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Abstract. Gold micro/nanostructure is of great significance in many scientific and engineering
fields for its unique optical, electrical and thermal properties. Gold film deposited through
electron beam (EB) evaporation is a suitable raw material for the fabrication of gold
micro/nanostructure. Femtosecond laser directing is one of the reported methods for high-
efficiency and low-cost micro/nanofabrication. We present a comparative study of gold film
ablation with different substrates (Si, SiOz, ZnO) under the irradiation of single femtosecond
Gaussian pulse. The morphologies of ablation areas and redistribution layers are investigated
by many characterization methods, such as scanning electron microscopy (SEM) and atomic
force microscopy (AFM). In general, the ablation morphology and the ablation hole are mainly
affected by the bandgap. Besides, the heat conductivity is the main factor affecting the width
and height of the redistribution layer.

1. Introduction

Over last decades, gold micro/nanostructure is widely applied to many research fields, such as
nanophotonics[1], biosensing[2] and optics[3] due to its ability to manipulate and confine incident
light through localized surface plasmon resonance (LSPR). Pre-deposited gold film with dozens of
nanometers through EB evaporation is an ideal tool for subsequent fabrication because of its low
roughness and high uniformity[4]. Conventionally, the electron beam lithography (EBL)[5] and
focused ion beam (FIB)[6] methods are the commonest methods adopted for nanostructure patterning
based on gold film. However, these methods often suffer from the requirement of vacuum and
complex fabrication steps like resist coating, photolithography, lift-off, and wet processing. All the
mentioned drawbacks may lead to the low efficiency and repeatability[7].

Instead, femtosecond laser directing is considered as a vacuum-free and one-step micro/nano
fabrication[8] method. Commonly, the redistribution layer is considered as a defect of laser processing
because of the heating effect. However, due to the small heating effect during femtosecond laser
patterning material, the tiny redistribution provides an alternative way for micro/nano fabrication.
There exist many reported researches on gold film fabrication using femtosecond laser inducing
redistribution layer. A. Wang, et al. reported a method for high-conductivity gold nanowire fabrication
on gold film by spatially modulated femtosecond laser pulses[9]. W. Han, et al. reported a method for
gold nanoparticles fabrication on gold film induced by dual wavelength femtosecond laser[10].
Generally, the gold film patterning using femtosecond laser irradiation is mostly based on the laser
inducing material redistribution[11]. Wherein, the properties of substrate materials greatly affect the
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material redistribution during the laser interaction. However, to my knowledge, the researches
focusing on substrate materials are still scarce.

In this study, we demonstrate a comparative study of the morphologies of ablation areas and the
sizes of redistribution layers with different gold film substrates. Considering the variation of bandgap
and heat conductivity, three kinds of commonest substrates: Si, SiO;, ZnO were taken into
investigation. The structure parameters were measured using SEM and AFM. The cross sections of the
ablation areas were collected and compared. The bandgap and threshold were found to significantly
affect the ablation morphologies and ablation holes. Besides, the width and height of the redistribution
layer relied on the capacity of heat-transmission.

2. Experimental setup

The experimental setup is shown in figure 1. The fundamental Gaussian mode with a central
wavelength of 800 nm, and a pulse duration of 50 fs is generated by a regenerative amplifier system
(Spitfire Ace-35F, Spectra Physics) whose gain medium is Ti:sapphire. The repetition rate could be
adjusted from 1 Hz to 1000 Hz flexibly. The beam diameter(1/e?) of the laser is set as 7 mm before
entering the objective lens. A half-wave plate and a polarizer are used to form an energy control
system, and an objective lens (20 NA = 0.45) is applied to achieve higher fluence and smaller spot
size at the focusing plane. The sample is mounted on a computer-controlled, six-axis translation stage
(M-840.5DG, PI, Inc.) with a resolution of 1 um in x/y plane and 0.5 um in z direction. The stage is
omitted in the figure.
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Figure 1. Experimental setup.

Thickness of the samples used in this study was 30 nm (with 3 hm Ti linking layer). To investigate
the morphology changes of gold film, single pulse was applied to process the target gold film. The
pulse energies were adjusted from 0.2 pJ to 1.2 pJ to achieve different structure parameters. The
morphologies of the ablation areas were characterized using a field-emission scanning microscope
(JSM-7500F, JEOL, Japan) and the cross section structure parameters were illustrated by the atomic
force microscopy (Dimension Edge PSS, Bruker, Inc.).

3. Results and discussion

The ablation results fabricated by single Gaussian pulse with energy of 1.0 pJ are shown in figure 2.
The sizes of ablation areas with different substrates are close to each other. This phenomenon is
mainly attributed to Gaussian distribution of femtosecond laser and threshold effect in processing.
According to the previous research, the diameter of the ablation area D can be expressed as[12]:

D* =2’ In(F / F, ), where o is the waist radius of the Gaussian beam, F the peak density and F, the

ablation threshold of the material. Thus, the diameter of ablation area is not significantly affected by
the peak density, and is mainly restricted by ablation threshold.
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Besides, the redistribution layers of ablation areas are compared. The redistribution layer of the Si
substrate is the most irregular. The SiO; substrate shows better material redistribution than Si substrate.
The redistribution layer of ZnO substrate is orderly so that it is not obvious using the SEM from the
vertical angle. In addition, due to the influence of the linear polarization, the distribution of
redistribution layer is not uniform. As the femtosecond laser used in this study is linearly polarized,
the ablation area is apparently elliptical rather circular. Specially, as far as the SiO; substrate, there are
some periodical spatters around the redistribution layer due to the onset of some hydrodynamic
instability[13]. The redlstrlbutlon layer collapses at some margins of the ablatlon area.

Figure 2. SEM |mages of gold f|Im ablatlon with different substrates. The pulse energy is 1 uJ. (a) Si;
(b) SiOg; (c) ZnO.

In order to further investigate the morphologies of the ablation areas, the AFM image is used to
measure the structure parameters. The AFM images of different substrates under several pulse
energies are show in figure 3. For all kinds of substrates, the size of the ablation area increases with
the improving of pulse energy. When the pulse energy is fixed, the ablation size of Si substrate is
smaller than that of SiO> substrate, which is smaller than that of ZnO substrate. Due to the Gaussian
distribution, there is an ablation hole in the centre of the irradiation area. And when the substrate is Si,
the depth of ablation hole is much deeper than that of the others. But the depths of ablation holes are
close to each other when the substrates are SiO, and ZnO. This phenomenon would be discussed later.

Besides, the heights of the redistribution layer vary greatly when using different substrates. The
layer height of SiO, substrate is obviously lower than the Si and ZnO. However, although the heights
of redistribution layers are close when the substrates are Si and ZnO, the uniformity changes
significantly. The polarization also affects the material redistribution. Taking the Si substrate as an
example, more material redistribution is on both sides of the direction of the polarization. Specially,
when the pulse energy is around 0.5 pJ, and the substrate is ZnO, there is a helical structure formation
which may be attributed to the high-order harmonic generation during the laser irradiation[13,14].

Sio, ZnO 300 nm

-300 nm

Figure 3. AFM images of gold film with different substrates. The pulse energies are marked in the
figures.
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To better measure the structure parameters changes of the femtosecond laser inducing
morphologies, the cross sections data were collected. As illustrated in figure 4a, the curves confirm the
result mentioned above that the ablation hole of Si substrate is much deeper than the others, which
could reach 600 nm under the pulse energy of 0.3 uJ. The data of redistribution layer widths which are
collected by changing the pulse energy from 0.2 pJ to 1.2 uJ are shown in figure 4b. The widths of Si
and ZnO substrate redistribution layers are both much larger than SiO- substrate.
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Figure 4. (a) Cross sections of the ablation areas using different substrates and the pulse energy is 0.3
wJ. (b) The widths of redistribution layers using different substrates with the energy from 0.2 uJ to 1.2
wl.

To understand the mechanism of the difference formation when femtosecond laser irradiates the
different substrates, the energy deposition during the interaction between femtosecond laser and gold

L L 1
film is discussed. The depth Is that the femtosecond laser can reach is written as follow: |, =—, where
a

a is the absorption coefficient which is related to the wavelength. The absorption coefficient of gold is
7.7089x10°/cm when irradiated by 800 nm laser. Thus the depth [,=1.2972>10°nm. Then during the
laser irradiation, the laser energy can gradually enter the depth of thermal diffusion lg, which can be

written as: |, =+/Dz, where D is the thermal diffusivity and ¢ is the pulse duration. The thermal

diffusivity D can be written as: D:ic, where 4 is the thermal conductivity, p the density and c the
Y2,

specific heat capacity. The thermal conductivity A of gold is 318 W/(m K), density p is 19.30 g/cm?
and specific heat capacity ¢ is 0.13 kJ/(kg K). Thus the thermal diffusivity D of gold is 1.267><10*
m?/s and the depth of thermal diffusion lqis 0.3184 nm. So the depth of thermal diffusion lq <<
deposition depth Is. The heat was deposited before it had time to diffuse during the interaction between
femtosecond laser and gold film, which finally induced smaller redistribution layer[15].

Besides, the relevant physical characteristics of the used substrates, having fundamental impact on
the morphologies, are listed below:

Table 1. Relevant physical characteristics of the used substrates.

Bandgap/eV Thermal conductivity/ W/( m k)
Si 1.12 149
SiO, 9 12/6.8/1.4
ZnO 3.3 30

As can be calculated, the energy of femtosecond laser photon used in this study is 1.55 eV, which
is higher than Si but lower than SiO; and ZnO. Thus, the interactions between laser and SiO, and ZnO
substrate both involve in complex nonlinear effect, which leads to the difficulty in processing deep
hole and similar ablation hole depth. Besides, the thermal conductance of SiO. is much weaker than
the others. The better thermal conductance could induce more material melting and accumulation,
which finally leads to the wider and higher redistribution layer.
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4. Conclusion

In summary, gold films with different kinds of substrates (Si, SiO, and ZnO) are irradiated by the
femtosecond Gaussian pulses. The ablation area morphologies and redistribution layers are measured
using SEM and AFM. Besides the polarization of the laser, the physical characteristics like bandgap
and thermal conductivity are considered to notably affect the ablation results. The ablation hole is the
deepest and the morphology is most irregular when Si substrate is processed because of its narrowest
bandgap. The redistribution layer of SiO, substrate is relatively small for its relatively poor thermal
conductance. This research fundamentally supports the laser patterning gold film micro/nanostructure,
paving the way for its wide applications in optical and optoelectronic devices.
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