
Size dependent Cu dielectric function for plasmon spectroscopy:
Characterization of colloidal suspension generated by fs laser ablation
J. M. J. Santillán, F. A. Videla, M. B. Fernández van Raap, D. C. Schinca, and L. B. Scaffardi 
 
Citation: J. Appl. Phys. 112, 054319 (2012); doi: 10.1063/1.4751328 
View online: http://dx.doi.org/10.1063/1.4751328 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v112/i5 
Published by the American Institute of Physics. 
 
Related Articles
Particle size and density of a slurry from ultrasonic backscattering measurements at a solid interface 
Rev. Sci. Instrum. 83, 095101 (2012) 
Tuning effective interactions close to the critical point in colloidal suspensions 
J. Chem. Phys. 137, 084903 (2012) 
A method to measure specific absorption rate of nanoparticles in colloidal suspension using different
configurations of radio-frequency fields 
Appl. Phys. Lett. 101, 083118 (2012) 
Krylov subspace methods for computing hydrodynamic interactions in Brownian dynamics simulations 
J. Chem. Phys. 137, 064106 (2012) 
Effective dielectric constant of two phase systems: Application to mixed conducting systems 
J. Appl. Phys. 112, 034107 (2012) 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

http://jap.aip.org/?ver=pdfcov
http://aipadvances.aip.org/resource/1/aaidbi/v2/i1?&section=special-topic-physics-of-cancer&page=1
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=J. M. J. Santill�n&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=F. A. Videla&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=M. B. Fern�ndez van Raap&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=D. C. Schinca&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=L. B. Scaffardi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4751328?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v112/i5?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4748520?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4745479?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4748285?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4742347?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4743985?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


Size dependent Cu dielectric function for plasmon spectroscopy:
Characterization of colloidal suspension generated by fs laser ablation

J. M. J. Santill�an,1 F. A. Videla,1,2 M. B. Fern�andez van Raap,3 D. C. Schinca,1,2,a)

and L. B. Scaffardi1,2

1Centro de Investigaciones �Opticas (CIOp), (CONICET La Plata - CIC), Argentina
2Departamento de Ciencias B�asicas, Facultad de Ingenier�ıa, UNLP, Argentina
3Departamento de F�ısica-IFLP, Universidad Nacional de La Plata-CONICET,
CIOp CC3 (1897) Gonnet, La Plata, Argentina

(Received 26 April 2012; accepted 9 August 2012; published online 10 September 2012)

Copper metal nanoparticles (Nps) have received increasing interest during the last years due to

their potential applications in several fields of science and technology. Their optical properties

depend on the characteristics of the dielectric function of the metal, their size, and the type of

environment. The contribution of free and bound electrons on the dielectric function of copper Nps

is analyzed as well as their influence on its plasmonic properties. The contribution of free electrons

is corrected for particle size under 10 nm, introducing a term inversely proportional to the particle’s

radius in the damping constant. For bound electron contribution, interband transitions from the

d-band to the conduction band are considered. For particles with sizes below 2 nm, the larger

spacing between electronic energy levels must be taken into account by making the electronic

density of states in the conduction band size-dependent. Considering these specific modifications,

optical parameters and band energy values could be determined by fitting the bulk complex

dielectric function. The obtained values were coefficient for bound electron contribution

Kbulk¼ 2� 1024, gap energy Eg¼ 1.95 eV, Fermi energy EF¼ 2.15 eV, and bound electrons

damping constant cb¼ 1.15� 1014 Hz. Based on the dielectric function determined in this way,

experimental extinction spectra of colloid suspensions generated by ultrafast laser ablation of a

solid copper target in liquids was fitted using the Drude-interband model and Mie’s theory.

Depending on the experimental conditions and liquid medium, the particles in the suspension may

have nanometric or subnanometric core size and may be capped with a shell of oxide. From the

fitting, it was possible to determine the structure and size distribution of spherical bare core and

core-shell copper Nps in the nanometer-subnanometer size range. These results were compared

with those obtained by standard microscopy techniques such as AFM and HRTEM. There is a very

good agreement between the three techniques, showing that optical extinction spectroscopy (OES)

is a good complementary technique to standard high resolution electron microscopy and AFM for

sizing spherical nanometric-subnanometric Nps. OES has also the advantage of a very good

measurement statistics, due to the large number of probed particles across the sample cell. Besides,

it avoids coalescence effects since the measurement is made directly on the colloidal suspension.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4751328]

I. INTRODUCTION

The study of copper metal Nps is an area of active

research due to their wide potential applications in chemistry,

catalysis, material science, and nanofluidics.1–4 The high con-

ductivity, large extinction cross section, photosensitivity, and

low cost of copper make it a promising material for the devel-

opment of miniaturized devices that can integrate electronic,

photonic, and chemical features for use in biological nanosen-

sors.5–9 It is also interesting its capability of insertion in host

polymer matrices for nonlinear optics applications.10–12

The spectral characteristics of plasmons of metal Nps

may be used to characterize the size of noble metal Nps in the

range of 10–100 nm radius.13 Recently, we have shown a

method for sizing gold and silver nanoparticles below 10 nm

by fitting extinction spectra with Mie’s theory together with a

conveniently modified bulk dielectric function.14–18 This mod-

ification considers that the damping constant in Drude’s model

is increased due to additional collisions of free electrons with

the boundary of the particle. This fact produces a size depend-

ence of the dielectric function and consequently of the refrac-

tive index. For noble metals, transitions of bound electrons to

conduction band levels contribute appreciably to the dielectric

function. For silver and gold, Pinchuk et al.19 analyzed the

influence of interband electronic transitions on the frequency,

amplitude, and bandwidth of the surface plasmon resonance

in small metal clusters in the Rayleigh approximation. How-

ever, for the case of copper Nps, the influence of free and

bound electrons on the dielectric function and its dependence

with size has not been fully analyzed.

This work consists of two parts: the first one is devoted

to study the size effect on the dielectric function of copper in

order to analyze its influence on the extinction spectra. Both

free and bound electron contributions will be considered,a)Electronic mail: daniels@ciop.unlp.edu.ar.
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and the values of the different parameters involved in the

model will be determined.

The second part is devoted to the application of this

technique to retrieve the size distribution of colloidal copper

suspensions generated by fs laser ablation in liquid media, as

well as the possible appearance of core-shell copper-copper

oxide structure.

II. THEORETICAL FRAMEWORK

The complex dielectric function for bulk metals can be

decomposed into two additive terms as a function of fre-

quency of the electromagnetic wave x: a free-electron con-

tribution and an interband (or bound-electron) contribution.

When the metal particle has nanometric size, the dielectric

function also depends on the particle radius R and it can be

written as

esizeðx; RÞ ¼ ebound�electronsðx; RÞ þ efree�electronsðx; RÞ: (1)

For bound electrons, the complex dielectric function

arising due to transitions from the copper d-band to the

conduction sp-band can be calculated using the expression

given by Inouye et al.20 and modified to take into account

the increasing spacing of the energy levels when the particle

size decreases14

ebound�electronsðx; RÞ ¼ Kbulk

�
1� exp ð�R=R0Þ

�
ð1

xg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� xg
p

x
½1� Fðx; TÞ� ðx

2 � x2 þ cb
2 þ i 2 xcbÞ

ðx2 � x2 þ cb
2Þ2 þ 4 x2cb

2
dx;

(2)

where �hxg is the copper gap energy (Eg), F(x, T) is the Fermi

energy distribution function of conduction electrons of

energy �h x at the temperature T with Fermi energy EF, cb rep-

resents the damping constant of the interband transition,

R0¼ 0.35 nm is a scale factor, and Kbulk is a proportionality

constant.

The size dependence introduced in the factor Kbulk�
1� exp ð�R=R0Þ

�
follows the idea introduced by Logunov

et al.21 that the electronic density of states is different for

nanoparticles of different sizes. These authors conclude that

small particles have larger spacing between electronic states,

so the density of states will be smaller for very small Nps.

For free electrons, the complex dielectric function can

be written as

efree�electronsðx; RÞ ¼ 1� xp
2

x2 þ i cbulk þ C vF

R

� �
x
; (3)

where xp is the bulk plasma frequency and the term in paren-

thesis in the denominator is the size modification of the

free-electron damping constant, being cbulk the bulk damping

constant in the Drude model, vF the Fermi velocity, and C a

constant that depends on the electron scattering processes

inside the nanoparticle.

With the dielectric function written in this way, it is

possible to fit the experimental bulk dielectric function

measured by Johnson and Christy.22 For this purpose, we

have set the radius R equal to a sufficiently large value with

respect to R0 to ensure the bulk regime condition. In our

case, R¼ 100 nm was used. For the theoretical calculations

of Eqs. (1)–(3), the value for xp¼ 13.4� 1015 Hz was taken

from Ref. 23, and the free electron damping constant cbulk

¼ 1.45� 1014 Hz from Ref. 22. Fermi velocity for copper

was taken from Ref. 24 to be vF¼ 15.7� 1014 nm/s. C values

range between 0.5 and 1.2, as derived from first principles

calculations.25 In our case, a C value of 0.8 was used.

The simultaneous fit of the real and imaginary parts of

both contributions yields the optimum values of Kbulk, Eg,

EF, and cb which are included in Table I. Using this model,

these parameters were determined for the first time in this

work.

Figures 1(a) and 1(b) show the real and imaginary com-

ponents of bound (Eq. (2)) and free electron (Eq. (3)) contri-

butions calculated separately, while its sum (full line) is the

best fit to experimental bulk values derived from complex re-

fractive index data taken from Johnson and Christy22 (repre-

sented by full squares).

It is interesting to notice from Figure 1(b) that the bound

electron contribution dominates over the free electron contri-

bution for wavelengths shorter than 600 nm. We will see

in the following section that the interband transitions influ-

ence the behaviour of copper Np optical extinction spectrum

in the short wavelength range.

Figure 2 shows the behaviour of the real and the imagi-

nary parts of the total dielectric function (Eq. (1)) as a func-

tion of wavelength for different Np radii.

It can be seen that the real part of the dielectric function

(Fig. 2(a)) is very sensitive to size for R< 2 nm. However,

this sensitivity decreases for the range 2–10 nm and it is

almost coincident with the bulk curve for R¼ 10 nm. On the

other hand, the imaginary part (Fig. 2(b)) shows a similar

limit behaviour for R> 15 nm, but there seems to be also a

limiting behaviour for R¼ 0.6 nm.

The Kbulk, Eg, EF, and cb parameters that appear in

Eq. (2) influence independent features in the experimental

dielectric function. As an example, we show in Figs. 3–5 the

modifications on the complex dielectric function due to small

changes in Eg, EF, and cb, respectively. Figure 3 shows the

influence of Eg on the complex dielectric function. Although

the real part (Fig. 3(a)) seems insensitive to changes in Eg,

there is an observable difference in the calculated curves for

the imaginary part (Fig. 3(b)), especially in the wavelength

region between 350 and 530 nm (region I), corresponding to

the onset of the gap transition.

Figure 4 shows the influence of EF on the complex

dielectric function. It can be seen that for small variations in

TABLE I. Optical parameters for bulk copper determined in this work.

Parameter Symbol Value

Coefficient for bound electron contribution Kbulk 2� 1024

Gap energy Eg 1.95 eV

Fermi energy EF 2.15 eV

Damping constant for bound electrons cb 1.15� 1014 Hz
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the value of EF, the real part (Fig. 4(a)) shows almost no

changes. However, the most prominent changes occur for the

imaginary part (Fig. 4(b)) between 530 and 700 nm (region

II), which corresponds to the edge transition. This region is

different and independent from that in which the influence of

Eg is more noticeable.

Finally, Fig. 5 shows the influence of small variations of

cb over the real and the imaginary part of the dielectric func-

tion. Here again, while the real part (Fig. 5(a)) is almost

insensitive to changes in cb, the imaginary part (Fig. 5(b))

shows a stretching around the midpoint at 570 nm.

Considering the independent influence of these parame-

ters, it was possible to use them to fit the experimental bulk

dielectric function and hence obtain the optimum values

shown in Table I. Knowledge of the size dependent dielectric

function will be used for calculating the theoretical extinc-

tion cross section to fit the experimental extinction spectra of

colloidal suspension.

III. EXPERIMENTAL PROCEDURE

Copper Nps were fabricated by ultrafast pulse laser abla-

tion in liquids. A high purity grade 1 mm thick copper circu-

lar disk was used to carry out these experiments. Laser

ablation was performed using a Ti:Sapphire chirped pulsed

amplification (CPA) system from Spectra Physics, emitting

pulses of 100 fs width at 1 kHz repetition rate centered at

800 nm wavelength. The maximum output energy was 1 mJ

per pulse. A 5 cm focal length was used to focus the laser

beam on the target disk surface, which was immersed in

water or acetone. The energy per pulse used in this experi-

ment was 500 lJ. The fabrication process was done during

20 min, after which the solution shows a typical greenish col-

our in water or reddish in acetone, which is attributed to the

presence of a large number of Nps in the solution. Optical

extinction spectroscopy was conducted by means of a

Shimadzu spectrophotometer from 300 to 1000 nm. Meas-

urements were performed on highly diluted and sonicated

Nps solutions immediately after laser ablation. Since many

other authors work with laser ablation in pure liquids, no

FIG. 1. Comparison between experimental bulk values (squares and dia-

monds) and theoretical calculation for the real and imaginary part of copper

dielectric function. Experimental values were derived from Johnson and

Christy22 while theoretical free and bound electron contributions to the com-

plex dielectric function were carried out using Eqs. (1)–(3). (a) Real compo-

nent e0 and (b) imaginary component e00. Determined parameters are given in

Table I.

FIG. 2. Real (a) and imaginary (b) parts of the copper complex dielectric

function considering free and bound electron contributions for different

values of Np radii.
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surfactants were added to the sample to make the analysis in

pure water or acetone without extra additives.

The mechanisms underlying the formation of copper

Nps with pulsed laser ablation of a copper solid target in

liquids are very complex. The formation mechanism includes

several reactions in nonequilibrium high-temperature high-

pressure plasma-liquid environment. The shockwave that

results from the laser breakdown generates these conditions

at the liquid-plasma interface, which becomes an active

chemical reaction zone that enhances the bonding of copper

species with ionized water molecules to form copper oxide

Nps. These conditions encountered at the solid target-liquid

interface dominate the size and structural phase of the syn-

thesized Nps. The Cu clusters formed after the adiabatic

expansion (and cooling) of the plasma plume react with the

solvent (hydroxyl radicals or oxygen atoms) and may pro-

duce copper oxides around bare Cu particles.

To study the composition of the colloidal suspension,

the samples were analyzed using atomic force microscopy

(AFM) imaging. The colloidal suspensions obtained by laser

ablation were highly diluted and drop coated on scratch free

high quality mica Ruby Mica Disc (average roughness of

0.073 nm). The observations were carried out onto the dried

sample with a NT-MDT Solver Pro microscope (minimum

scanning step of 0.006 nm in vertical direction) working at

semicontact mode using a triangular NSG20 cantilever (reso-

nance frequency 534 kHz) with sharp tip of 10 nm curvature

radius. On the other hand, HRTEM (JEOL 4000EX high-

resolution) images were also obtained for colloidal suspen-

sions in water and acetone.

IV. RESULTS

Since the size of the copper Nps considered in this paper

is very small compared with the incident wavelength, the

response to optical extinction can be described using the

electrostatic approximation. In this approach, the expression

for the extinction cross section is

Cext: ¼ k0 Im ðaÞ; (4)

where a is the polarizability, k0 ¼ 2 p nm

k is the wavenumber

in the medium surrounding the particle, nm is the refractive

index of the medium, and k is the wavelength of the incident

light in vacuum.

Since during ablation there are conditions of high tem-

perature and high pressure in the plasma plume, oxidation

FIG. 3. Influence of Eg on the complex dielectric function: (a) real compo-

nent and (b) imaginary component. The influence of the imaginary part is

more noticeable for wavelengths in the range 350–530 nm (region I).

FIG. 4. Influence of EF on the complex dielectric function: (a) real part and

(b) imaginary part. The influence on the imaginary part is more noticeable

between 500 and 750 nm (region II).
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processes proceed very fast over the formed copper Nps, and

there is a large probability that copper-copper oxide Nps

may be generated. In view of this, it is important to take into

account the expression of the polarizability for capped par-

ticles. So, for spherical Nps with core-shell structure, the

polarizability can be written as26

a ¼ 4 p R
03 ðe2 � emÞðe1 þ 2 e2Þ þ f ðe1 � e2Þðem þ 2 e2Þ
ðe2 þ 2 emÞðe1 þ 2 e2Þ þ f ð2 e2 � 2 emÞðe1 � e2Þ

;

(5)

where f ¼ R
R0

� �3
is the ratio between inner and outer radius

volumes, R¼ rcore is the metal central core (copper),

R0 ¼ r(coreþcoating) is the outer radius (copper coreþ copper-

oxide coat thickness), e1¼ e1 (k, R), e2¼ e2 (k), and em¼ em

(k) are the dielectric functions of the core, coating (shell),

and surrounding medium, respectively. Another parameter

related with the extinction cross section is the extinction

coefficient defined as Qext ¼ Cext=p R
02.

Data for e1 was derived from Ref. 22, while the complex

dielectric function e2 corresponding to the Cu2O shell was

taken from Palik.27

Figure 6(a) shows the extinction coefficient for a core-

shell Cu-Cu2O Np for a subnanometric metal radius

R¼ 0.7 nm covered by a thin layer of copper-oxide (R0-R
¼ 50% R), calculated with and without bound electron size

correction. It can be observed that the peak position is near

650 nm for both spectra, but differences are more noticeable

for wavelengths lower than 650 nm, where the influence of

imaginary part of bound electrons is more important.

The correction of bound electron smooths the contrast

ðImax � IminÞ=Imax in the mentioned range, while for larger

wavelengths the spectra are coincident. The inset show the

real and imaginary parts of the complex dielectric function

of Cu2O.

Figure 6(b) shows the extinction coefficient for a subna-

nometric copper bare core, which is a special case of core-

shell Np where R0 ¼R. Here, the differences between the

spectra are more evident for wavelengths shorter than

600 nm, and the plasmon resonance is blue shifted from

650 nm (with oxide shell) to a small shoulder at 600 nm with-

out shell.

We may apply the above calculations to fit the experi-

mental extinction spectra of the obtained suspension. Figure 7

FIG. 5. Influence of cb on the complex dielectric function: (a) real part and

(b) imaginary part. There is a stretching around 570 nm that affects mainly

the peak and the valley.

FIG. 6. Extinction coefficient for (a) core-shell Cu-Cu2O Np and (b) bare

core Cu Np, with and without bound electron size correction. The difference

in the spectra is more noticeable for wavelengths smaller that the plasmon

peak, where the influence of the bound electron is more important.
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shows the best fit of the experimental extinction spectrum cor-

responding to a colloidal suspension fabricated by fs laser

ablation. The fit was attained considering a linear combination

of two types of core-shell Nps: one with 0.9 nm core radius

and shell thickness of 40% R and the other of the same core

radius and a 150% R shell thickness. The coefficients of this

combination, 0.45 and 0.55, respectively, give the optimum

relative abundance of the species. No combination of bare

core particles could fit the whole spectrum.

It is interesting to notice also that neither of the single

species can fit the whole spectrum by itself. This fact can be

seen in Figure 8 where the normalized spectrum of each spe-

cies is represented together with the experimental spectrum

for comparison. It can be seen that the 40% shell thickness

curve correctly fits the plasmon peak position, but there is a

serious disagreement for wavelengths shorter than 550 nm.

The 150% shell thickness curve has its peak position shifted

to the IR in about 60 nm with respect to the experimental

one, a shift that can be readily measurable with a commercial

spectrophotometer and does not fit correctly the spectrum in

the short wavelength range.

Changes in core radius of 60.1 nm or in shell thickness

of 620% make impossible to fit the experimental curve for

wavelengths shorter than 600 nm. This fact shows the good

sensitivity of the fitting procedure.

Similar results were obtained using other liquid as the

host medium. Figure 9 shows the experimental curves (red

full line) and the theoretical fit (full diamond and dashed

line) corresponding to copper Nps in acetone fabricated with

500 lJ. The optimum size distribution has a dominant size of

Cu bare core 2 nm radius and includes a 7% abundance of

4 nm radius and a 14% abundance of 10 nm radius of

Cu-Cu2O Nps. There is also an important subnanometric

contribution of 0.8 nm core radius of the same configuration

whose abundance is 32%. It is important to remark the fact

that core radii and shell thicknesses that appear in the histo-

gram depicted in the inset indicate a bimodal distribution

composed by small radii in the range 1 to 4 nm and a larger

one centered at 10 nm.

To compare the sizing results obtained with the OES

method, we performed microscopy analyses on the same col-

loidal samples. Figure 10(a) shows, as an example, an AFM

picture of the colloidal sample generated in water using

500 lJ pulse energy laser ablation. Individual particles were

clearly resolved by AFM imaging of the scanned

1.2 lm� 1.2 lm area under the low concentration condition

used. It is well known that tip curvature radius limits lateral

resolution, but height measurements have larger resolution

and can retrieve NP size with higher accuracy. The height

profiles of line 1 and line 2 in the upper panel of Figure

10(a) are shown in the lower panel. The scan of the first line

FIG. 7. Solid line corresponds to normalized experimental spectral extinc-

tion of Cu-Cu2O Nps fabricated in water by laser ablation with 500 lJ pulse

energy. Dashed line and points shows the best fit calculated theoretically

with a bimodal contribution for core-shell Cu-Cu2O Np: (1) R¼ 0.9 nm and

R0-R¼ 0.36 nm and (2) R¼ 0.9 and R0-R¼ 1.35 nm. The abundance for the

first contribution is 0.45 and 0.55 for the second.

FIG. 8. Solid line corresponds to experimental spectral extinction of

Cu-Cu2O Nps fabricated by laser ablation with 500 lJ energy. Squares with

full line is calculated extinction spectrum corresponding to R¼ 0.9 nm and

R0-R¼ 40% R. Circles with dashed line is calculated extinction spectrum

corresponding to R¼ 0.9 nm and R0-R¼ 150% R.

FIG. 9. Experimental spectra and theoretical fit of colloidal suspension in

acetone: (a) pulse energy E¼ 500 lJ. The fit is based on a combination of

Cu bare core and Cu-Cu2O structures.
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in the range 0.9 lm< x< 1.1 lm includes a single Np of

4.5 nm height (diameter). This size agrees with the results

obtained by extinction spectroscopy of the same sample con-

sidering a core-shell Cu-Cu2O particle with a core radius of

0.9 nm and a shell thickness of 1.35 nm. On the other hand,

line 2 scans over a 2.2 nm height Np, which agrees with the

other size present in the core-shell Cu-Cu2O colloidal sus-

pension of Figure 7 and derived from the fitting of its extinc-

tion spectrum. To stress the reliability of these results,

Figures 10(b) and 10(c) show the image and roughness pro-

file of the mica substrate over which the colloidal suspension

was deposited. Mica substrate average roughness of 0.07 nm

(Figure 10(c)) is almost two orders of magnitude smaller

than the Nps under inspection, which ensures a very good

contrast ratio between particles and background. Finally,

Figure 10(d) shows an HRTEM image of the same colloidal

suspension. It can be seen that there are several nanoparticles

showing a central dark core and a light gray region surround-

ing the core evidencing core-shell Cu-Cu2O Nps. The exter-

nal radii of the core-shell Nps between 1.5 nm and 2.5 nm

agree with the values determined by AFM microcopy and

extinction spectroscopy.

A similar analysis and comparison between extinction

spectroscopy and AFM/HRTEM was carried out for the col-

loidal samples in acetone. The results between the three

methods showed very good agreement.

All these results support the fact that OES is a very sim-

ple, inexpensive, and sensitive technique to size nanometric-

subnanometric bare core or core-shell Nps colloids. The

results derived from extinction spectroscopy are consistent

with those obtained from standard techniques such as elec-

tron microscopy and atomic force microscopy. Besides, the

measurement statistics for OES is very large, with typical

values ranging from 1012 to 1014 Nps, a fact that enhances

the reliability of the measurements.

V. CONCLUSIONS

This work was focused on two aspects of copper Nps

characterization. The first one dealt with the analysis of the

behaviour of free and bound electron contribution to the

wavelength dependent dielectric function of copper. The free

electron contribution was modified as usual including a term

inversely proportional to the particle radius in the expression

of the bulk damping constant. With this modification, both

real and imaginary parts of the free electron dielectric

function show a noticeable dependence with size from 1 nm

to 10 nm, with a limiting behaviour to bulk for a radius

R � 10 nm. The bound electron contribution of transitions

from the d-band to the conduction band was modelled using

an expression that takes into account all the possible inter-

band transitions. The parameters involved in the expression

for the bulk bound electron dielectric function, such as Kbulk,

Eg, cb, and EF, were adjusted to fit simultaneously the real

and imaginary experimental values for bulk copper complex

dielectric function taken from Johnson and Christy.22 For

subnanometric Nps, a size dependence factor that accounts

for the larger energy level spacing was included in the for-

mer expression for the bound electron dielectric function.

This correction is important from subnanometric size to a ra-

dius of about 2 nm, above which the correction is negligible.

The second part of the work was devoted to the applica-

tion of this technique to retrieve the size distribution of col-

loidal copper suspensions generated by fs laser ablation in

water and acetone, as well as the possible appearance of

core-shell copper-copper oxide structure. The expressions of

the obtained dielectric function were used in the calculation

of the polarizability of metal Nps within Mie’s theory, show-

ing the influence of bound electron size correction on

the shape of the extinction spectrum of subnanometric Nps.

For core-shell Cu-Cu2O Nps, the differences are more

noticeable for wavelengths between 300 nm and 750 nm

FIG. 10. (a) AFM image of the diluted colloidal suspension obtained by

laser ablation with 500 lJ pulse energy (upper panel) and height (diameter)

of the NPs vs X position for line 1 and line 2 marked on AFM image(lower

panel). Notice the single peak in line 1 and two single Np peaks in line 2. (b)

AFM image of the mica substrate. (c) Measured roughness profile of the

mica substrate shows an average value of 0.07 nm. (d) HRTEM image of

core-shell Cu-Cu2O nanoparticles. The external radii observed are in good

agreement with the values obtained by the AFM image and extinction

spectroscopy.
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(regions I and II), where the influence of imaginary part of

bound electrons is more important. For the case of bare core

Cu Nps, the differences between the spectra with and without

size correction are more evident for wavelengths shorter than

600 nm, where the influence of the bound electrons is more

important.

As an example of these theoretical studies, we have suc-

cessfully fitted the experimental optical extinction spectra of

core-shell Cu-Cu2O Nps fabricated by ultrashort pulse laser

ablation of solid target in water and acetone with 500 lJ

pulse energy. In the former, the optimum fitting using Mie’s

theory yielded a dominant core radius R¼ 0.9 nm with a

shell thickness distribution of 40% R and 150% R, while in

the latter there is a larger size dispersion with a dominant

size of Cu bare core 2 nm radius together with a small abun-

dance of Cu-Cu2O 10 nm particles as well as an important

subnanometric contribution of 0.8 nm core radius of the

same configuration. We also showed that the method of spec-

tral fitting is extremely sensitive to small variations in core

radius (60.1 nm) or shell thickness (620% R). These small

changes modify the shape of the curves and depart from the

experimental spectrum.

For comparison purposes the colloidal suspensions gen-

erated by fs laser ablation were analyzed with standard mi-

croscopy techniques such as AFM and HRTEM. The results

show very good agreement with those obtained from the fit-

ting of the experimental extinction spectra using the Drude-

interband model.

OES can be applied thus as a complementary method to

advanced microscopy techniques for sizing spherical bare

core and core-shell metal Nps in the nanometer-

subnanometer size range. Besides, OES allows to determine

the structure (bare core or core-shell) of the Nps present in

the colloidal solution as well as its abundance. It also has the

advantage of providing a very good measurement statistics

due to the large number of particles in the path of the spec-

trophotometer beam across the sample cell. Besides, it

avoids coalescence effects since the measurement is made

directly on the colloidal suspension.
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