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Abstract—The nonlinear optical properties of single nanoholes and nanoslits fabricated in gold and alumi
num nanofilms are studied by third harmonic generation (THG). It is shown that the extremely high third
order optical susceptibility of aluminum and the presence of strong plasmon resonance of a single nanohole
in an aluminum film make possible an efficient nanolocalized radiation source at the third harmonic fre
quency. The THG efficiency for a single nanohole in a thin metal film can be close to unity for an exciting
laser radiation intensity on the order of 1013 W/cm2.
DOI: 10.1134/S1063776113080165

1. INTRODUCTIOIN

As was shown in [18], an increase in the THG effi
ciency can be expected with increasing excitation
intensity at the fundamental frequency. For radiation
field intensity on the order of 1016 W/cm2, the electric
field amplitude at the third harmonic frequency can be
already on the order of the excitation field amplitude.
We will show below that thermal effects prevent the use
of such high field intensities for nanoparticles.
The most important THG parameters are (i) the
THG efficiency (the power ratio of the third harmonic
and exciting radiation and (ii) the THG efficiency per
unit mass of a material. In experiments [19], THG was
observed in gold nanoparticles using relatively weak
exciting laser radiation (1010–1011 W/cm2). To
increase the THG efficiency, excitation was performed
at a frequency equal to onethird the Mie resonance
frequency for nanoparticles, i.e., resonantly with the
third harmonic frequency. Nevertheless, the THG
efficiency for nanoparticles was low.
An example of nanoparticles in which efficient
nonlinear optical conversion can be obtained is optical
antennas [1]. It was recently shown [20] that nanoan
tennas can be efficient nonlinear radiation sources.
One of the motivations in optical studies with nano
particles (in the given case, with nanoantennas) is the
possibility of using them to construct a nanosized radi
ation source. However, nanoparticles as radiation
sources have two significant disadvantages. First,
exciting radiation produces an intense background
and, second, nanostructures are destroyed at high
incident radiation powers. The restriction on the
exciting radiation power leads to a restriction on the
THG efficiency. A nanoobject that can generate the

The study of nonlinear photoprocesses is an impor
tant direction in nanooptics and nanoplasmonics [1–
4]. Nonlinear photoprocesses in nanoplasmonics are
based on three main factors: (i) the possibility of con
centrating an electromagnetic energy at the nanome
ter scale with the help of surface plasmons, resulting in
an increase in the local field and, therefore, enhance
ment of nonlinear effects, (ii) ultrashort relaxation
times in the range from 0.1 to 10 fs inherent in metals,
and (iii) the possibility of optical excitation of nano
structures by ultrashort femtosecond laser pulses.
By now a variety of nonlinear photoprocesses in
nanoplasmonics have been studied, such as second
harmonic generation in metal nanostructures [5–10],
fourwave mixing on metal surfaces [11], ultrafast
optical modulation based on thirdorder nonlinearity
[12–14], and high harmonic generation [15, 16].
Third harmonic generation (THG) is the simplest
nonlinear effect, which is allowed in all media and is
independent of the symmetry of nanostructures. The
nonlinear susceptibility of a metal is determined by
free electrons, and the THG physics in metals consists
in the displacement of the electron cloud outside the
ion core during oscillations caused by the electromag
netic field. The resulting returning force ceases to lin
early depend on the displacement of the center of
masses of the electron cloud from its equilibrium posi
tion and contains nonlinear terms, beginning from the
thirdorder term in the displacement. Such a collec
tive motion of electrons near the surface of nanostruc
tures is responsible for THG [17].
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Fig. 1. Scheme of the experimental setup for studying third
harmonic generation in single nanoholes.

third harmonic and at the same time have none of
these disadvantages is a nanohole in a metal film,
which is what we study here
We present the results of THG studies with individ
ual nanoobjects in the form of circular holes and slits
made in gold and aluminum films. The influence of
the film material and hole geometry on the THG effi
ciency is investigated. It is shown that the exciting
radiation intensity is limited by the melting of nano
structures. The possibility of constructing a nanolocal
ized radiation source emitting at the third harmonic
frequency and devoid of background exciting laser
radiation is shown.
The paper is organized as follows. In Section 2, we
describe our experimental setup and methods used in
studies and also present the main characteristics of
samples with nanoholes. In Section 3, the results of
THG studies in thin gold and aluminum films are pre
sented. In Sections 4 and 5, THG studies with circular
nanoholes and nanoslits are described, respectively. In
Section 6, we compare the THG efficiency in gold and
aluminum for developing an intense nanolocalized
radiation source.
2. EXPERIMENTAL
The scheme of our experimental setup is shown in
Fig. 1. The third harmonic was excited by 120fs,
1560nm, 15mW pulses from a femtosecond laser
[21] with a pulse repetition rate of 70 MHz. The third
harmonic generation was measured with an inverted

Nikon Eclipse Ti/U microscope. Laser radiation,
focused with a 10X, NA = 0.25 objective into a spot
4.3 μm in diameter in the sample plane, was directed
perpendicular to the surface of a film with nanoholes
(deviation from the vertical was less than 1°). The peak
radiation intensity on a sample was on the order of
1.1 × 1010 W/cm2. The polarization of incident radia
tion was controlled with a zeroorder λ/2 phase plate
for the light wavelength λ = 1560 nm placed in front of
a focusing objective. The third harmonic signal was
collected with a 40X, NA = 0.65 objective. Exciting
radiation was suppressed by means of interference and
color filters. Fundamental radiation was additionally
suppressed due to chromatic aberration of the objec
tive, which is considerable because of the large differ
ence between the radiation wavelengths at the funda
mental frequency and third harmonic frequency. The
use of filters and chromatic aberration provided sup
pression of the fundamental signal by more than 13
orders of magnitude. The spatial distribution of radia
tion from nanoobjects was studied with a cooled two
dimensional avalanche electron multiplication CCD
camera (Princeton Instruments, PhotonMAX). The
emission spectrum was recorded with a spectrometer
equipped with a cooled CCD array (Princeton Instru
ments, NTE/CCD1340/100). Radiation at the input
of the spectrometer was spatially filtered with an aper
ture 40 μm in diameter to reduce the contribution of
the parasitic background signal to the spectrum of
recorded radiation. The setup was mounted on a
vibration isolation table to eliminate the influence of
mechanical perturbations.
The THG efficiency depends on the radiation
intensity cubed at the excitation frequency. Therefore,
in experiments we carefully controlled the position
and size of an exciting radiation spot with respect to
the position of a nanohole for which THG was stud
ied. For this purpose, the nanohole was placed under
focused laser radiation by means of a dualaxis feed
back translation stage (CAP201XY, Piezo Jiena) pro
viding durable control of the spatial position of the
nanohole with an accuracy about 10 nm. The size of
the laser radiation spot on a sample was measured by
scanning a nanohole 100 nm in diameter in the sample
plane and detecting radiation transmitted through it.
To perform absolute measurements of the third
harmonic power, the CCD camera of the microscope
was calibrated. For this purpose, 1.56μm laser radia
tion was directed into a LiNbO3 nonlinear crystal with

Excitation radiation intensities at 1560 nm used in experiments, third harmonic radiation intensities measured for 50nm
gold and aluminum films, and thirdorder optical nonlinear susceptibilities calculated from these data
Film material

Exciting radiation peak
intensity, W/m2

Third harmonic radiation
peak intensity, W/m2

χ(3), m2/V2

Au (50 nm)
Al (50 nm)

1.12 × 1014
1.12 × 1014

3.3 × 102
4.1 × 103

(2.3 ± 0.7) × 10–20
(2.6 ± 0.8) × 10–17
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a periodic domain structure to obtain THG. Then, this
radiation was coupled to the microscope and focused
with a 10X, NA = 0.25 objective; it illuminated a
nanohole 400 nm in diameter made in a 100nmthick
aluminum film. Radiation at the fundamental fre
quency, second, and fourth harmonics (generated in
the nonlinear crystal) was suppressed with optical fil
ters. Radiation transmitted through the nanohole was
collected with a 40X, NA = 0.65 objective and
recorded with the CCD camera. The signal measured
with the CCD camera was calibrated using a commer
cial power meter.
THG was studied in nanoholes made in 50nm
thick gold and aluminum films. The film thickness
affects the THG efficiency in two ways. A small thick
ness reduces the attenuation of radiation in the nano
hole channel, which, as will be shown below, is impor
tant for obtaining high THG efficiency in a nanohole.
On the other hand, Fabry–Perot resonances can
appear for a certain film thickness, which are pro
duced due to reflection of radiation inside the film
from the metal/dielectric interface and change the
efficiency of the corresponding nonlinear processes
[22, 23].
Nanoholes and nanoslits were fabricated in alumi
num and gold films a few nanometers thick. These
metal films were prepared on the surface of ultrathin
(40nmthick) SiO2 membranes [24]. The surface of
these membranes has an extremely low roughness
(<1.5 Å), which in turn allowed preparation of high
quality metal films on the side adjacent to the mem
brane. The high quality of the metal surface mini
mized the contribution of intense luminescence (par
asitic for our measurements) [25] inherent in rough
metal surfaces [26]. For this purpose, the smooth side
of films was turned to the exciting radiation in all mea
surements.
Gold films were prepared by thermal evaporation
at 1240°C in a vacuum of 1 × 10–6 Torr. Aluminum
films were prepared by electronbeam target evapora
tion in a vacuum of 2 × 10–6 Torr. The thickness of
films measured with an atomicforce microscope was
50 ± 5 nm. Samples were prepared in a class 100 clean
room, while optical measurements were performed in
a class 1000 cleanroom.
We studied THG in circular nanoholes and
nanoslits. The diameter of circular holes was varied
from 50 to 560 nm. Nanoslits were made with different
lengthtowidth ratios; however, the area of the open
surface of a nanoslit was the same and equal to that of
a nanohole. This allows us to compare the THG effi
ciencies for nanoholes and nanoslits and determine
the influence of the hole geometry for a fixed area of its
open surface.
Nanoholes were fabricated using a 30keV Ga+ ion
beam (FEI Quanta 3D) focused to a spot ~10 nm in
diameter. The microscopy of nanoholes was per
formed in a JEOL JSM7001F electron microscope
with a resolution of 5 nm at relatively low beam ener
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gies (about 5 keV). A low energy of the electron beam
minimized the parasitic process of carbon deposition
on the surface of metal films, which accompanies the
electron microscopy of metal surfaces.
Figure 2 shows images of typical samples with
nanoholes (Fig. 2a) and nanoslits (Fig. 2b). To avoid
the influence of collective plasmon effects, the dis
tance between nanoholes was set at 5 μm. This dis
tance also exceeded the diameter of a laser spot at the
fundamental frequency. Nanoholes were arranged in
sequence and each of them could be identified and
studied separately.
3. THIRD HARMONIC GENERATION
IN THIN Au AND Al FILMS
To study how the properties of the material of films
(Al and Au) in which nanoobjects (nanoholes and
nanoslits) were made affected the nonlinear properties
of these objects, we investigated the nonlinear proper
ties of the materials themselves.
Polarization induced in a medium by a field E(t) is
described by the expression [27, p. 2]
(1)

(2)

2

(3)

3

P ( t ) = ε 0 ( χ E ( t ) + χ E ( t ) + χ E ( t ) + … ), (1)
where χ(i) is the nonlinear susceptibility on the ith
order. In the general case, the vector nature of the field
E(t) should be taken into account; therefore, the first,
second, and thirdorder nonlinear susceptibilities are
second, third, and fourthrank tensors, respectively.
Third harmonic generation is determined by the non
linear polarization of the medium P(3)(t) = ε0χ(3)E3(t),
which in the case of excitation of the medium by a
monochromatic wave E(t) = E0 cos(ωt) is described by
the expression
(3)
1 (3) 3
P ( t ) =  ε 0 χ E 0 cos ( 3ωt )
4
(2)
(3) 3
3
+  ε 0 χ E 0 cos ( ωt ).
4
Expression (2) gives the response of the system to the
field at frequency ω and describes generation at fre
quency 3ω. The THG efficiency is determined by the
thirdorder nonlinearity χ(3):
(1)

(3)
χ ( 3ω )E ( 3ω )
χ ( ω ) = 
(3)
.
3
E (ω)
The thickness of films used in experiments is con
siderably smaller than λ/4π; therefore, the contribu
tion from the dielectric/metal interface to the nonlin
ear susceptibility dominates over that from the film
volume [27]. In this approximation, we can assume
that the induced nonlinear dipole moment is localized
in a metal near the metal/dielectric interface. In this
case, the thirdorder nonlinearity χ(3) can be deter
mined from (3) using radiation intensities I(ω) and
I(3ω) measured at the fundamental and thirdhar
monic frequencies, respectively. The fields at the fun
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Fig. 2. Scanning electron microscope images of nanoholes in a 50nm thick Al film: (a) circular nanoholes and (b) nanoslits. The
insets show the magnified images of nanoholes.

damental and thirdharmonic frequencies in (3) are
determined from measurements using the expressions
2
E ( ω ) = 

n(ω) + 1

2I
( ω) ,

ε0 c

( 3ω ) + 1
E ( 3ω ) = n

2n ( 3ω )

2I ( 3ω )

ε0 c

( 3ωδh
) ⎞,
× exp ⎛ α

⎝ 2
⎠

(4)

(5)

respectively, where n(ω) is the complex refractive
index of a metal film, δh is the film thickness, and
α(3ω) is the attenuation coefficient of radiation at fre
quency 3ω in a metal film (αAu(520 nm) = 0.047 nm–1,
αAl(520 nm) = 0.15 nm–1). The factors at square roots
in (4) and (5) are Fresnel amplitude transmission
coefficients taking into account the field attenuation
in a metal.
The nonlinear properties of Al and Au were studied
by focusing the exciting laser radiation on the surface
of metal films. Third harmonic generation produced
in these experiments was detected with a CCD array.
The insets to Fig. 3 show the corresponding optical
twodimensional images of nanoholes (at the third
harmonic wavelength). Note that because of the cubic
dependence of the thirdharmonic intensity on the
fundamental radiation intensity, the thirdharmonic
radiation is recorded on a CCD array in the form of a
spot 2.5 μm in diameter, which is 3 times smaller
than the diameter of the fundamental radiation spot.
Figure 3 shows the thirdharmonic spectra mea
sured in 50nmthick Au and Al films for the same
exciting radiation intensity (the films had no nano
holes). One can see from this figure that the third har
monic intensity in the Al film is approximately 12
times higher than that in the Au film. Figure 3 also
shows the transmission spectra of the Au and Al films

used in experiments, which were calculated from data
presented in [28, 29]. One can see from the figure that
the transmission of the Au film at a wavelength of
520 nm exceeds that of the Al film by a factor of 700!
Thus, our measurements show the THG efficiency in
aluminum considerably, by a few orders of magnitude,
exceeds this efficiency in gold. Using the numerical
values of the linear susceptibility χ(1)(3ω) = –4.17 +
3.2i for Au [28] and χ(1)(3ω) = –39.2 + 10.9i for Al
[29], we obtain the corresponding nonlinear suscepti
(3)

(3)

bilities χ Au = (2.3 ± 0.7) × 10–20 m2/V2 and χ Al =
(2.6 ± 0.8) × 10–17 m2/V2. The temporal shape of a
laser pulse at the fundamental frequency was approxi
mated in calculations by a Gaussian with a pulse dura
tion of 120 fs and at the third harmonic frequency by a
Gaussian with the pulse duration of 120/ 3 fs. The
experimental data used in calculations are presented
in table.
As far as we know, these are the first measurements
of thirdorder nonlinearities for gold and aluminum
upon excitation at 1560 nm. Theoretical calculations
[30] performed for excitation at 1.06 μm predict a
value of the thirdorder susceptibility for aluminum
that is 40 times higher than that for gold. The ratio of
nonlinear susceptibilities measured at a wavelength of
1.56 μm in our paper is about 103. Such a strong differ
ence between the nonlinear properties of gold and alu
minum can be explained by the difference between the
physical and optical properties of the two metals:
(i) the size of nanocrystals in the polycrystalline struc
ture of Al and Au films is different [31], being ~20 nm
for gold and ~80 nm for aluminum; (ii) the electronic
energy diagrams are different, and the corresponding
interband transitions have different frequencies [32].
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Fig. 3. Emission spectra (solid curves) of (a) Au and Al (b) films irradiated by femtosecond laser pulses at 1560 nm. The dashed
curves are transmission spectra calculated for these films. The inset show twodimensional optical images of nanoholes.

4. THIRD HARMONIC GENERATION IN
NANOHOLES IN AU AND AL FILMS
The presence of plasmon resonances in metal
nanostructures considerably increases the THG effi
ciency compared to that in a metal film due to the
local increase in the field amplitude. It was shown in
[33] that the maximum THG efficiency was achieved
in the presence of two simultaneous resonances: at the
excitation and third harmonic frequencies.
The influence of plasmon resonances on THG in a
large group of nanoholes in a gold film was experimen
tally demonstrated in [34]. The maximum THG effi
ciency was achieved in resonance with the excitation
wavelength. We demonstrated THG in single nano
holes and an increase in the THG efficiency due to a
plasmon resonance at the third harmonic wavelength.
For single nanoholes 50–300 nm in diameter made
in a gold film, the plasmon resonance lies in the wave
length range from 500 to 550 nm [35]. Upon irradia
tion of such a nanohole at a wavelength of 1560 nm,
the third harmonic frequency coincides with the plas
mon resonance frequency in gold. The presence of this
resonance leads to an increase in the THG efficiency
from a nanohole compared to that from a gold film
without holes. For holes (with the same diameter) in
an aluminum film, plasmon resonance is located at
200 nm and, therefore the resonance does not appear
upon excitation of a nanohole in Al at 1560 nm. As a
result, the plasmon mechanism of enhancing the
THG efficiency cannot be realized. Figure 4 shows the
experimental dependences of the THG efficiency on
the diameter of holes made in gold and aluminum
films. The THG efficiency was determined from the
expression
1 P THG
η THG =  
,
κ I ( ω )S hole

(6)

where κ = 0.24 is the radiation collection efficiency of
an objective, PTHG is the detected THG power from a

nanohole, I(ω) is the radiation intensity at the excita
tion frequency, and Shole is the nanohole area.
The THG signal detected in experiments is the sum
of THG from a thin film and a nanohole. The THG
power from the film can considerably exceed that from
the nanohole because a greater part of exciting radia
tion is incident on the film. We determined the contri
bution to THG from the nanohole by processing the
nanohole image profile in an optical microscope,
which was obtained by recording radiation at the third
harmonic wavelength. This approach is based on the
presence of a structure in recorded optical images:
(i) a relatively broad pedestal formed by THG in a
metal film, whose size is determined by the size of an
exciting laser radiation spot, and (ii) a diffractionlim
ited spot formed by THG in a nanohole. The THG
power from the nanohole was calculated from the
number of photocounts forming the optical image of
this diffractionlimited spot. This approach allowed us
to determine the THG signal only from the nanohole
(Fig. 4).
One can see from Fig. 4 that the THG efficiency for
nanoholes in a gold film is more than an order of mag
nitude higher than that for holes of the same size in an
aluminum film. The maximum THG efficiency for a
nanohole in a gold film was 8 × 10–10. It was achieved
for a nanohole 150 nm in diameter.
One can see from Fig. 4 that the THG efficiency
increases with increasing hole diameter up to
~200 nm. These data contradict THG data obtained
for single gold nanoparticles in [20], where it was
found that the THG efficiency increased with
decreasing volume of nanoparticles due to the increase
in the decay time of localized plasmons. The differ
ence of our results from those obtained in [20] can be
explained by the dependence of the transmission of
nanoholes on their diameter: due to weak transmission
of light through nanoholes with small diameters, the
detected THG power is low. In addition, Fig. 4 shows
that the THG efficiency decreases for nanoholes with
diameters exceeding 200 nm. We explain this by tight

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

Vol. 117

No. 1

2013

26

KONSTANTINOVA et al.
Efficiency
10−8

10−9

10−10

50

100

150

200
250
300
350
Nanohole diameter, nm

Fig. 4. Third harmonic generation efficiency measured as
a function of the hole diameter for single nanoholes in gold
(triangles) and aluminum (squares) films.

focusing of exciting laser radiation used in experi
ments. In the case of largediameter nanoholes, this
reduces the amplitude of the field in which a part of a
metal film forming the hole is found.
In concluding this section, we note an interesting
fact that the removal of part of the film metal (produc
tion of nanoholes) does not reduce the nonlinear
response of the metal, but instead enhances it, result
ing in a considerable increase in the THG efficiency.
5. THIRD HARMONIC GENERATION
IN NANOHOLES IN Au AND Al FILMS
Unlike a nanohole, a nanoslit made in a metal film
can have not one but a few resonances because the res
onance frequency is determined not only by the opti
cal properties of the film material and its surrounding
but also by the nanoslit geometry [36]. It was shown in
[37] that, by varying the geometry of a nanostructure,
it is possible to obtain resonances in the nanostructure
both at the excitation and THG frequencies. This in
turn leads to a considerable increase in the THG effi
ciency. The double resonance can be also used to
increase the THG efficiency in nanostructures [33].
Our calculations have shown that the resonance in
a nanoslit is obtained at an excitation wavelength of
1.56 μm in an aluminum film when the slit length is
~600 nm. Such a large slit is of no interest for creating
a radiation source with nanometer spatial localization.
At the same time, plasmon resonance at the THG
wavelength (520 nm) can be excited in a nanoslit
~200 nm in length. Such a nanoslit can be already
treated as a radiation source with nanometer spatial
localization. In this paper, we excited this resonance to
increase the THG efficiency in a single nanoslit.

The optimal geometry of a nanoslit was determined
using FIT (finite integration technique) computer
simulation. We calculated the transmission of a slit for
a plane monochromatic wave with a wavelength of
520 nm equal to the THG wavelength and the wave
vector directed orthogonally to the slit plane. The inci
dent radiation was polarized perpendicular to the long
axis of the slit. Figure 5 shows the transmission of light
at wavelengths of 520 and 1560 nm by a nanoslit in a
50nmthick aluminum film with a fixed slit width
(50 nm) calculated as a function of the slit length. One
can see that resonance in transmission at the third har
monic wavelength (520 nm) is achieved for a slit
~170 nm in length. Figure 5 also shows that resonance
is absent at the excitation wavelength (1.56 μm) for the
chosen nanoslit geometry. Figures 6a and 6b present
field distributions upon illumination of a slit by mono
chromatic radiation at 520 nm for the field polarized
along and across the major axis of the slit. One can see
that the field is more strongly enhanced when radia
tion is polarized across the major axis of the slit.
To study THG in nanoholes, we fabricated a set of
nanoholes 50 nm × 170 nm in size in a 50nmthick
aluminum foil. The result of THG measurements in
one of these holes is presented in Fig. 6c. One can see
that the signal consists of a broad pedestal caused by
THG in the metal film and a narrow diffractionlim
ited peak related to THG in the nanohole. Figure 6c
also shows that the THG signal for the polarization of
incident radiation corresponding to excitation of a
plasmon resonance (polarization along the minor axis
of the slit) considerably exceeds the THG signal for
orthogonal polarization at which a plasmon resonance
is not excited. Similar relations between signals were
also obtained for other slits with the same geometry.
The THG efficiency was ~10–9.
We also performed measurements with nanoholes
with the same geometry fabricated in a 50nm/thick
gold film. In this case, the THG efficiency was ~7 ×
10–10.
To study the influence of the film material on the
THG efficiency from a nanohole as a nonlinear ele
ment, we measured THG for slits with different
lengths from 50 to 300 nm in aluminum and gold films.
The THG efficiencies measured in these experiments
confirmed the resonance properties of a slit 50 nm ×
170 nm in size in an aluminum foil.
We also performed comparative measurements of
the THG efficiency for a circular nanohole and a
nanoslit with the same area for different sizes of holes
and different slit geometries. The THG efficiency
measured for a circular hole and a nanoslit made in a
gold film proved to be approximately the same. How
ever, the situation for an aluminum film is substantially
different. The difference between signals from a circu
lar hole and a nanoslit is considerable, the THG signal
from the nanoslit being almost 20 times greater than
that from the hole. The results of these measurements
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6. COMPARISON OF NONLINEAR
PROPERTIES OF GOLD AND ALUMINUM
TO CONSTRUCT AN INTENSE
NANOLOCALIZED THIRD HARMONIC
RADIATION SOURCE
Gold is one of the basic materials for manufactur
ing elements for nanoplasmonics. However, it was
recently shown [38] that aluminum has certain advan
tages over gold for problems in nanoplasmonics
because it possesses stronger nonlinear properties.
Studies with aluminum [38] were performed at a wave
length of 780 nm falling into its absorption band. The
exciting radiation at 1560 nm used in our paper is
strongly detuned from interband electronic transitions
in aluminum, which explains the strong nonlinear
properties found in aluminum.
The nonlinear properties of gold and aluminum
were compared by measuring the THG efficiency for
nanoholes of different sizes and shapes (circular holes
and slits). As shown above, the THG efficiency
depends not only on a material in which nanoobjects
were created, but also on their geometry allowing in
certain cases the production of plasmon resonances in
nanostructures. Figure 7 shows THG efficiencies
measured in our work in gold and aluminum nano
structures for the same laser radiation intensity for the
following nanoobjects: (i) 50nm thick nanofilms,
(ii) nanoholes 150 nm in diameter, and (iii) nanoslits
50 nm × 170 nm in size. The THG efficiency in thin
nanofilms is mainly determined by the optical nonlin

4
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confirm the contribution of the plasmon resonance to
increasing the THG efficiency.

4
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Fig. 6. Third harmonic generation from a nanoslit for dif
ferent polarizations of exciting radiation. Left: radiation is
polarized along the major axis of the nanoslit; right: radia
tion is polarized perpendicular to this axis. (a) Calculated
twodimensional distribution of the electricfield ampli
tude amplification on a nanoslit irradiated by a plane
monochromatic wave at the third harmonic frequency,
(b) corresponding cuts of the calculated distribution of the
electricfield amplitude amplification, (c) cuts of the opti
cal image of a nanoslit detected at the third harmonic fre
quency. The slit 50 nm × 170 nm in size was made in a
50nmthick aluminum film.

ear susceptibility of the film material, and, therefore,
the THG efficiency in aluminum films proves to be
considerably higher than that in gold films.
In nanoholes, plasmon resonance can be excited,
which enhances the local field, resulting in turn in a
higher THG efficiency. The plasmon resonance fre
quency in a nanohole depends on the optical proper
ties of the film material and is almost completely inde
pendent of the nanohole diameter. It is known that
plasmon resonance in nanoholes made in a gold film is
observed in the range from 500 to 600 nm. Plasmon
resonance for nanoholes in an aluminum film is
observed in the UV region; i.e., this resonance is
strongly detuned from the THG wavelength studied in
our paper. Our measurements of the THG efficiency
showed that the nonlinear optical conversion effi
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Fig. 7. Comparison of THG efficiencies in gold and aluminum for (a) a 50nmthick nanofilm, (b) a nanohole 150 nm in diam
eter, and (c) a nanoslit 50 nm × 170 nm in size.

ciency for nanoholes in gold films was higher. Thus,
the influence of the plasmon resonance in gold nano
holes on the increase in the THG efficiency proved
stronger than the influence of the high optical nonlin
earity of aluminum.
Plasmon resonance in nanoslits depends not only
on the material but also on their geometry because of
their high polarizability. In this case, plasmon reso
nance can be obtained in nanoslits in aluminum at the
THG wavelength. Because the optical nonlinear prop
erties of aluminum are stronger than those of gold, the
THG efficiency for nanoholes in aluminum is higher,
amounting to 10–9 (Fig. 7).
A further increase in the THG efficiency can be
achieved by increasing the exciting radiation intensity
[18] because the induced nonlinear dipole at the triple
frequency depends on the incident field amplitude
cubed. It was found in [16, 17, 19, 39] that irradiation
of gold nanostructures at intensities above 1010 W/cm2
caused their strong heating resulting in melting and a
change in their geometry. The heating of nanostruc
tures enhances the scattering of electrons by phonons,
reducing the Q factor of plasmon resonances [40]. As
the melting point is achieved, nanostructures change
their geometrical shape, resulting in a significant
change in their optical properties. In particular, this is
manifested as a decrease in the local field amplitude,
which significantly reduces the efficiency of nonlinear
processes. Below, we present the results of our studies
on the heating of nanostructures by highintensity
laser radiation, which demonstrate considerable dif
ferences between heating temperatures for nanoparti
cles and nanoholes.
The main objects studied in nanoplasmonics are
nanoparticles and complementary nanoholes.
According to the Babine principle, the optical proper
ties of nanoparticles and complementary nanoholes
are close. Therefore, both nanoparticles and nano
holes can be used for manufacturing nanolocalized

radiation sources. Figure 8a shows the temperature
distribution in an aluminum nanodisc 100 nm in
diameter. This distribution is obtained by the numeri
cal solution of the heat conduction equation taking
into account the absorption of the electromagnetic
field of exciting radiation with the spatial distribution
calculated by the FIT method. Figure 8b shows a sim
ilar distribution for nanoholes of the same size made in
a 50nm thick aluminum film. Both structures are illu
minated by a plane monochromatic wave at 520 nm
with the wave vector directed orthogonal to the nano
structure plane. The radiation intensity is 8 ×
1013 W/cm2. One can see from Fig. 8 that laser irradi
ation causes the local temperature increase near nano
structures. In this case, the absolute value of the nan
odisc temperature exceeds the corresponding that for
a nanohole due to a great difference in the heat
removal of the material: a nanodisc is surrounded by a
poorly heatconducting dielectric, whereas a metal
film with a nanohole provides the efficient heat
removal. Note that the radiation wavelength of such
aluminum nanostructures is located far away from
plasmon resonances.
The temperature distribution in gold nanostruc
tures is substantially different. Figure 9a shows the
temperature distribution in gold nanostructures
(a nanodisc and a nanohole) identical to nanostruc
tures in Fig. 8. The parameters of exciting radiation
are the same as in calculations of the temperature dis
tribution in nanostructures in Fig. 8; however, in this
case, laser radiation excites plasmon resonances in
gold. One can see from Fig. 9a that a nanodisc is
heated up to considerably higher temperatures com
pared to a nanohole. The presence of strong plasmon
resonance in gold at the excitation wavelength leads to
large local fields and, as a result, to strong local heat
ing. More efficient heat removal in a nanohole pro
vides lower local temperatures compared to a nano
disc. This has an important consequence: melting of
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Fig. 8. Spatial temperature distributions calculated for (a) a 50nmthick aluminum nanodisc 100 nm in diameter and (b) a nano
hole 100 nm in diameter in a 50nmthick aluminum film.
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Fig. 9. Spatial temperature distributions calculated for (a) a 50nmthick gold nanodisc 100 nm in diameter and (b) a nanohole
100 nm in diameter in a 50nmthick gold film.

the disc metal occurs at lower laser radiation intensi
ties compared to nanoholes. This in turn results in
higher THG efficiency in nanoholes compared to
nanodiscs.
Our calculations of the temperature distribution in
nanostructures produced by highintensity laser radi
ation showed that an aluminum nanorod 50 × 170 nm
in size begins to melt at laser radiation intensities of
about 1010 W/cm2, which is consistent with experi
mental data [16, 17, 19, 39]. Calculations for a hole in
aluminum with the geometry presented in Fig. 6 show
that melting is absent at 1.56μm laser intensities
below 1013 W/cm2. This intensity is three orders of
magnitude higher than that used in measurements
presented in Fig. 6. Our calculations (neglecting an
increase in losses in a metal with increasing tempera

ture) based on our measurements show that the THG
efficiency in nanoholes with the chosen geometry in
aluminum can be close to unity at the laser radiation
intensity 1013 W/cm2.
Note that the melting point of a material is impor
tant in the production of nanostructures in elements
for nanoplasmonics using intense optical fields. For
example, the melting point of aluminum (T = 933 K)
is considerably lower than that of gold (T = 1337 K).
Due to the lower thermostability of aluminum com
pared to gold, aluminum nanostructures will be
destroyed at lower laser radiation intensities, restrict
ing the efficiency of nonlinear optical processes real
ized in these nanostructures.
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7. CONCLUSIONS
We have demonstrated the operation of a single
nanohole in thin gold and aluminum films as an effi
cient optical nonlinear element. The third harmonic
generation of radiation has been obtained in single cir
cular nanoholes and nanoslits. The THG efficiency in
nanoholes and thin gold and aluminum films has been
studied. The absolute values of the thirdorder nonlin
ear susceptibility have been obtained for gold and alu
minum at a wavelength of 1560 nm. It has been found
that plasmon resonances in circular nanoholes and
nanoslits considerably increase the THG efficiency.
The third harmonic radiation from such nanostruc
tures forms a nanolocalized radiation source without
the background exciting radiation. Note in conclusion
that nonlinear optical elements of nanoobjects can be
very important in optical nanolithography [16, 41],
optical data processing, nanometer optical micros
copy, and in nonlinear optical devices [42–44].
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