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Abstract

The study of metal nanoparticles (NPs) is of great interest due to their ability to enhance optical fields
on the nanometric scale, which makes them interesting for various applications in several fields of
science and technology. In particular, their optical properties depend on the dielectric function of the
metal, its size, shape and surrounding environment.

This work analyses the contributions of free and bound electrons to the complex dielectric function
of spherical silver NPs and their influence on the optical extinction spectra. The contribution of free
electrons is usually corrected for particle size under 10 nm, introducing a modification of the damping
constant to account for the extra collisions with the particle’s boundary.

For the contribution of bound electrons, we considered the interband transitions from the d-band to
the conduction band including the size dependence of the electronic density states for radii below 2 nm.
Bearing in mind these specific modifications, it was possible to determine optical and band energy
parameters by fitting the bulk complex dielectric function. The results obtained from the optimum fit
are: Koy = 2 x 10%* (coefficient for bound-electron contribution), E, = 1.91eV (gap energy),

Er = 4.12eV (Fermi energy), and y, = 1.5 x 10'* Hz (damping constant for bound electrons).

Based on this size-dependent dielectric function, extinction spectra of silver particles in the
nanometric—subnanometric radius range can be calculated using Mie’s theory, and its size behaviour
analysed. These studies are applied to fit experimental extinction spectrum of very small spherical
particles fabricated by fs laser ablation of a solid target in water. From the fitting, the structure and size
distribution of core radius and shell thickness of the colloidal suspension could be determined. The
spectroscopic results suggest that the colloidal suspension is composed by two types of structures: bare
core and core—shell. The former is composed by Ag, while the latter is composed by two species:
silver—silver oxide (Ag—Ag;0) and hollow silver (air—Ag) particles. High-resolution transmission
microscopy and atomic force microscopy analysis performed on the dried suspension agree with the
sizing obtained by optical extinction spectroscopy, showing that the latter is a very good
complementary technique to standard microscopy methods.

(Some figures may appear in colour only in the online journal)
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1. Introduction

The control of material properties in the nanometric scale
is based on the ability to manipulate size to extend the
applications in different areas of research [1].  Silver
nanoparticles (NPs) have very important applications in
biomedical sciences as well as in technology due to their
specific physical, chemical and biological properties.

In the area of biomedicine, silver NPs are being used as
biosensors [2-5], as well as for treatment of diseases such
as retinal neurovascularization [6,7] and cancer [8-10]. A
noticeable application of these NPs is related to their well-
known bactericide properties. In this sense, they are used
as antiviral agents against hepatitis B [11], HIV-1 [12, 13],
monkeypox virus [14], herpes simplex virus type 1 [15], HIN1
influenza A virus [16-18], respiratory syncytial virus [19],
among others. An interesting characteristic is the observed
antiviral activity dependence on Ag NPs size. For example,
Elechiguerra et al [12] concluded that NPs with radii smaller
than 10 nm specifically inhibited infection by HIV-1.

In the field of technology, applications include optical
switches [20], photovoltaic, optoelectronic and plasmonic
devices [21-23], solar cells [24], high density optical data
storage [25, 26], among others.

In particular, core—shell structured Ag NPs have attracted
attention due to their capability to improve electrical and
thermal conductivity properties in anisotropic conductive
adhesives when they are incorporated as monolayer-coated
silver NPs [27] or silver core—silver oxide nanoshells in silica
nanocomposites [28].

Optical characterization of NPs through the study of their
dielectric function and optical extinction spectra is important
for applications in the mentioned areas. This, in turn, can be
used to control their plasmonic properties. In recent studies
we have shown a theoretical method related to the fit of the
full UV-Vis experimental extinction spectra, which allows the
characterization of metallic NPs such as gold, silver and copper
with sizes below 20 nm using Mie’s theory [29], together with
a suitable modification of the bulk complex dielectric function
for free and bound electrons [30-38]. In the contribution of
free electrons, this modification is concerned with the damping
constant in Drude’s model, which increases due to collisions
of electrons with the boundary of the particle, thus producing
a size dependence in the dielectric function for NPs with
radii between 2-10nm. For the case of the contribution of
bound electrons, the interband transitions of these electrons to
conduction band levels contribute appreciably to the dielectric
function for NPs’ size smaller than 2 nm. In previous papers,
we analysed the influence of free and bound electrons on the
dielectric function and its dependence with size for gold and
copper NPs [30, 35,36]. However, for the case of silver NPs
this has not been fully studied.

In this paper, we first study the size dependence on the
complex dielectric function and then analyse its influence
on the extinction spectra of silver NPs. The values of
different parameters involved in the model are determined
taking into account free and bound electrons contributions.
Extinction spectra analysis is applied to sizing nanometric and

subnanometric core—shell particles generated by femtosecond
laser ablation in water. The spectrum fit reveals that Ag—Ag,O
and air—Ag core—shell NPs are present in the colloidal
suspension.

2. Theoretical modelling for the metal dielectric
function

The theoretical modelling of the total complex dielectric
function for metals was extensively studied in previous works
[30,35,36,38,39]. However, we will briefly overview the
main concepts in the following paragraphs.

For bulk metals, the complex dielectric function can be
decomposed into two contributions: a free-electron term and
an interband (or bound-electron) term:

Epulk (@) = Efree-clectrons (@) + Ebound-electrons (@) (1)

For spherical NPs of size less than 10 nm radii, the complex
free-electron contribution becomes dependent on the radius r
and can be written as:

2
P

2

Efree-electrons (@, 1) =1 — my
where @, = 13.8 x 10" Hz [40] is the silver bulk plasma
frequency and y5ize () = Youik + C (Vg/7), the size dependent
damping constant. In the last expression, ypux = 2.7 X 10" Hz
[40] is the bulk damping constant in the Drudel model, vg =
14.1 x 10 nms~! [41] the Fermi velocity, r the particle
radius and C = 0.8 a constant related to electron scattering
processes within the particles, as derived from first-principles
calculations [42].

For a complex dielectric function related to bound
electrons contribution, we considered transitions from silver
d-band to conduction band using the expression given by Bigot
et al [43], which can be modified to take into account the
increasing spacing of the energy levels when particle size
decreases [30, 35, 36, 39]:

Ebound-electrons (@, ') = Kiize (1)

* VX — g
X

@g
2wyl +i2
X1 = P, 7)) T BOR), 3)
(x2 — @ + y)? + 40’y
being hw, the gap energy (E,); F(x,T), the Fermi

energy distribution function of conduction electrons with
energy hx at temperature 7 for Fermi energy Egr.
represents the damping constant in the interband transition
and K (r) = Kpux(l — exp(—r/rp)) a radius-dependent
proportionality factor [30,35,36,39], where r is the particle
radius, ro = 0.35 nm a scale factor and Ky, a proportionality
constant. K, (r) is introduced in equation (3) to take into
account the size dependence of bound-electron contribution
following the idea of Logunov et al [44], assuming that the
electronic density of states is different for NPs of different size.
Therefore, small particles have larger spacing range between
electronic states, so the density of states will be smaller for
very small NPs.
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3. Optical extinction spectroscopy calculations

For NPs of size smaller than the incident wavelength, the
response to optical extinction can be described with the
electrostatic approximation of Mie theory. The expression
for the general case of a spherical core—shell structure can be
written as:

Cext = K'Im(a) = K'Im
y |:4nr’3 (82 — em)(e1 +28&2) + f(e1 — &2)(6m +282) ]

(&2 +2em) (&1 +262) + (282 — 2em) (g1 — €2)

4)
where « is the polarizability, k' = 27n,/A and n,, are the
wavenumber and refractive index of the surrounding medium,
respectively, and A the wavelength of the incident light in
vacuum.

In the expression inside brackets, f = (r/r’)? is the ratio
between inner and outer volumes, with r = r¢y being the
radius of the metal central core (silver) and 7" = r(corescoating)
the outer radius (silver core + silver oxide shell thickness);
g1 = ¢e1(A,r), &0 = &o()) and &, = &, (A) are the dielectric
function of core, shell and surrounding medium, respectively.

For fitting purposes, we use the so called extinction
coefficient, that is related to the extinction cross section (Cexy)
through the equation Qe = Cox/mr?>.

4. Experimental section

Silver colloidal suspension was generated by fs laser ablation
in water. The silver target sample used to conduct these
experiments was a 1 mm thick high purity grade circular solid
disc immersed in water. Laser ablation was accomplished
using a Ti:Sapphire chirped pulsed amplification (CPA)
system from Spectra Physics, emitting pulses of 100 fs width
at 1kHz repetition rate centred at 800 nm wavelength. This
system produces fs pulses with energy up to 1 mJ per pulse.
However, a classical waveplate-polarizer system has been
employed for attenuation purposes. The laser beam was
focused on the solid disc surface by a lens of 5 cm focal length.
The energy per pulse was set at 500 uJ. The experimental
setup chosen to produce silver NPs in liquid media is shown
in figure 1.

The sample was placed over a programmable XY
motorized micrometric stage, to produce suitable dis-
placements so that the laser impinged always in a fresh area of
the sample. This process lasted 9 min, after which the water
showed a typical yellowish colour, attributed to the presence
of a significant amount of silver particles in the liquid.

Optical extinction spectroscopy was implemented by
means of a Shimadzu spectrophotometer from 300 to 1000 nm.
For the samples analysed by optical extinction spectroscopy
(OES) technique, surfactants additions to the solutions in order
to avoid agglomeration effects were not needed. Colloidal
suspension optical absorption measurements were performed
Smin after fabrication and further sonication. This in situ
measurement prevents possible NPs coalescence and provides
reliable statistics.

Dichroic )
mirror Ti:Sa laser
A= 800 nm
Lens
— f = 5 cm
Silver disc
Water

Figure 1. Schematic diagram of machining setup for the fabrication
of silver colloidal suspension.

For atomic force microscopy (AFM) imaging, part of
the as-prepared sample was diluted to ensure single particle
observation. A drop of such diluted sample was placed on a
freshly cleaved muscovite mica sheet V-1 grade (SPI Supplies)
and dried for 40 min in an oven at 42°C. The analysis of
mica sheet measurement indicates an average roughness of
0.0612 nm.

Images were recorded in air, at room temperature, and
at a scan rate of 1Hz, using standard semicontact AFM
mode. NT-MDT Solver Pro equipped with a APPNANO-
ACTA silicon probe consistent for high-resolution imaging
was used.

The rectangular cantilever of 40N m~! force constant
and 281.8 kHz resonant frequency holds a sharp tip of 6 nm
curvature radius. Minimum scanning step in vertical direction
is 0.012 nm.

Transmission electron microscopy imaging was carried
out with a TEM-MSC (JEOL 2100) at Brazilian Synchrotron
Light Laboratory (LNLS). The particles were dispersed on
milli-Q water and sonicated for 15 min. Samples were obtained
by drying the water-dispersed NPs on a carbon-coated copper
grid and images were acquired with the sample on a single-tilt
sample holder and a TV Gatan ES500W camera.

5. Theoretical fitting and experimental results

The general form for the metal NP complex dielectric function
is obtained by introducing the expressions (2) and (3) in
equation (1), taking into account the specific modifications
for ysize (r) and K, (r). With the dielectric function written
in this way, it is possible to fit the experimental bulk dielectric
function measured by Johnson and Christy [40], considering
r = 100nm (r > rg). This simultaneous fitting procedure of
the real and imaginary parts of the dielectric constant allows
determining optimum values for silver Ky, Eg, Er and yy,
which are shown in table 1. These physical magnitudes were
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Table 1. Optical and band energy parameters for bulk silver
determined in this work.

Silver parameter Symbol  Value
Bound-electron coefficient Kouk 2 x 10%

Gap energy E, 1.91eV
Fermi energy Eg 4.12eV
Bound-electron damping constant 1.5 x 10" Hz

(@) 10

bound electrons

experimental values

-10 A

-30 A

-40 A N

200 300 400 500 600 700 800 900

calculated values

experimental values

T T T T T T

200 300

Figure 2. Free and bound electrons contribution to the real (a) and
imaginary (b) parts of silver dielectric function calculated with
equations (2) and (3). Experimental values are fitted through the
theoretical model explained in the text.

determined for the first time with this kind of spectroscopic
method. In particular, Ky, and y, were determined for the
first time to the best of our knowledge.

Figure 2 shows the real (a) and imaginary part (b) of
the experimental dielectric function (full circles) taken from
Johnson and Christy [40], together with free (dashed line) and
bound (dashed line and dots) electron contributions calculated
with equations (2) and (3), respectively, that best fits the
experimental data (full line).

Itis interesting to observe that bound-electron contribution
in figure 2(b) presents a dominant behaviour for wavelengths
smaller than 400 nm, while free electrons show a stronger
contribution for wavelengths larger than 400 nm. The fit of

(a)
01 Ep=412eV
Vp=1.5x10"Hz
-10 A Koulk =2 x 10%
W 201 Eg=191eV
———- E;=1T71eV
20 4 —— Eg=211eV
) ° Experimental values
-40 A
200 300 400 500 600 700 800 900
A [nm]
(b)
41 ~
" Ep=4.12eV
Vp=15x10"Hz
3 Koy =2 x 10
= i E,=191eV
w ? g
———- E,=171eV
———— Eg=211eV
14 . Experimental values
0 -

200 300 400 500 600 700 800 900
A [nm]

Figure 3. E, influence on bulk complex dielectric function of silver:
(a) real part and (b) imaginary part.

both the real and imaginary part is very good considering
the different scale lengths of the graphs (about one order of
magnitude). Italsohas to be taken into consideration that, since
the imaginary part is related to absorption transitions, it poses
some difficulties in its experimental measurement, probably
inducing a larger error dispersion than the real part.

The obtained values for Er and E, agree, within
experimental errors, with those obtained by other authors and
methods [45]. To analyse the sensitivity of the bulk complex
dielectric function curves to variations of these parameters,
modifications in the shape of the curves due to small changes
in the values of E,, Ef and y, are shown in figures 3 to 5,
respectively.

The influence of E,; on the complex dielectric function can
be observed in figures 3(a) and (b). Changes in the imaginary
part (figure 3(b)) are more noticeable for wavelengths smaller
than 290 nm.

On the other hand, figures 4(a) and (b) allows observing
the influence of Er on the complex dielectric function.
Figure 4(b) shows the shift produced on the steep slope of
the imaginary part between 270 and 340 nm.

The behaviour of silver bulk complex dielectric function
for different values of y4, is represented in figures 5(a) and (b).
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0 1 -
Eg_ 1.91eV
%=15x10%Hz
-10 4 Kpuik =2 x 10%*
W 20
w Ep=4.12eV
— — —  Eg=4.02eV
304 === Ep=4.22eV
° Experimental values
-404 (a)

200 300 400 500 600 700 800 900
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Eg=1.91eV (b)
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Kpuie =2 x 102

W 2 Ep=4.12eV
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0 -

200 300 400 500 600 700 800 900
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Figure 4. Influence of Ey on the bulk complex dielectric function of
silver: (a) real and (b) imaginary component.

Figure 5(b) shows small variations around 280 and 340 nm
(peak and valley, respectively).

Considering the independent influence of these parameters
over different dielectric function wavelength range, it was
possible to use them to fit the experimental bulk dielectric
function and to obtain the optimum values shown in table 1.
Once these bulk parameters are known, we can analyse the
theoretical behaviour of the contribution of free and bound
electrons to the silver complex dielectric function for different
radii.

Figures 6(a) and (b) shows the real and imaginary parts
of the free electrons contribution to the dielectric function for
several particle radii. It can be seen that the curves rapidly
tend to bulk behaviour for sizes approaching 10nm. The
imaginary part plotted in figure 6(a) presents a limit behaviour
for r > 20 nm, but there also seems to be a lower limiting
behaviour for r = 0.6 nm.

Figure 7 shows the behaviour of real (@) and imaginary
(b) parts of bound electrons contribution for different particles
sizes. Figure 7(a) shows that the curves are very sensitive to
small changes for radii under 1.5 nm at wavelengths larger than
300 nm, while for the imaginary part this sensitivity is more
noticeable for wavelengths smaller than 300 nm. Anyway, in
both cases bound electrons correction is negligible for sizes
larger than 2 nm.

0 -
Eg=191ev
Ep=4.12eV
-10 4 Kpun = 2% 10%
T -20 A %=15x10"Hz
———= %=12x10%Hz
a04 T % =18x10"“Hz
° Experimental values
407 (a)

200 300 400 500 600 700 800 900

A [nm]

4 (b)
Eg=191eV
Ep=4.12eV
37 Kpui = 2 x 102
S % =15x10"Hz
w ———= p=12x10"Hz
——— % =1.8x10"“Hz
14 Experimental values
0 B

200 300 400 500 600 700 800 900
A [nm]

Figure 5. Influence of y;, on the bulk complex dielectric function of
silver: (a) real and (b) imaginary component.

After analysing the behaviour of the free and bound
electrons contribution to the dielectric function with the size
in a nanometric—subnanometric radius range, it is possible to
study the influence of size corrections in the extinction spectra.

Depending on laser ablation process parameters and on
the environment, the fabricated silver NPs may be covered
by a thin layer of silver oxide. This situation generates
a silver-silver oxide core—shell structure showing optical
extinction properties very different from those corresponding
to silver bare core NPs.

Figure 8(a) shows the extinction coefficient for a
Ag-Ag,O particle for a subnanometric metal radius
r = 0.7 nm covered by a thin layer of Ag,O r’ —r = 0.35nm,
in aqueous medium, calculated with and without bound-
electron size correction. Silver oxide experimental dielectric
function taken from Qiu et al [46] is plotted in the inset of
the figure. It can be seen that the peak position is at about
485 nm for both spectra, while differences are more evident
for wavelengths smaller than 520 nm, where the influence of
the imaginary part of bound electrons is more important, while
for wavelengths larger than 520 nm the spectra are coincident.

Figure 8(b) represents the extinction coefficient for a
subnanometric silver bare core particle, which is a special case
of core-shell particle where r' = r. There is an apparent
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Figure 6. Real (a) and imaginary (b) parts of free electrons
contribution to silver dielectric function calculated for several sizes.
Full line represents bulk values.

discrepancy between the spectra for wavelengths lower than
400nm. Plasmon resonance of a particle with the correction
of bound electrons is at 375 nm, while without correction it is at
385 nm. On the other hand, theoretical calculation performed
taking into account size correction, shows that the plasmon
resonance is shifted to 485 nm (with oxide shell) with respect
to the sharp peak at 375 nm when a particle without shell is
considered.

For the full fit of the extinction spectrum, especially
in the long wavelength range, it is necessary to include a
hollow Ag NPs species. This kind of hollow core—shell
NPs has been reported by other authors. For example,
Desarkar er al [47], using laser ablation on zinc, obtained
Zn/ZnO hollow NPs in liquids. Ben Moshe et al [48]
produced colloidal hollow silver NPs by a fast chemical
reduction of silver oxide NPs capped with glutathione, while
Selvakannan and Sastry [49] produced hollow gold and
platinum shell NPs through transmetallation reaction between
hydrophobized silver NPs with hydrophobized chloroaurate
and hydrophobized chloroplatinate ions in chloroform,
respectively.

Taking into account these results, it was possible to analyse
theoretically the behaviour of the hollow silver NPs extinction
spectra. Figure 9 shows the extinction coefficient for an air—Ag
NP immersed in water, with » = 1nm radius covered by a

& bound

A [nm]
4
PA! (b)
PR
3444, 77°% 2 nm; 10 nm
7, /4 \
/'/ %
/
‘g 4 ¢ T 0.6 nm
g 2 0.7 nm
=< | = ———= 0.9 nm
W ——e— 1.1 nm
2nm
14 E ............. 10 nm
0- ‘s““AA-AJ-.‘.J.., - esccaad

200 300 400 500 600 700 800 900
A [nm]

Figure 7. Real (a) and imaginary (b) components of bound
electrons contribution to silver dielectric function calculated for
different sizes.

subnanometric layer of Ag (r' — r = 0.6 nm), calculated with
and without bound-electron size correction. It can be observed
that the curve calculated with bound-electron size correction
presents a larger contrast between peak and valley with respect
to the curve calculated without size correction.

Taking into account the theoretical calculations for
different species of spherical NPs (Ag bare core, Ag-Ag,O
or air—Ag core—shell), it was possible to fit the experimental
extinction spectrum of the generated suspension. Figure 10
shows the best fit of the normalized experimental extinction
spectrum corresponding to a colloidal suspension fabricated
by fs laser ablation with 500 uJ pulse energy. This fit was
attained considering two types of structures: bare core and
core—shell. The former consists of bare core Ag NPs, while the
latter contains two species of core—shell: Ag—Ag,O and air—Ag
NPs. Considering these types of structures, the optimum
distribution that fits the experimental spectrum is composed
by Ag—Ag,0O NPs with a dominant (relative abundance 72%)
2 nm core radius and 5.5% shell thickness, air—Ag NPs (relative
abundance 24%) with an important contribution of 2 nm core
radius and different shell thickness, together with bare Ag NPs
of 2 nm radius (relative abundance 4%). This distribution can
be observed in the inset of figure 10.
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Figure 8. Extinction spectra for (a) core—shell Ag—Ag,O NP and
(b) subnanometric Ag bare core particle, with and without
bound-electron size correction.
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0.3 ——O——  with bound electron size correction
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Figure 9. Extinction spectra for core—shell air—Ag NP with and
without bound-electron size correction.

To compare sizing results obtained with OES method,
we performed studies using AFM and high-resolution
transmission microscope (HRTEM) of the same colloidal
suspension. Figure 11(a) shows the AFM image of a 7 um
by 7um area, where spherical shape NPs can be seen,

1.2
(0]
2
©
1.0 g
>
Q
©
g
c 087 3
S g
8 0.6 A 2 4 6 8 10 12 14
] Core radius [nm]
x
W o4
Experimental
— -® —  Theorical fit
0.2 ¢
0.0 T T T T T
300 400 500 600 700 800 900

A [nm]

Figure 10. Experimental extinction spectrum of silver colloidal
suspension generated in water with 500 uJ pulse energy. Theoretical
fit was obtained with Ag—Ag,0, air—Ag and bare core Ag NPs. Inset
shows optimum size distribution of core radii and shell thickness
that fits the experimental spectrum.

thus supporting the use of Mie approach for calculating the
polarizability and the extinction spectrum. Several scans
along selected NPs (dashed lines) were performed measuring
the NPs’ height (diameter) as well as surrounding substrate
roughness. Figure 11(b) shows the profile of eleven lines
scanned in the AFM image. Individual particle size is
accurately retrieved. The registered heights are in agreement
with the external radii distribution determined from the fit of the
extinction spectrum of the sample. For these small size values,
it is important to consider that the roughness of mica substrate
(represented by the baseline profile) on which a sample drop
was deposited is more than one order of magnitude smaller than
the smallest recorded particle, ensuring a very good signal-to-
noise ratio in the NP’s profile.

Figure 12(a) shows the HRTEM image of the silver
colloidal core—shell NPs obtained by fs pulse laser ablation.
The sample dilution on milli-Q water was enough to allow
single particle observation. It can be observed that the NPs
are spherical, and in some cases, due to the sample preparation
method, it is possible to observe unwanted coalescence effects.
The typical sizes observed are in agreement with the results
provided by extinction spectroscopy and AFM microscopy.

HRTEM image of these nanocrystals show distinct lattice
fringe patterns (figure 12(b)), evidencing the highly crystalline
nature of the nanocrystals. The lattice spacing obtained from
the micrograph is 0.22 nm, which matches well to the (11 1)
plane for the face-centred-cubic (fcc) crystal structure of bulk
silver, as reported by Guascito et al [50].

6. Conclusions

This work was devoted to the theoretical modelling of complex
silver dielectric function and to the characterization of size
and structure of silver NPs colloidal suspension generated by
ultrashort pulse laser ablation.

We have separately analysed the behaviour of free and
bound electrons contributions to size-dependent complex
dielectric function of silver NPs. Free electrons contribution
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Figure 11. (a) AFM image of silver colloidal suspension generated
in water with 500 wJ pulse energy, (b) height profiles of the eleven
horizontal lines shown in (a).

was corrected for particle size as usual through a term
inversely proportional to the particle radius in the expression
of the bulk damping constant. With this correction, both
real and imaginary parts of the free-electron contribution
present an important dependence with size from 0.6 to
10nm, with a limiting behaviour to bulk for a radius
r &~ 10nm. Bound electrons contribution based on transitions
from d-band to conduction band were taken into account using
an expression that considers all possible interband transitions
at the band maximum without momentum change. The
parameters involved in the expression for bulk bound electrons
contribution, such as Ky, E,, Ef, and yp, were determined
by a simultaneous fit of the real and imaginary experimental
values for bulk complex dielectric function of silver taken
from Johnson and Christy [40]. For subnanometric particles,
a radius-dependent proportionality factor that represents the
increasing energy level spacing was included in the former
expression for bound electrons dielectric function. This
modification is important for radii up to about 2nm, above
which the correction is negligible.

The expression of the size-dependent complex dielectric
function was used to calculate the polarizability involved in
Mie’s theory, showing the influence of bound electrons size
modification on the extinction spectrum for subnanometric

Figure 12. (a) HRTEM image of silver colloidal suspension
fabricated in water with 500 ] pulse energy; (b) separation of the
Bragg planes for an isolated bare Ag NP of the same colloidal
suspension.

particles. It is interesting to point out that this approach
is different from that frequently used in FDTD simulations
[51,52], where the bulk dielectric function is taken as
an expansion of Lorentzian terms. Its parametrization is
accomplished by determining the fitting parameters in the
series expansion, using the resulting time-domain analytical
function for simulation of optical properties of NPs. As
stated above, the dielectric function in our work is built
considering the band structure through a continuum of
intra- and interband transitions which, finally, is made size-
dependent for nanometric and subnanometric radii. In this
case, the parametrization through a series expansion should
include a term dependent on size.

For the case of Ag—Ag,O NPs, the differences between the
spectra with and without size correction are more significant
for wavelengths smaller than 520 nm. For subnanometric Ag
bare core particles, there is a noticeable difference between
the spectra for wavelengths smaller than 400 nm, where the
influence of the imaginary part of bound electrons is more
important.

Considering this dielectric function model, we have
successfully fitted the experimental extinction spectrum of
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silver colloidal suspension generated by ultrashort pulse laser
ablation (500 uJ pulse energy) of solid target in water. The
obtained NPs are spherical and small in size (less than 15 nm
radius), thus enabling the fit of the extinction spectrum using
the electrostatic approximation of Mie theory. For the correct
fit of the peak position and full spectrum, it was necessary to
consider two types of core—shell NPs: Ag—Ag,0 and air-Ag.
It was not possible to find a set of parameters that could fit the
full spectrum considering only Ag bare core NPs.

The colloidal suspension sample was independently
studied through AFM and HRTEM analysis. The results
show very good agreement with those obtained from the fit of
the experimental extinction spectra using the Drude-interband
model.

Summarizing, OES can be applied thus as a comple-
mentary method to advanced microscopy techniques for
sizing spherical bare core and core—shell NPs of the metal
colloidal suspensions in the nanometer—subnanometer size
range. OES allows determining structure (bare core or
core—shell), structure type (Ag—Ag,0 or air-Ag) and relative
abundance of NPs present in a colloidal suspension. It
also has the advantage of providing very good measurement
statistics due to the large number of particles in the path of
the spectrophotometer beam across the sample cell. Besides,
it avoids coalescence effects since the measurement is made
directly on the colloidal suspension.
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