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nanoparticles: nanoheater and nanolens effect
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Abstract Theoretic and experimental results on the

heating process and near field localization arising

when gold nanoparticles are irradiated by ultrashort

laser pulses are presented. The system under consid-

eration consists of nanoparticles with radius of 20, 40,

or 100 nm in vacuum or deposited on different

substrates. Substrate materials with different dielec-

tric properties are used to sense and visualize the

nanoparticle heating and near electromagnetic field

distribution. The theoretic analysis is based on two-

temperature heat model for estimation of the nano-

particle temperature and Finite Difference Time

Domain (FDTD) method for description of the near

field distribution in the vicinity of the particles. It is

found that at even moderate laser fluences, particle

temperature can reach a value sufficient for bubble

formation in biological tissues. The analysis of the

near field distribution shows that when particle is

deposited on substrate surface, the dielectric proper-

ties of the substrate define the localization and

enhancement of the near field intensity. The effi-

ciency of this process determines the contribution of

particle heating or near field intensity enhancement in

the surface modification process. The localization of

the near field intensity in the vicinity of the contact

point between the particle and substrate is proved

experimentally for metal and silicon substrates,

where the experimentally obtained surface modifica-

tions resemble the theoretically predicted intensity

distribution.
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Introduction

Although the basic physics of the interaction between

the electromagnetic field and metal particles with

dimensions smaller than the incident wavelength was

described already more than 100 years ago by Mie

(1908, see also Kerker 1969), their unique properties

have attracted significant interest recently. The

development of commercial and also new reliable

methods for fabrication of metal particles (Abe et al.

1998; Buscaglia et al. 2008; Chen et al. 2000; Zheng

et al. 2007), and precise control of their size

distribution and deposition has increased the possi-

bility of their applications in different fields (Chu

et al. 2005; Matsui 2005; Schleunitz et al. 2007). The
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noble metal (Au, Ag) nanoparticles are especially

attractive due to the possibility of efficient excitation

of plasmons with the commercially available light

sources in the near UV and visible regions of the

spectrum (Kreibig and Vollmer 1995). The plasmon

excitation in these structures is responsible for

enormous enhancement of their absorption and

scattering coefficients, which at resonance conditions

can be increased by orders of magnitude. An

important characteristic of the nanoparticles optical

spectra is their dependence on the size of the

particles, their shape and structure, dielectric proper-

ties of the environment, geometry of excitation, and

the particles arrangement (Kelly et al. 2003; Prodan

et al. 2003; Pustovalov and Babenko 2005). This

gives an opportunity of tuning the resonant wave-

length in a wide range that can cover the visible and

even near infrared regions of the spectrum. Further-

more, gold nanoparticles express good photostability

and can be easily functionalized with antibodies and

proteins. These properties are the basis for their

application in biophotonics where noble metal nano-

particles are used for cell processing, as cancer cell

photothermal therapy (Jain et al. 2008; Lal et al.

2008; Zharov et al. 2005a, b) and cell imaging (Loo

et al. 2005; Shirma et al. 2006). In the particle-

mediated cell processing applications, the enhanced

absorption of the particle leads to its strong heating

that can result in triggering of irreversible chemical

effects, or bubble formation in the material.

Besides the modification of the optical properties

observed in the far field zone, the excitation of

plasmons in metal nanoparticles is accompanied by

the development of strong field in the near field

zone (Kik et al. 2002; Plech et al. 2008). The

evanescent nature of this field defines an exponential

decrease of the optical intensity with the distance

from the particle surface. However, when an object

is placed in the near field zone of the particle, it can

absorb the near field energy and can result in its

modification (Huang et al. 2003; Leiderer et al.

2004; Nedyalkov et al. 2007a). Using this effect,

nanosized modifications in metal, dielectric, and

semiconductor materials are demonstrated (Nedyal-

kov et al. 2007a). The properties of the near field in

the vicinity of nanoparticles are also found to

depend on the particles’ characteristics, environ-

mental dielectric properties, and parameters of the

incident irradiation as polarization and wavelength,

and particle arrangement (Eversole et al. 2007;

Nedyalkov et al. 2006a).

Thus, the interaction of the electromagnetic field

with noble nanoparticles is a complex phenomenon,

and, therefore, the efficient application of its proper-

ties need a detailed investigation. This is especially

valid in the field of biophotonics where the efficient

and safety application need detailed knowledge of the

processes involved. Up to now, the studies performed

(Jain et al. 2008; Huang et al. 2003; Khlebtsov et al.

2006; Lal et al. 2008; Leiderer et al. 2004; Zharov

et al. 2005a, b) have investigated the particle

absorption and heating, and the near field properties

separately, which have limited the overall under-

standing of the interaction, where generally both

these effects play a role.

In this article, we present a theoretic and exper-

imental investigation on two main effects arising

when gold nanoparticles interact with electromag-

netic field. The first one is energy absorption and

nanoparticle heating (nanoheater effect) described by

combination of optical properties calculation by Mie

theory and two-temperature heat model. The second

one is related to the ability of the nanoparticle to

concentrate energy in its vicinity (nanolens effect),

and in general the properties of the electromagnetic

field in the near field zone. In such a way, we give

more detailed view of the nanoparticle–laser pulse

interaction. Ultrashort laser pulses at wavelength of

800 nm are used in this study. From the viewpoint of

practical applications, the ultrashort irradiation offers

a possibility of minimizing the heat-affected zone and

can significantly contribute to a strong localization of

the laser–matter interaction. When interaction of such

pulses with nanoparticles is considered, the heat

diffusion to the surrounding medium is negligible

during the laser pulse which ensures efficient particle

heating. The wavelength of the used laser irradiation

falls into the transparent window of the human tissue

(600–1300 nm, Vo-Dinh 2003), and the obtained

results can be applied in designing technique for in

vivo processing of biological objects. We show the

conditions that influence the efficiency of particle

heating and the role of enhanced near field. The

realization of the two mechanisms is demonstrated

experimentally by producing permanent modifica-

tions of different substrates. The results indicate that

at certain conditions, the role of the local field

enhancement in particle vicinity dominates the
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substrate modification characteristics over the nano-

particle heating.

Simulation model

For reliable description of the nanoparticle heating

process, optical parameters of the nanoparticle should

be obtained. In this study, the absorption cross section

is obtained on the basis of Mie scattering theory using

the following equation:

Cabs ¼ Cext � Csca; ð1Þ

where Cext and Csca are the extinction and scattering

cross sections given by Papavassiliou (1979):

Cext ¼
4pR2e3=2

m

ka3

X

l

2lþ 1ð ÞRe Al þ Blð Þ ð2Þ

Csca ¼
4pR3e1=2

m

ka3

X

l

2lþ 1ð Þ Alj j2þ Blj j2
� �

ð3Þ

Here, k is the wavelength of the incident irradiation,

em is the dielectric function of the surrounding

medium, a = (2pRem
1/2)/k, R is the particle radius,

and Al and Bl are the electric and magnetic partial

oscillation coefficients. The optical parameters for

gold used in the calculation are taken from Johnson

and Christy (1972).

The temperature evolution of the particle during

and after the interaction with the laser pulse is traced

by one-dimensional two-temperature model (Pust-

ovalov 2005):

Ce

oTe

ot
¼ �c Te � Tið Þ þ S ð4Þ

Ci

oTi

ot
¼ c Te � Tið Þ ð5Þ

S ¼ ICabs=Vp ð6Þ

Here, Te and Ti are the electron and lattice temper-

atures (Anisimov et al. 1974, see also for example

von Allmen 1987), S and I are the laser energy source

and laser intensity (time dependent), respectively;

Vp = 4/3pR3 is the particle volume; Ci, Ce, and c are

the lattice and electron system heat capacities, and

electron-lattice coupling constant, respectively. In

this model, the spatial distribution in the particle

heating is neglected, and it is assumed to be

homogeneous. In order to clarify the validity of this

assumption, 2D model is also applied for description

of nanoparticle heating. In this model, the system of

equations is modified as heat flux terms in the form:

-ke(i)(rTe(i)) for electron, and lattice systems are

added in the right side of the Eqs. 4 and 5. For the

source term, the relation S = rE2(t) is used (Habash

2007), where r is the gold conductivity. The electric

field intensity E2(t) values are taken from the FDTD

simulation which is described shortly.

Since the heat transfer between the particle and the

surrounding medium has a characteristic time of few

tens of picoseconds (Link and El-Sayed 1999), this

process is neglected in the calculation of the particle

temperature. The coupled equation Eqs. 4–6 and 2D

modification are solved using a classical finite

difference scheme and by taking into account the

temperature dependence of the electron heat capacity

according to Ce = AeTe, where Ae = 70 J/m3K2, and

the temperature dependence of Ci (Chowdhury and

Numer 2003).

The electron heat conductivity of gold is assumed

to be constant, as the value of 2 9 103 W/mK is used

as average obtained from the expression ke = keo(Te/

Ti), with the electron temperature range from 300 to

9000 K, and keo = 318 W/mK (Wellershoff et al.

1999). The lattice heat conductivity of gold ki is

318 W/mK. The value of the coupling coefficient,

c = 3.1016 W/m3K is taken from Hodak et al. (1998).

The electric field distribution and the optical near

field enhancement in the vicinity of nanoparticles are

calculated by the Finite FDTD method (Taflove and

Hagness 2000). This method is a numerical algorithm

for solving Maxwell’s equations, and it allows a

solution of electromagnetic distributions for complex

geometries and inhomogeneous systems. In this

model, the simulated system is divided into elemen-

tary cells, where the electric and magnetic field

components are calculated at each time step. The

dielectric function of the gold particles is described

by Drude model as the input parameters are taken

from Johnson and Christy (1972) and Vial et al.

(2005). Simulations are made for the system consist-

ing of gold nanoparticle in vacuum or placed on the

dielectric substrate with refractive index of 1.488

corresponding to polymethyl methacrylate (PMMA)

(Baker and Dyer 1993), and silicon and platinum (Pt)

film. The dielectric functions of silicon and platinum

are taken from Palik (1998). These materials are

chosen due to their different dielectric properties
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which play a crucial role for the characteristics of the

near field intensity distribution as it will be shown

shortly. The electric field intensity which is an input

parameter for FDTD simulation is assumed to be

1 (V/m)2 in all simulations.

In this study, results for gold nanoparticle with radius

of 20, 40, and 100 nm are shown. According to the

calculations for the near field scattering efficiency

(Messinger et al. 1981), particles in this size range show

strong enhancement of the near field intensity. Further-

more, particles with dimensions in this range are usually

objects of investigation in the area of nanoparticle-

assisted photothermal therapy (Khlebtsov et al. 2006).

Experimental details

Gold spherical particles with radius of 100 nm

dispersed in water (BBInternational Corp.) are used

in the experiments. The particles are deposited on

different substrates by spin-coating method. After

deposition, the particles are randomly distributed on

the substrate surface. The experiments are performed

with a Ti:sapphire chirped pulse amplification system

(Thales laser) that produces 1 mJ pulses at a repeti-

tion rate of 1 kHz and center wavelength of 800 nm.

The laser pulse duration is 100 fs (full width at half

maximum). The laser radiation is directed normally

to the surface and is focused by a lens with focal

length of 250 mm. The spot size on the substrate

surface is estimated to be about 100 lm. The pulse

energy is adjusted by a variable attenuator. The

experiment is done on a single shot basis, as the shot

number is controlled by a high-speed mechanical

shutter. For the experiments with circular polariza-

tion, a quarter-wave plate is used for transformation.

For sensing the particle heating and the near field

properties in their vicinity, PMMA, thin Pt film, and

silicon are used as substrates in the experiments. The

substrate materials are chosen to have different

dielectric properties to estimate its role on the

investigated effects. The refractive index of PMMA

substrate is close to the typical for bio-tissue, and the

results can be used in biophotonics. In addition, the

modification technique shown here can be used in a

lithography technology efficiently for materials hav-

ing a variety of applications such as metal films and

silicon. The Pt thin film with thickness of 20 nm,

deposited by ion sputtering is used. The roughness of

the substrates is estimated as 4 nm (RMS) for PMMA

and metal film, and 1 nm for Si. After laser irradi-

ation, the samples are not treated to remove gold

particles.

The irradiated samples are analyzed by AFM

(SPA300/SPI3800, Seiko Instruments Inc.) and SEM

(Sirion 400, FEI Company).

Results and discussion

Gold nanoparticles as nanoheater

Figure 1 represents the absorption cross-sectional

spectra of single gold nanoparticles with radius of

20, 40, and 100 nm calculated by Eqs. 1–3. The

clearly expressed peaks in the absorption cross

sections are related to plasmon excitation in the

nanoparticles. The maximal values are observed in the

range of about 525–550 nm for particles with radius

R = 20 and 100 nm. The values of the absorption

cross sections at wavelength of 800 nm are about two

orders of magnitude lower than the optimal ones for

particles with R = 20 and 40 nm. Although, the

increase of the particle dimensions results in the

broadening of the plasmon absorption band and a shift

of the maxima to the longer wavelengths, the value of

the cross section for particle with radius 100 nm is

about 20 times lower than the peak value. Using the

calculated absorption cross sections, the temperature
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Fig. 1 Absorption cross-sectional spectra of single gold

nanoparticles in vacuum with radius of 20, 40, and 100 nm

calculated by Eqs. 1–3
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of the particles is obtained using the two-temperature

diffusion model. The values of the maximal temper-

ature reached in the nanoparticles when they are

irradiated by a single 100 fs laser pulse as a function

of the incident laser fluence are shown in Fig. 2. For

comparison, the value of the maximal temperature

obtained at the highest absorption (at k = 550 nm) for

R = 100 nm particle exceeds 5 9 103 K at fluence of

100 mJ/cm2. It should be noted that for biophotonic

applications, such as cell membrane modification, the

necessary increase of the temperature should be up to

about 315 K (42 �C) (Liu et al. 2008) and kept for a

certain period of time, especially when CW or high

repetition rate (tens of MHz) laser systems are used.

For more strong interaction, when irreversible cell

modification is based on bubble formation (as in

tumor cell killing), the necessary temperature should

be at least 470 K (Volkov et al. 2007; Zharov et al.

2005a, b). When ultrashort laser pulses are used, such

heating is realized in nearly isochoric conditions

which will result in the development of significant

tensile stress (Vogel et al. 2007) in the vicinity of the

heating point. This will lead to the formation of a

cavitation bubble without the need of heat accumu-

lation, i.e., after single pulse. From Fig. 2, it is seen

that a temperature of 470 K can be achieved by the

gold nanoparticles with the sizes assumed in this study

after single laser pulse, at fluences of about 70 mJ/cm2

for R = 100 nm and at 100 mJ/cm2 for particles

with R = 20 and 40 nm. It should also be mentioned

that experimentally obtained threshold for biologi-

cal cell modification (the example is for human breast

MDA–MB cell, Cho et al. 2008) using direct femto-

second laser pulse irradiation (without nanoparticle

mediation) is estimated to be about 500 mJ/cm2.

The investigation on the light scattering by gold

nanoparticles shows that the near field spatial

distribution in the vicinity of the particle is complex

and consists of radial component of the electric field

(Messinger et al. 1981; Quinten 1995). Complex

spatial distribution is also observed for the energy

flow toward, and out of, the particle (Bashevoy et al.

2005; Wang et al. 2004). It can be expected that the

inhomogeneous energy deposition into the particle

will result in its inhomogeneous heating. In order to

clarify this, 2D two-temperature heat diffusion

model is applied to describe the particle heating

process. Figure 3 represents the temporal evolution

of the electron temperature at two points in the

particle with R = 100 nm at considered incident

laser fluence of 100 mJ/cm2. The electric field

intensity corresponding to this fluence is used as

incident for FDTD simulation. The predicted values

from this simulation are then used in the source

term, S, in the heat equations. The FDTD simulation

predicts a complex spatial distribution of the energy

deposited into the particle. This results in a spatial

nonhomogeneity of the initial temperature distribu-

tion. The points P1 and P2, in which temperature

evolution is traced, are located at the points of the

maximal and minimal temperature, respectively,

achieved at the end of the laser pulse, respectively.

The inset in Fig. 3 shows a color map of the electron

temperature of the particle taken at 0.4 ps after the

laser pulse onset. At this moment, where the laser

pulse action accomplishes, the temperature at the

particle surface and at the particle center differs by a

factor of 2. Owing to the electron heat diffusion,

however, the electron temperature equilibrates

within the particle in the frame of about 0.5 ps after

the laser pulse onset at the selected conditions. Since

the electron–lattice thermal equilibrium is observed

at about 10 ps after the laser pulse onset at the

selected conditions, the heating of the particle can be

assumed as homogeneous. Although, the model

predicts fluence dependence of the electron–lattice

equilibration times, in all simulations with fluences
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Fig. 2 Calculated dependence of the maximal temperature

reached in the nanoparticles with different diameters as a

function of the applied laser fluence. The incident irradiation is

a single laser pulse with duration of 100 fs at wavelength of

800 nm. The data are obtained from Eqs. 4–6 using results

shown in Fig. 1
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in the range of 10–500 mJ/cm2, the electron equil-

ibration is at least one order of magnitude faster than

the electron–lattice one, i.e., particle heating can be

assumed as homogeneous.

Gold nanoparticles as nanolens

The excitation of plasmons in gold nanoparticles is

associated with the development of enhanced near

field in their vicinity. Thus, in addition to the particle

heating, the field localization in its vicinity can also

contribute to the surrounding material processing. The

spectrum of near field scattering efficiency (which is

proportional to the power scattered in the near field

zone) for gold nanoparticles shows (Messinger et al.

1981) that dipole peak shifts from visible to IR spectral

range with the increase of the particle radius. Thus, at

the wavelength used in this study, the near field

characteristics could play an effective role for mod-

ification of a material placed in the close vicinity of the

particle. Figure 4 shows the electric field intensity

distribution in the vicinity of nanoparticles with radius

of 20, 40, and 100 nm in vacuum calculated by FDTD

simulation at incident wavelength of 800 nm. The

incident irradiation has circular polarization. As can be
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Fig. 3 Time evolution of the electron temperature at two

points (P1 and P2) in the particle at considered incident laser

fluence of 100 mJ/cm2. The spatial distribution of the absorbed

energy is taken from FDTD simulation. The polarization of the

incident irradiation is circular. P1 and P2 are located at the

points of maximal and minimal temperature, respectively,

achieved at the end of the laser pulse. The inset in the figure

shows a color map of the electron temperature taken at 0.4 ps

after the laser pulse onset
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Fig. 4 Electric field intensity distribution in the vicinity of

nanoparticles with radius of a 20 nm, b 40 nm, and c 100 nm

in vacuum calculated by FDTD simulation at incident

wavelength of 800 nm. The incident irradiation is considered

circularly polarized plane wave with wave vector directed to Z.

The electric field intensity is normalized to the incident one.

Black dashed line circles represent particle delineation
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seen from the figure, the field intensity is enhanced,

and at the present configuration, the maximal value is

localized in the vicinity of the equatorial plane of the

particle while it is equal to the incident one at the poles

of the sphere. The field distributions for particle with

R = 40 and 100 nm show contribution of excitation of

higher modes than those for the dipole one can do. The

results indicate that the intensity field enhancement at

the wavelength considered is maximal (about 50 times

with respect to the incident one) for the biggest particle

used in this study, i.e., for R = 100 nm, where the

plasmon excitation is efficiently red shifted. Figure 5

represents the case where the particle with radius of

100 nm is placed on the dielectric substrate with

refractive index of 1.488, silicon substrate, and on

platinum substrate. The presence of the substrate

changes the near field spatial distribution in the

particle vicinity, and the zone with the maximal

intensity is shifted in direction to the substrate

compared to the case of homogeneous vacuum envi-

ronment (nanolens effect). While this effect is not

clearly expressed in the case of the dielectric substrate

where the maximal value is still not localized on the

substrate surface, in the case of silicon and metal

substrates, the maximal field intensity is localized in

the vicinity of the contact point between particle and

the substrate. This effect is related to the change of the

near field scattering pattern which the substrate

induces through contribution of excitation of higher

plasmon modes (quadrupole mode excitation in the

case of Si substrate is evident) and interaction between

charges on the particle and image ones induced in the

substrate (Nedyalkov 2006b).

Thus, the localization and enhancement of the field

in the vicinity of the nanoparticles express a wide

range of properties that can be used in modification of

materials located in the particle near field zone. As it

is shown, when nanoparticle is deposited on a

substrate and the incident irradiation is incoming

normally to the substrate surface, the efficient field

localization and intensity enhancement on the sub-

strate surface strongly depend on the dielectric

properties of the substrate material. The simulations

made for dielectric substrates with different refractive

indices show that the effect of near field localization

in the vicinity of the contact point between the

particle and the substrate becomes more pronounced

(and therefore the value of the field intensity on the

substrate surface increases) with the increase of the

refractive index of the substrate. Clear localization of

the zone with the maximal field intensity on the

substrate surface is observed for material with

refractive index higher than 1.7. The tendency for

field localization and intensity increase with the

increase of the substrate’s refractive index is con-

firmed for the case of Si substrate where the real part

of the refractive index is as high as 3.688 and the
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Fig. 5 Electric field intensity distribution in the vicinity of

nanoparticle with radius of 100 nm placed on a dielectric

substrate with refractive index of 1.488, b silicon substrate, and

c on platinum substrate. The intensities are scaled with respect

to the case of platinum substrate, whereas for the case of

dielectric substrate, it is multiplied by a factor of 10. Black
dashed line circles represent particle delineation, and black
line shows the position of the substrate
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imaginary one is 6 9 10-3 at 800 nm (Palik 1998).

This validates the idea that field localization is related

to the electric coupling between the particle’s charge

and its image charge induced in the substrate. The

value of the image charge is proportional to the

refractive index of the substrate material. In the field

of biophotonics application, one should keep in mind

that refractive indices of most soft tissues are in the

range of 1.35–1.6 (for example for cell membrane is

1.46) (Vo-Dinh 2003). In addition, if the nanoparti-

cle–substrate system is immersed in medium, the

field localization and intensity enhancement on the

substrate decreases with the increase of the refractive

index of the surrounding medium. In such a case of

low coupling with the substrate, the effect of the

illumination conditions on the near field properties

should be used to enhance the efficiency of nanopar-

ticle application. For example, the change of the

angle of the incident irradiation can change the

magnitude of the field intensity on the substrate

surface (Miyanishi et al. 2009).

The separation of the two mechanisms of nano-

particle-assisted surface modification is important

due to the fact that for nanoparticles the maximum in

the absorption spectra, which is related to the efficient

heating of the particle, is not necessary to coincide

with the maximum of the near field scattering

efficiency. In the case of gold, the contribution of d

and sp band electronic transitions defines high

absorption at wavelengths lower than about 530 nm,

and the absorption maximal position exhibits a weak

dependence on the particle sizes (Messinger et al.

1981). In the wavelength range from 520 to 900 nm,

the imaginary part of the complex refractive index of

gold is the lowest (Kreibig and Vollmer 1995),

contributing to the possibility of efficient excitation

of the plasmon mode in this spectral range and

efficient near field scattering. Thus, the change of

the particle size results in the efficient shift of the

plasmon resonance even in the IR region of the

spectrum which can result in the existence of

enhanced field intensity in the particle vicinity. In

Fig. 6, the near field distributions in the vicinity of

the gold nanoparticle with R = 100 nm irradiated at

wavelengths of 900 and 1000 nm are shown. As it

can be seen, the enhancement of the intensity is

similar to that at 800 nm, i.e., the effect is noticeable

at IR region where the tissue transparency window is

present.

In order to validate the theoretic results, experi-

ments on modification of substrates with assistance of

nanoparticles are performed. The theoretic results

indicate that for dielectric substrate with refractive

index of 1.488, the near field intensity is not localized

in the vicinity of the contact point between the

substrate (Fig. 5a) and the particle, and its possible

modification could be related to particle heating at

normal incidence. Recent results (Nedyalkov et al.

2006a, b) show that the shape of the nanoholes

formed under gold nanoparticles deposited on Si

(strong coupling with the substrate) follows the shape

of the near field intensity distribution on the substrate

surface as predicted by FDTD simulation. The latter

is defined by the polarization of the incident irradi-

ation. As a result, when circular polarization of the

incident irradiation is used, the hole shape has high

radial symmetry, while the application of linearly

polarized irradiation results in formation of holes
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Fig. 6 Electric field intensity distribution in the vicinity of

nanoparticle with radius of 100 nm in vacuum calculated by

FDTD simulation at incident wavelength of a 900 nm, and

b 1000 nm. Black dashed line circles represent particle

delineation. The polarization of the incident irradiation is

circular
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with shape elongated along the polarization direction.

Figure 7 shows the deposited gold nanoparticles with

R = 100 nm on PMMA substrate before the irradi-

ation. Figure 8 shows a modification of PMMA

substrate when gold nanoparticles with R = 100 nm

are deposited on it and the system is irradiated

by a single ultrashort laser pulse with fluence of

60 mJ/cm2. The incident irradiation has linear polar-

ization. According to the numerical model, the

maximal temperature achieved with this fluence is

about the melting temperature of the PMMA sub-

strate (440 K). The observed modification has high

radial symmetry, and the rest of the substrate remains

unchanged which confirms the idea of local interac-

tion only under the particle. The formation of hole at

this fluence and ejection of the nanoparticle, how-

ever, suggest for more intensive interaction that leads

to the substrate ablation. Such interaction can be

related to the fact that the presence of substrate

modifies the absorption cross section of the particle

resulting in its higher temperature. Since the Mie

theory cannot be applied for the system of particle–

substrate and the absorption cross section cannot be

obtained directly, a calculation is performed in which

particle is assumed to be in homogeneous environ-

ment with an effective dielectric function. According

to Kreibig and Vollmer (1995), it can be given as

em = 1/2(e ? esub), where esub is the dielectric func-

tion of the substrate, and vacuum (e = 1) is assumed

to surround the sphere–substrate system. For the

substrate with refractive index of 1.488, the model

predicts a larger temperature increase of about 100 K

than that of vacuum environment.

In the case of PMMA substrate, clear dependence

of the nanohole shape on the polarization of the

incident irradiation is not observed in the fluence

range up to the modification threshold of the native

substrate. This is an evidence for the fact that the

heating has the main contribution to the substrate

modification. Owing to the low localization of the

near field in the contact point (Fig. 5a), the nanolens

effect here is negligible. The effect of near field

contribution, however, is clearly seen in the case of Pt

and silicon substrates. Figure 9a shows an SEM

image of the modified surface of Pt film when the

applied laser fluence is 20 mJ/cm2 and the polariza-

tion of the incident irradiation is linear (the polari-

zation direction of the incident irradiation is shown

by an arrow). The electric field intensity distribution

on the substrate surface is also shown in the inset (the

initial distribution of the nanoparticles on the sub-

strate surface is similar to that shown in Fig. 7). In

the case under study, the shape of the modified area

corresponds to the field intensity distribution, and the

film is perforated at positions corresponding to the

hot spots predicted from FDTD simulation. The

correspondence of the near field intensity spatial

distribution with film modification pattern shows that

at the conditions of this study, the enhancement of the

Fig. 7 SEM image of PMMA substrate when gold nanopar-

ticles with radius of 100 nm are deposited on it. The image is

taken before laser irradiation

Fig. 8 SEM image of PMMA substrate when gold nanopar-

ticles with radius of 100 nm are deposited on it, and the system

is irradiated by a single ultrashort laser pulse with fluence of

60 mJ/cm2. The polarization of the incident irradiation is

linear, and the polarization direction is shown by the arrow.

The inset shows the modification area profile obtained by AFM

analysis
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near field under the gold particle is the governing

mechanism for surface modification rather than

particle heating. When circular polarization of the

incident irradiation is used, the hole shape formed

shows good radial symmetry, which is also in a good

agreement with the simulation results (Fig. 9b).

Similar results are obtained when silicon substrate

is used (Nedyalkov et al. 2006b, 2007b). Although

the modification mechanism for metal substrate at the

conditions of this study cannot be defined precisely,

one may assume that the strong election field

enhancement in the vicinity of the particle–substrate

contact point may lead to the realization of a non-

thermal mechanism such as electric field evaporation

(Jerisch and Dickmann 1996; Park et al. 2006), or

that it is responsible for the formation of initial

defects in the surface. Owing to the high electron

thermal conductivity of the metal, spatial distribution

of the initial energy at pure thermal process will be

lost within a time interval of picoseconds, and

structure that is observed in Fig. 9a) is unlikely to

be obtained.

If no specific treatment of the gold colloid is taken,

particle tends to coalesce, leading to the formation of

nanoparticle clusters. Although the description of the

optical properties of nanoparticle array needs a

different treatment than that for the isolated particle,

we briefly mention some specific properties that are

related to this study. When nanoparticles are closely

spaced or they form clusters, plasmon coupling takes

place. This results in the significant broadening of the

absorption band and red-shifting of the absorption

maxima. This effect is considered to enhance the

efficiency of the application of nanoparticles in

photothermal applications in the optically transparent

window of human tissue (Khlebtsov et al. 2006).

The plasmon coupling realization will also influ-

ence the near field distribution in a nanoparticle array.

Figure 10a shows the calculated intensity distribution

on platinum substrate under nanoparticle array con-

sisting of 64 particles. Figure 10b represents a cross-

sectional view of the near field intensity distribution

in the vicinity of a particle chain from the array.

White circles show the particle delineations. The

circular zones in Fig. 10a represent the areas with

higher field intensity under the gold nanoparticles.

The maximal enhancement here is about 50. From

Fig. 10b, however, it is seen that the zone with the

maximal field intensity is localized between particles,

where some ‘‘hot spots’’ are formed. The intensity

value here is higher by more than an order of

magnitude than that under the particles, i.e., on the

substrate surface. This phenomenon is also expressed

for different substrate materials, from dielectrics to

metals (Nedyalkov et al. 2007a). A comparison with

the case of single, isolated particle deposited on Pt

substrate (Fig. 5c) shows that the field intensity in the

vicinity of the contact point between particle and the

substrate is about an order of magnitude lower for

array structure. This can explain the observed selec-

tive ablation of single nanoparticles and nanohole

formation observed experimentally. Figure 11a

shows an SEM image of Pt substrate with deposited

gold nanoparticles with R = 100 nm and irradiated

by a single laser pulse with fluence of 20 mJ/cm2.

Fig. 9 SEM image of the modified surface of Pt film when

applied laser fluence is 20 mJ/cm2, and the polarization of the

incident irradiation is a linear (the polarization direction of

the incident irradiation is shown by the arrow), and b circular.

The nanoparticles used are of radius 100 nm. The calculated

electric field intensity distribution on the substrate surface is

also shown in the inset
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It is seen that the nanoparticle cluster formed in the

deposition process remain on the substrate after the

laser irradiation, while single nanoparticles are

ejected and nanoholes are formed. The increase of

the laser fluence results in cluster ejection and traces

of substrate melting are observed (Fig. 11b). Thus,

for surface modification applications, the near field

localization and intensity enhancement for array

structure will have a weak contribution. Instead,

cluster heating will be a dominant mechanism.

Conclusions

The mechanisms of interaction of electromagnetic

wave with gold nanoparticles are investigated on the

basis of theoretic modeling and experiments. In

relation to practical applications, the incident source

is assumed to be ultrashort laser pulse at wavelength

of 800 nm. The heating of nanoparticles is described

by 1D two-temperature diffusion model and a model

combining 2D heat diffusion model with FDTD

model, which predicts the electromagnetic field

distribution in the particle. The most efficient heating

is obtained for the biggest particle used in this study

having R = 100 nm. It is found that at even moderate

laser fluences, its temperature can reach a value

which is assumed to lead to bubble formation in

biological tissues. The two-temperature model shows
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Fig. 10 Electric field intensity distribution in the vicinity of

closely packed nanoparticle array consistings of 64 particles

with radius of 100 nm placed on platinum substrate. a Shows

the intensity distribution on the substrate surface. b Represents

the intensity distribution in a cross section through a particle

chain within the array. The polarization of the incident

irradiation is circular

Fig. 11 a SEM image of Pt substrate with deposited gold

nanoparticles with radius of 100 nm and irradiated by a single

laser pulse with fluence of 20 mJ/cm2. b Laser fluence is

40 mJ/cm2
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that due to the electron heat diffusion, the particle is

heated homogeneously; even the initially absorbed

energy shows inhomogeneous distribution. The par-

ticle electron temperature equilibration time is found

to be less than 1 ps, which is at least one order of

magnitude lower than electron–lattice equilibration

time.

The study of the near field properties in the particle

vicinity shows efficient localization and intensity

enhancement in the near field zone. When particle is

deposited on the substrate surface, the substrate

dielectric properties define the spatial distribution

and enhancement of the near field intensity. For

dielectric substrate with refractive index of 1.488, the

zone with the maximal value of the field intensity is

not localized in the vicinity of the contact point

between the particle and substrate at normal inci-

dence, and one should expect that particle heating can

be a dominant mechanism for substrate modification.

With the increase of the substrate refractive index, the

field localization on the substrate surface is more

pronounced. When silicon and platinum substrates

are assumed, the intensity distribution shows strong

localization of the zone with the maximal enhance-

ment in the vicinity of the contact point between the

particle and substrate.

Using the dependence of the near field properties on

the characteristics of the incident irradiation, the theo-

retic results obtained are confirmed experimentally.

We believe that the results obtained will contribute

to improving further on the recent efforts of obtaining

detailed description of the properties of nanoparticles

and their application in the field of biophotonics and

near field optics.
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