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Abstract. Gold nanocrystals exhibit unique optical properties in enhanced light absorption and
scattering owing to their extremely large scattering/absorption cross—sections and large electric
field enhancements generated by localized surface plasmon resonance. In this work, the optical
properties of gold nanospheres with diameters of 60 nm and 200 nm with remarkable
uniformity in size were studied both numerically and experimentally. The total transmittance
and reflectance as well as the angle-resolved light scattering intensities of the gold
nanospheres were measured. The absorption and scattering coefficients were obtained by
fitting the experimental data to the two—flux theory and were in qualitative agreement with
single—scattering calculations using the Mie theory.

1. Introduction
Metallic nanocrystals have been receiving extensive attention for applications in optical and
optoelectronic devices, and in solar energy technologies because of their extremely large
scattering/absorption cross—sections and large electric field enhancements generated by localized
surface plasmon resonance (LSPR). LSPR stems from the collective oscillations of conduction—band
electrons, endowing noble metal nanocrystals with unique optical properties, i.e., their LSPR
wavelengths can be tailored from the visible to infrared regions by synthetically varying their shape
and size [1]. Among them, gold nanospheres (NSs) are one of the most attractive plasmonic materials
owing to their superior chemical and thermal stability, easy preparation by wet—chemistry approaches,
and perfect geometrical symmetry. So far, a number of investigations have been published on
plasmonic scattering enhancement on gold nanoparticles [2,3]. These studies focused mainly on the
characterization of the absorption and scattering of gold nanoparticles with different shapes and sizes.
However, wavelength and angle—resolved light scattering on gold nanoparticles has seldom been
reported. In fact, the wavelength and angular dependent light scattering is one of the most critical
issues for understanding how light propagates and interacts with the nanoparticles in the scattering
layer. A thorough understanding of the spatial light scattering intensity distribution plays an essential
role for controlling light scattering, which is highly desirable for further advancing photonic and
display techniques such as solar cells, photodetectors, and LEDs [4-6].

In this paper, monodispersed gold nanospheres with diameters of 60 nm (NS60) and 200 nm
(NS200) were investigated experimentally in terms of their extinction, total and diffuse reflectance and
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transmittance. The absorption and scattering cross section of gold nanospheres were numerically
explored by Mie theory as well as by fitting the experimental results to two—flux theory. Wavelength
and angle—resolved light scattering properties on NS60 and NS200 samples were also investigated.

2. Experimental methods

Gold nanospheres — Gold nanosphere samples of two different sizes were obtained from NanoSeedz
Ltd. (Hong Kong SAR, China) as non—standard products. As informed by the manufacturer, the gold
nanospheres sample was prepared by a seed—mediated growth approach modified from their
previously reported works [7].

Physical techniques — Scanning electron microscopy (SEM) imaging was conducted on an FEI
Quanta 400 FEG microscope operating at 20 kV.

Optical measurements — Extinction spectra of gold nanospheres in water solution were measured in
the spectral range from 300 nm to 1000 nm using a Perkin-Elmer Lambda 900 ultraviolet/visible/near-
infrared spectrophotometer using 1 cm thick quartz cuvettes. The extinction value represents the
optical density (OD), which equals the logarithm of (1/transmittance). Total transmittance Ty and
reflectance Ry, as well as diffuse transmittance Ty and reflectance Rgir were measured in the same
Lambda 900 spectrophotometer. The spectrophotometer was equipped with a spectralon coated
integrating sphere from LabSphere. Regular transmittance, T, and specular reflectance Rgpe, were
derived by subtracting the diffuse components Tgi and Ry from the total components Ty, and Ry, For
the transmittance and reflectance measurements, the gold nanospheres sample in water solution was
sandwiched between two sealed microscope slides (75 x 25 x 1 mm) with a gap of 50 um. The
refractive index of the glass ng is close to 1.5.

Wavelength and angle—resolved scattering measurements — The measurement system [14] consists
of a 250 W tungsten—halogen lamp with a stabilized dc power supply, a monochromator (SP—401),
two gratings with blaze wavelength of 0.75 um and 2.0um, an off—axis parabolic aluminum mirror
from Optical Surfaces Ltd, with an off—axis distance of 80 mm and a focal length of 410 mm. The
detector is a silicon diode in the spectral response region from 300 nm to 1100 nm. Lock—in technique
is used to monitor the signal from the detector (EG&G model 7260). The sample is centrally mounted
and illuminated, the detector with an integrating sphere can be positioned at various angles from 0° to
180° to collect the scattered light that allows angle—resolved measurements to be taken.

3. Theroy
Mie scattering theory — The electrodynamic response of particles of spherical shape can be
analytically and effectively solved with Mie theory in a classical electromagnetic framework [8]. In
this work, our MATLAB code is based on the program in the appendix of the book by Bohren and
Huffman [9]. We compute the scattering (Csc), absorption (Caps) and extinction (Ce) Cross sections
divided by the volume of single nanosphere. The refractive index of surrounding water is set as 1.33.

Two flux theory — Two—flux models [10] offer a description of the optics of materials exhibiting
diffuse light scattering. In detail, light scattering materials are modeled as a slab with thickness d in
which diffuse light I, is propagating in the forward direction and diffuse light Jy in the reverse
direction [11]. The scattering and absorption coefficients are denoted S and K. The extinction
coefficient is the sum of S and K. In the independent scattering approximation, S and K are related to
the scattering and absorption cross sections [12] by:
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where f is the volume fraction and a is the radius of the nanospheres. In two—flux theory, the
Kubelka—Munk approximation [13] for the transmittance and reflectance, denoted as Tkm and Rxw,
represent the total transmittance and reflectance for a layer on a transparent background and are given

by:

] b(1—R,)
KM ™ (a— R, )sinh(bSd) + beosh(bSd) 3)
. 1—-R,[a— beoth(b5d)]
4T a—R, + bcoth(bSd) 4)

where Ry is the total reflectance from the background, which is the backside glass/air interface in our
case. The parameters a and b in equation (3) and (4) are given in terms of scattering and absorption
coefficients, with a = 1+K/S and b = (a®>~1)°°.

This Kubelka-Munk approximation neglects the front surface reflection, and in order to take it into
account we obtain [13]:

_ (1~ R)Tiw
1 - R_;I'RK'M' (5)
1—R.)(1—R,)R
2 g4 LRI R)Re
1 - R_;I'RK;H (6)

where R is the reflectance of collimated light incident at the front air/glass surface. R; denotes the
reflectance of partially diffuse light from the nanoparticles, impinging onto the front glass/air interface.

4. Results and Discussions

Scanning electron microscopy (SEM) imaging (figure l1a and c) shows that the obtained gold NSs
possess spherical shapes and smooth surfaces. The NS60 sample possesses a nearly spherical
geometry with an average diameter measured to 60 £ 5 nm. The surface morphology of NS200 is a bit

535 nm

= NS 60

0.2

i e o e - Figure 1. SEM (ac) and
0400 avaengtn (g 0 1 extinction spectra (b,d) of gold
nanosphere samples with

05| 584 nm average diameters of 60 + 5 nm

0al (a,b) and 200 + 15 nm (c,d). The

§03'__,__/\’\ particle  concentrations  and

% oaf I 7 volume fractions are 1.7-10°

" particlessmL,  1.9-10° and

P | 6.5-10° particles/mL, 2.8-10° for
YL~ 200400 avelengtn my ™ NS60 and NS200, respectively.

The rough surfaces of gold nanocrystals severely affect their scattering intensities and profiles,
therefore gold nanocrystals with nearly spherical shapes and smooth surfaces with narrow size
distributions are highly sought after. The extinction spectra of NS60 and NS200 samples were
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acquired in water solution in figure 1b and d. The maximum extinction wavelength of NS60 peaks at
535 nm corresponding to the dipolar plasmon mode. It red shifts to around 800 nm in NS200 sample.
A quadrupole plasmon mode appeared around 560 nm for NS200 sample. Peak broadening is clearly
observed owing to increasing radiative losses for the gold NSs with larger sizes [15]

In order to obtain the scattering and absorption coefficients from two—flux theory, the gold
nanosphere solutions were sandwiched between two sealed glass slides with a gap around 50 um. The
total, diffuse and regular transmittance as well as the total, diffuse and specular reflectance of these
samples are shown in figure 2. For the NS60 sample, the total transmittance curve and the regular
transmittance curve almost overlap, indicating the main transmittance change comes from the
absorption of the nanospheres. The transmittance drops below 350 nm due to the absorption of the
glass slides. The diffuse transmittance is almost negligible in NS60, a weak peak centered at 560 nm
can be observed owing to the diffuse scattering of the nanoparticles. In regard to the reflectance of
NS60 in figure 2c, the specular reflectance mainly corresponds to the reflectance from the glass slide,
which is around 8%. The valley near 535 nm corresponds to the strong absorption of the dipolar
plasmon mode of NS60. The diffuse reflectance peak at 560 nm indicates the backward scattering of
NS60 sample. Compared to NS60 sample, the contribution from the diffuse part is higher in NS200
sample as shown in figure 2b. In figure 2d, the specular reflectance is almost a flat curve at 8%, and
the valley around 560 nm can hardly been seen due to the weak quadrupole plasmon absorption of
NS200. The diffuse reflectance is significant and originates from backward scattering from the NS200
sample.
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Figure 2. Measured total, regular and diffuse transmittance (upper

row) and total, specular and diffuse reflectance (bottom row) of

NS60 (a, c) and NS200 (b, d) samples. The particle concentrations

and volume fractions are 6.7-10"" particles/mL, 7.6-10° and

2.6-10" particles/mL, 1.1-10" for NS60 and NS200, respectively.

Figure 3 compares the scattering, absorption and extinction coefficients per volume when derived
from Mie scattering theory or from experimental data using the two—flux theory for NS60 and NS200
samples. The results for the NS60 sample are in good agreement with the Mie theory, indicating a very
good morphology and size distribution of the NS60 sample. In addition the low volume fraction of
7.6-107° diminishes the interactions between particles so that the results agree well with the Mie theory
which deals with a single nanoparticle. The results for the NS200 sample calculated from two—flux
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theory show discrepancies from the Mie result. We speculate that agglomeration of particles may have
occurred and resulted in the red shift of the whole spectrum.
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Figure 3. Scattering, absorption and extinction cross section per
volume for NS60 (a) and NS200 (b) samples calculated using Mie
theory. Scattering, absorption and extinction cross section per volume
of NS60 (c) and NS200 (d) calculated from measured T, R results in
figure 2 using two—flux theory.

In figure 4, the scattering intensity is presented as a function of wavelength and angle for the NS60
and NS200 samples. The regular component of the transmitted light dominates for angles from 0° to
4° in our angle-resolved setup. As proved by both numerical simulation and experimental
measurement in figure 2 and 3, the diffuse scattering from NS60 sample is relatively low compared to
its absorption. A weak diffuse scattering peak at 560 nm can be observed in figure 2a and figure 3c,
while the scattering intensities are very low at 500 nm and 600 nm. The large—angle scattering
observed at 300 nm and 400 nm may arise from a weak Rayleigh scattering component. In contrast to
NS60, NS200 shows stronger scattering intensities, even at wavelengths larger than 500 nm. This is
reasonable since the diffuse transmittance on the NS200 is significant at wavelengths larger than 500

nm as shown in figure 2.
a

1E-3 <

1E-4

1E-5 S A8Y

—=— 300 nm —e— 400 nm —&— 500 nm 600 nm —+— 700 nm —e&— 800 nm —— 900 nm —e—1000 nm
Figure 4. Wavelength and angle-resolved light scattering
measurement conducted in the transmittance regime of NS60 (a) and
NS200 (b) samples.
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5. Conclusions

The extinction, reflectance and transmittance have been measured on suspensions of gold nanospheres
with diameters of 60 nm and 200 nm. The scattering and absorption cross sections have been derived
based on fitting of experimental data to two—flux theory. For the 60 nm particles the results are
consistent with the Mie scattering theory. Wavelength and angle—resolved scattering measurements
were carried out, and a strong wavelength and angular dependence of light scattering for the particles
was established.
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