the refractive index for dichloromethane o-dichlorobenzene mixtures, T/D 3:7, T/D 1:1, T/D 7:3,
T/D 1:9 respectively (T/D denotes the toluene/o-dichlorobenzene binary mixture).

As Boreman et al.*® have shown, a combination of data from Palik*’ and Johnston and Christy** (JC) can be used as a
best set of data for the optical properties of gold when modelling nanostructures. In this set, the imaginary part of the
gold dielectric constant comes from JC, and the real part from JC and Palik. The real part of the dielectric constant over
the spectral range of 400-500 nm was taken from Palik, while JC’s data was used for the spectral range above 500 nm.
Furthermore, gold’s optical properties, which are size dependent, were modified for the nanoparticle sizes of interest, as
shown in Figure 5.*** Utilizing these modified optical properties in the computations led to a good agreement between
numerical and experimental results.”!

As illustrated in Figure 5, the optical properties of AuNPs depend on their radius when the radius is small; radii of 3, 5,
11 and 15 nm are plotted in Figures SA and 5B, along with the optical properties of bulk gold for comparison. Figure
5(A) and (B) illustrate that —Re{e4,} and —Im{ey,} are proportional and inversely proportional to the AuNP radius,
respectively. To emphasise this point clearly, —Re{e,, } versus AuNP’s radius is plotted at A = 600 nm in Figure 5(C),
and Figure 5(D) shows —Im{e,, } as a function of AuNP’s radius at the same wavelength. Also, as seen in Figure 5(A),
the negative real part of the gold dielectric constant (—Re{e,,}) increases with wavelength over the spectrum of interest.
However, the negative imaginary part (—Imf{e,, }) decreases with wavelength, as shown in Figure 5(B).

It is worth noting, from both Figure 5(C) and (D), that the slope of the plots is steeper for smaller radii than larger ones.
This illustrates that the optical properties of smaller gold particles are more sensitive to the particle size than larger ones.
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Figure 5 Size-dependent (A) real and (B) imaginary part of the gold dielectric constant; (C) —Re{e,, } and (D) —Im{e,,}
versus AuNP radius at 1 = 600nm

Calculated absorbance on 33 nm AulNP array.

The simulated structure was excited by a plane wave from the top, and the transmittance computed via a surface integral
. .. . . . T

of the time-averaged pointing vector. Then the following equation was applied to calculate the absorbance A = —log(T—)
0

, where T is the transmittance with a nanoparticle in the unit cell, and T, is the transmittance without the nanoparticle in

the unit cell.

In order to show the large fabricated nanoparticles (e.g., 33 nm) have an ellipsoidal shape, a comparison between the
measured and computed A; spr Was carried out. The absorbance spectra for 33 nm AuNPs of spherical and ellipsoidal
shape are plotted in Figure 6(A) and (B). For both cases, the cover medium refractive index was changed from 1 to
1.5514 by assuming different solvents ranging from Methanol to o-Dichlorobenzene. The cover medium identified as M
corresponds to Air. Strongly dependent on AuNP surrounding media, A;spr shows a red shift with increasing cover
medium refractive index for both AuNP arrays, as expected.'® 25303
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Figure 6 (A)-(B): Computational absorbance spectra of 33 nm AuNPs of (A) spherical and (B) ellipsoidal shape; (C)
measured Apgpr versus cover medium refractive index for a fabricated 33 nm AuNP array and corresponding computed values

for ellipsoidal and spherical AuNP arrays.
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The computed A gpr versus cover medium refractive index is plotted for 33 nm spherical and ellipsoidal AuNP arrays in
Figure 6(C). Also, this figure includes measured A spr Values versus cover medium refractive index for a fabricated 33
nm AuNP array. As noted from these results, the experimental data agrees better with the computations for the case of
the ellipsoidal array. Therefore, the comparison indicates that fabricated AuNPs of 33 nm are more likely ellipsoidal than
spherical, but only slightly as the aspect ratio of the ellipsoids was set to 1.06 in the computations.

CONCLUSION

In conclusion, a method to fabricate hexagonal arrays of gold nanoparticles was discussed, in which diblock copolymer
self-assembly followed by seeding growth was used to produce ordered AuNP arrays on glass substrates. The main
advantage of this method is having control over the particle size and inter-particle spacing by tuning the metal
precursors’ loading ratio. We have shown that fabricated AuNPs with a diameter of about 33 nm have an ellipsoidal
shape, by comparing the experimental A;spr With the computed ones over a large range of cover refractive indices.
Conclusively, using post-seeding growth to enlarge AuNPs yields nanoparticles that are ellipsoidal rather than spherical
in shape - however, the aspect ratio of the ellipsoids was only 1.06.
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