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Optical properties of volcano-shaped gold-silicon structures fabricated

by femtosecond laser exposure
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Here, we experimentally study the photoluminescence of volcano-shaped hybrid structures created from a bi-layer

gold−silicon film exposed by several femtosecond laser pulses at a wavelength of 1048 nm. The external and phase

composition of the obtained structures were analyzed by a combination of atomic force microscopy and Raman

studies. The damage threshold is found and the stability of the broadband photoluminescence of such structures is

demonstrated.
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Ever since their first demonstration by Nakata et al. [1]
and Chichkov et al. [2], femtosecond laser pulses have

provided an excellent opportunity for fabricating a wide

range of subwavelength microstructures in thin metallic

films on glass substrates.

In the general case, thermal stresses are induced in a film

when the surface of a thin metallic layer is irradiated by a

low-intensity strongly focused femtosecond laser pulse. This

results in the formation of nanovoids of a parabolic shape

(nanobumps) or (at higher pulse energies) nanocones and

nanoapertures [3,4]. The majority of published studies have

been focused on the geometric and dimensional features

of structures made of noble metals and demonstrated the

possibility of tuning their resonance by the pulse energy [5]
or the film thickness [6]. Ordered arrays of such structures

may serve as optical sensors [7], security labels [8], or

nonlinear media for second-harmonic generation (SHG) [9].
However, plasmonic materials have intrinsically high losses

due to heating at optical frequencies. A the same time, dis-

sipative losses in dielectric materials with a high refraction

index, such as silicon and germanium, are negligible. A

combination of plasmonic and dielectric components in a

single hybrid nanostructure should allow one to get the best

of both worlds [10].

The easiest way to fabricate hybrid structures consists

in subjecting a two-layer gold−silicon film to laser pulses.

Specifically, various metal–dielectric structures demonstrate

both efficient SHG and broadband photoluminescence (PL)
in the visible range (e.g., hybrid nanosponges [11] and

other laser-induced structures [12]). As was demonstrated

in [13], nanobumps form on a two-layer silicon−gold film

subjected to irradiation. As the power density increases,

these nanobumps transform into volcano-shaped structures.

In the present study, the internal composition of volcano-

shaped structures is examined using Raman spectroscopy

and energy-dispersive X-ray spectroscopy (EDXS) in the

scanning transmission electron microscopy (STEM) mode,

and their external geometry is studied by atomic force

microscopy (AFM) and scanning electron microscopy

(SEM). In addition, the stability of their broadband PL is

demonstrated.

Structures were fabricated using a TEMA-150

(λ = 1048 nm, τ = 150 fs) femtosecond laser source

with a repetition rate (RR) of 1Hz after a pulse selector

based on a Pockels cell. Laser pulses were focused at

the top surface of a film by a Mitutoyo M Plan Apo

NIR (10×, NA = 0.26) objective into a spot with 1/e
diameter d ∼ 4.9 µm from the substrate side. Two-layer Au

(30 nm)/Si (90 nm) films on a glass substrate were used.

Structure formation proceeded after irradiation with five

laser pulses at an absorbed power density on the order of

19± 3mJ/cm2.

SEM and AFM studies were carried out to character-

ize the morphology and external geometry of structures

(Fig. 1, a). The AFM image was obtained using an

Ntegra Aura microscope in the semi-contact mode with

passive and active vibration protection systems and HA NC

probes. Raman spectroscopy was performed to examine the

phase transformations of the silicon structure component.

Spectra were recorded under excitation by a He−Ne laser

with a wavelength of 632.8 nm, which was focused at

the surface by a Mitutoyo M Plan Apo NIR (100×,

NA = 0.7) objective. The Raman signal was collected by

the same objective and projected onto a DU 420A-OE 325
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Figure 1. a — Profile of the hybrid nanostructure determined based on AFM data. SEM and AFM images are shown in the insets; b —
STEM image of the cross section of the hybrid nanostructure and EDXS maps of the elemental composition.

–1Wavenumber, cm

200

500

300

450 600550400 500

0

500

1500

1000

0

400

100

In
te
n
si
ty

, 
a
. 
u
.

–1520 cm

–1480 cm

Wavelength, mm

600 800500 700

´10

Volcano-shaped

structure

Initial
Au/Si film

In
te
n
si
ty

, 
a
. 
u
.

1

2

1

2

a b

Figure 2. Characteristic Raman (a) and PL/SHG (b) spectra of the initial Au/Si film (1) and volcano-shaped structures (2).

CCD array through a LabRam HR spectrometer with a

600 lines/mm diffraction grating.

In order to visualize the redistribution of gold and silicon,

lamellae were cut form the obtained structures by the

focused ion beam of a FEI Helio Nanolab 600i microscope,

and EDXS mapping of the elemental composition in the

STEM mode was performed using a JEOL ARM200

microscope with a JEOL Centurio detector (Fig. 1, b). A

Pt layer was deposited in advance onto the sample surface

to protect it in the process of cutting. In contrast to [4], the
obtained volcano-shaped structures do not feature a radial

redistribution of thickness of the gold film (presumably,

due to detachment of the thickened section at the structure

center).
The nonlinear optical properties of the obtained structures

were characterized by recording PL and SHG signals under

pumping by radiation from a TEMA-150 (RR = 80MHz)
laser source. The laser radiation power was varied within

the 1−30mW range using an attenuator. Radiation was

focused by a Mitutoyo M Plan Apo NIR (100×, NA = 0.7)
objective. PL and SHG signals were collected by the same

objective, while reflected pumping radiation was blocked

by a FELH 850 filter; a 150 lines/mm diffraction grating

was used to record the spectra.

It follows from Fig. 2, a that the initial Au/Si film has

a broadband signal with a peak around 480 cm−1, which

corresponds to the amorphous phase. The presence of an

intense Raman peak around 520 cm−1 confirms that silicon

starts crystallizing in the course of formation of hybrid

structures. In turn, modification of the crystal structure

induces a change in the optical properties (Fig. 2, b) due to

the injection of hot electrons and holes that are generated

in gold as a result of multiphoton absorption in the silicon

component with subsequent recombination [14]. The initial

film emits only a weak SHG signal at a wavelength of

524 nm. SHG is forbidden in centrosymmetric materials

such as gold, although this symmetry may be violated at

the surface and amplified by certain surface defects [15].
The volcano-shaped structure (Fig. 2, b) produces much

stronger SHG and PL signals. This may be attributed to the

transparency of the central section of the structure, where

its emission is not absorbed by gold.

Figure 3, a presents the evolution of PL spectra of the

hybrid structure under different pumping power levels.
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Figure 3. a — PL spectra of volcano-shaped structures under

different pumping levels. The dependence of the SHG and PL

signal intensity on the pumping energy density is shown in the

inset. b — Stability of PL spectra under a pumping energy

density of 4.9mJ/cm2 . The broadband PL map for a 3× 3 array

of structures is shown in the inset (the sample being mapped

was shifted by piezo positioning stages with a pitch of 500 nm to

collect the PL signal at each point). A color version of the figure

is provided in the online version of the paper.

The spectrum shape remains stable up to the damage

threshold at an energy density of ∼ 7.9mJ/cm2. Below

this level, the spectrum intensity increases continuously

with pumping power; when the structure gets damaged,

the characteristic shape of its spectrum changes (dashed

curve in Fig. 3, a). The slope of the dependence of the

SHG and PL signal intensity on the pumping energy density

(inset in Fig. 3, a) suggests that both processes are induced

by two-photon absorption. Since the stability of optical

response is crucial for practical applications, PL spectra

were measured repeatedly with a pitch of 5min within

an interval of 20min (Fig. 3, b). In addition, an array of

structures was recorded (inset in Fig. 3, b) to examine the

consistency of fabrication of structures and characterize the

nonlinear signal distribution along them. It can be seen that

the intensity of broadband PL signals increases toward the

center of structures and varies somewhat from one structure

to the other.

Thus, hybrid volcano-shaped structures with a strong

nonlinear optical response were fabricated on a two-layer

gold–silicon film. A complex of SEM, STEM, Raman,

and AFM studies with EDXS mapping of the elemental

composition revealed the onset of crystallization of initially

amorphous silicon and detachment of the two-layer film

from the substrate, resulting in the formation of an aperture

at the center of the irradiated region. Hybrid structures

feature intense broadband PL within the spectral range

of 480−850 nm under laser pumping up to the damage

threshold at 7.9mJ/cm2; the PL signal remains stable below

this level. It should be noted in conclusion that arrays

of such structures hold promise for application as efficient

nonlinear sources to be used in visualization of biological

objects and nanospectroscopy.
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