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Abstract

Recently, a number of studies have focused on micro-manufacturing processes,
which find use in a variety of applications, including the production of microelec-
tromechanical systems (MEMS). The process of ablation in materials is mainly go-
verned by the laser source and scanning speed. The rate of material ablation is influ-
enced by chemical and physical properties. In this work, the energy from a CO, laser
was used to ablate three different materials, namely, stainless steel 304L, a thin film
of amorphous aluminum oxide (ALOs), and pure silicon, due to their wide use in
MEMS technology. The laser parameters used were an average power of 18 W and a
spot size of 200 pym. The maximum depth during the photomechanical ablation
process was 72 pm in the case of 304L steel and 77 um in the case of the Al,O; thin
film for a scan rate of 24 mm/min. However, at the same scan rate, silicon did not
exhibit any penetration. As expected, while increasing scanning speed the ablation
depth decreases due to reduced interaction time between laser and material. The
theoretical ytterbium fiber laser shown in this study can thus be employed in the
manufacturing of a wide variety of materials used in the production of MEMS as well
as those used in clean energy technologies.

Keywords
Laser Ablation, MEMS, Ytterbium-Doped Fiber Laser, Thin Film

1. Introduction

The interaction of lasers with materials can result in a wide range of effects that depend
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on the properties of the laser, the material in question, and the environment [1]. Re-
cently, studies have focused on direct ablation processes and have found that they can
be used in a variety of devices such as biomedical devices and micro-electromechanical
systems (MEMS) and for developing new materials that can be used as semiconductors
and in the generation of clean energy [2]-[4].

There is relatively little knowledge about the effect of the specific mechanical properties
of materials and interaction on laser milling tests. Particularly, the effect on stainless steel
has been investigated with the aim of determining its suitability for manufacturing MEMS
components [5]. The surface laser irradiation of steel induces a pyrolytic reaction wherein
the metal substrate undergoes a high-temperature chemical reaction with the ambient
atmosphere, resulting in the growth of a film composed of elements from the substrate
and the gases from the environment [6]. In general, the passive film formed on austenitic
stainless steel has been described as consisting of distinct bilayers. The inner layer is rich
in chromium oxide while the outer layer is a mixture of iron oxide and a hydroxide, both
products of the thermal process induced by the laser interaction [7]. Recent studies have
also observed that the passive oxide film formed on stainless steel consists primarily of
chromium oxide (Cr,0;) and iron oxide (Fe,O;) as the inner and outer layers, respectively.
Further, such bilayers and passive films exhibit semiconducting behavior and have at-
tracted attention for use as photo-anodes in photo-electrochemical cells [8] [9].

Aluminum oxide or alumina (ALOs), is used in a variety of applications, including
microelectronics, optical devices, and magnetic head recorders, as well as dielectric lay-
ers and protective coatings [10]-[12]. Alumina thin films have attracted a lot of interest
because of their physical and chemical properties. Early interest in alumina originated
in the field of aluminized solid rocket motors carcasses, where the transfer of radiative
heat from the exhaust plumes had to be assessed [13]. ALOs films can be prepared by
several methods such as atomic layer deposition, e-beam evaporation, filtered cathodic
vacuum arc deposition, reactive sputtering, and nonreactive sputtering [12]. In partic-
ular, the growth of AL,Os films as insulators by nonreactive sputtering is considered to
be a less complex process compared to reactive sputtering [14].

It is now obvious that silicon (Si) finds wide application in many areas, such as the
electronics and solar cell industries [15] and is also used as a base material to produce
biosensors. The use of Si allows for the low-cost detection of viral or infectious diseases.
The principle of the ring biosensor is as follows: because of the adsorption of substances
containing biological materials onto the ring surface, the effective refractive index of
the waveguide changes and the resonance wavelength is shifted [16].

In the present study, laser milling tests were performed on stainless steel 304L, AL,O;,
and silicon using a 18 W CO, laser. The capabilities of laser milling when employed for
the machining of the materials mentioned were evaluated and the parameters deter-
mining the ablation depth were analyzed. Finally, the characteristics of laser milling

with respect to material ablation were assessed.

2. Material Characterization

The effect of laser milling over three different materials has been analyzed: stainless
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steel, ALLOs and silicon. These materials are affected differently by laser radiation, ow-
ing to the differences in their chemical and physical properties, which in turn deter-

mine their optical properties.

2.1. Stainless Steel

2.1.1. Chemical Composition

Stainless steel contains sufficient chromium to form a passive film of chromium oxide,
which prevents further surface corrosion by blocking oxygen. It was studied an auste-
nitic 304L steel. The chemical composition of 304L in weight (%), was provided by the
producer C = 0.019, Mg = 1.570, P = 0.033, S = 0.028, Cr = 18.0, Ni = 8.050 [17].

2.1.2. Physical Properties

It is well known that the physical properties of stainless steel are strongly dependent on
its chemical composition. The following are the typical properties of 304L stainless steel:
density of 8300 Kg/m?, melting point of 1399°C - 1454°C, boiling point of 2727°C, elec-
trical resistivity of 2.8400 x 107 Q-m, thermal expansion coefficient of 17.5 x 107 “C™,
thermal conductivity of 15 W/(m-K), and specific heat of 0.5 J/g [18]. These properties
are necessary for determining the optical properties of materials, such as their refractive

index and extinction coefficient.

2.1.3. Refractive Index and Extinction Coefficient

The refractive index of a material depends on its chemical components, which, in turn,
depend on its physical properties. The refraction index, n, and extinction coefficient, &
of metals have been calculated by Mahrle [19] as functions of the permittivity, & using

the following relations:

2 2 1/2
B NE +E +E )

B 2

Y2
- Vel +el—g 2

2

where & is the real and & the imaginary part of the permittivity. In particular, the cal-
culated values of the refractive index, n, and extinction coefficient, &, of 304L at its
melting and boiling temperatures for wavelengths of 1064 nm and 10.6 um are listed in
Table 1. These parameters are dependent on the physical properties of 304L; for the

calculations, the parameters used were a melting point of 1427°C, boiling point of

Table 1. Calculated refractive index and extinction coefficient of 304L stainless steel for two dif-
ferent wavelengths and temperatures (melting point and boiling point).

Wavelength = 1064 nm Wavelength = 10.6 yum
Temperature ("C)
n k n k
1427 9.08763 4.21118 26.4318 24.2921
2727 7.80072 3.95399 22.3112 20.7412
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2727°C.

2.2. Silicon Wafer and Thin Film Alumina (Al;03)

2.2.1. Chemical Composition

Silicon is solid at room temperature and has relatively high melting and boiling points.
Further, it has a greater density in the liquid state than in the solid state. In crystalline
form, pure silicon has a grey color and a metallic luster. Further, silicon is rather strong,
brittle, and prone to chipping [20].

Silicon is used to manufacture most of the electronic components used in microelec-
tronics and semiconductor-based technologies. For this purpose, silicon wafers purity
has to be > 99.9%. Pure silicon can be extracted directly from solid silica or other sili-
con compounds by molten salt electrolysis [21] [22]. For the case of alumina, it could
be assumed that, independent of the possible formed polymorph (Alumina a, &, & or )
[23] [24], the chemical composition remains stable on the thin film [11] [12].

2.2.2. Physical Properties
The physical properties of silicon and alumina have been studied widely and are listed
in Table 2.

2.2.3. Refractive Index and Extinction Coefficient

The refractive index of pure silicon has been determined by two different methods:
firstly, the observation of channel spectra in an optical flat by Eduards et al [25] pro-
posing a modified version of the Cauchy dispersion formula (Equation (3)) and later by
Chandler-Horowitz et al [26] calculating the real and imaginary parts of the refractive
index of silicon measured as a function of photon frequency (w) using Fourier trans-
form infrared (FTIR) transmission spectral data. A procedure was developed to first get
initial estimates for n for the high-resolution spectrum and then calculate & from the
faster low-resolution spectrum. Then both initial 7 and final & values were used togeth-
er as starting point data for a fit to the high-resolution spectrum. The coefficients values

of the Sellmeier Equation (4) were determined by the nonlinear regression. In both

Table 2. Physical properties of silicon and ALOs [20].

Si(99.9%) ALOs
Melting point ("C) 1414 2050
Density (Kg/m?) 2329 3980
Boiling point (°C) 3265 2980
Atomic mass(Kg/mol) 2.8082 x 1072 1.0196 x 107!
Electrical resistivity (Q-m) 2300 1x 10"
Thermal expansion coefficient ("C™") 7.6 x107¢C™! 8x10°°C!
Thermal conductivity (W/(m-K)) 149 26 - 35
Specific heat (J/(g-K)) 0.7 0.9
278 &8
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cases, the extinction coefficient was calculated to be approximately zero. Figure 1
shows the refractive index of pure silicon as a function of the wavelength using Equa-
tion (3) and Equation (4). For the present study, the calculated refractive index values
for the interest wavelengths are: 3.53692 - 3.4667 for the 1064 nm, and 3.41791 -
3.42136 for 10.6 pum.

2
n=3.41983+ M —-0.123109 (;j
A°-0.028

A% -0.028
+1.26878x107° 1% ~1.95104x107° 1*
1  0.004482633

n?=11.67316+— +—— "> 4
A* 2% -1.108205° )

3)

The refractive index and extinction coefficient of thin films of alumina have been de-
termined from the parameters of the Cauchy equation (Equation (5)) and the parame-
ters of the Urbach absorption equation (Equation (6)), respectively, by Houska et al
[27]. They investigated the optical properties of amorphous and y-ALO; prepared in
the form of thin films a wide range of deposition and annealing techniques. For the sam-
ple prepared in the current study, Table 3 shows the Cauchy and Urbach parameters as

Refractive Index

3.435 —— Chandler-Horowitz

==« Edwards

3.430 -

3.425 ¢

3.415
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]
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!
]
|
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Figure 1. Refractive index of silicon calculated by Equation (3) and Equation (4) for different in-

cident wavelengths.

Table 3. Parameters of the Cauchy dispersion and the Urbach absorption tail (with Eo = 4.13 eV)
and the calculated values of the refractive index and extinction coefficient at 1064 nm and 10.6

pm.
Parameter a-ALOs
A 1.559
B 0.0052
C 0.00004
Ax 0.0013
Bx 0.3
N1064 1.56362
106 1.55905
kiossE = 1.166 eV 5.343 x 107*
kioeE = 0.117 ev 3.900 x 107*

KD
+%%, Scientific Research Publishing

279



G. de la Rosa-Santana et al.

well as the calculated values of 7and 4 for wavelengths of 1064 nm and 10.6 pm.

B C
n= A+7+? (5)
k = AkeBk[E*Eo] (6)

2.3. Theoretical Photomechanical Ablation in 304L, Al;03, and Silicon

In order to create mechanical stress and spallation on the material surface via pho-
to-ablation using a pulsed laser beam, Agular-Morales et al [28] considered various pa-
rameters such as the absorption coefficient and optical penetration. The absorption coef-
ficient values for 304L and AL,O;, determined using Equation (7) and optical penetration
determined by d =1/a are shown in Table 4.
otk

N (7)

For silicon Equation (6) cannot be used. Nevertheless, the Committee on Data for
Science and Technology (CODATA) provides recommended values for silicon: for a
wavelength of 1064 nm, the absorption coefficient, a, of silicon is 11.1 cm™ and its opt-
ical penetration depth d, is 900 pm [29]. However, as the wavelength is increased, the
value of the absorption coefficient decreases. For a wavelength of 10.6 um, the absorp-
tion coefficient tends to zero and the optical penetration depth tends to infinite [30].

In the absence of photoionization and phase changes, the laser energy on the surface
is totally transformed in heat. The thermal diffusion time describes how fast this heat
escapes from the focal volume and is governed by Equation (8), as follows [28]:

1

Ta :aZK

(8)

where a is the absorption coefficient and K'is the thermal diffusivity, which is obtained
with Equation (9):

K=
PC,

)

The specific heat value G, density p and the thermal conductivity k', were men-

tioned in Section 2.

2.4. Fiber Laser Design

A fiber laser is a particular laser type in which the active gain medium is an optical fiber

Table 4. Theoretical absorption coefficient (a) and optical penetration (d) values, calculated us-
ing Equation (7).

1.064 pm 10.6 um
Material k a(cm™) d(um) k a(cm™) d(pm)
304L 3.9539 466,985.9308 0.0214 20.7412 245,888.3077 0.0406
ALO:; 5.3430 x 10™* 63.1034 158.4699 3.9000 x 107* 4.6234 2162.8748
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doped with rare-earth elements such as erbium, ytterbium, neodymium, dysprosium,
praseodymium, or thulium [31]. A fiber laser consists of a pump source (laser diode), an
input optic arrangement, and a fiber composed of a rare-earth doper core, a cladding
around the core that is either a phosphor-silicate or germane-silicate-doped glass, and
normally a polymer coating [32]. In a continuous-wave fiber laser, the necessary feed-
back is the results of the 4% Fresnel reflection from the ends, which are cut at an angle of
90°. The reflections from these facets create the cavity [33]. In order to create a pulsed
fiber laser or a Q-switched fiber laser, it is necessary cut the opposite ends of the pumped
fiber at an angle different from 90° and to use an absorbing element such as an elec-
tro-optic modulator (e.g., Pockels cell) and an element that allows for feedback (e.g.,
broadband mirrors), via which Q-switching of the cavity is produced. Figure 2 shows
Q-switched fiber laser scheme and its principal elements; pump source laser at 976 nm
(a), collimator lens (b), dichroic mirror (c), focus lens (d), ytterbium doped fiber (e),
aspheric lens (f), electro-optic modulator (g) and broadband mirror (h).

The key issue during laser ablation is to select the correct pulse energy that can ablate
the material in the process. From literature, the ablation fluence threshold values suitable
for machining 304L, Al,Os, and silicon, could be found. The fluence threshold for abla-
tion for a pulse duration of the order of nanoseconds is about 0.25 J/cm for 304L [34],
and around 30 J/cm? for silicion [35], and up to 22 J/cm? for ALO;. [36]. Based on these
parameters, a Q-switched ytterbium (Yb**) fiber laser design capable of covering the en-
tire range of fluence and pulse energy is proposed. It has the following characteristics:
fiber length of 5 m, maximum average power of 16.76 W, and pulse duration of 73 ns.
Approaches to the values of pulse energy and fluenceare described by the Equation (10)
and Equation (11) [37] [38]

PV
P. = S:’ (10)
F= PZE (11)
@ T

were P, . is the average power, R

Figure 3 shows theoretical fluence (a) and pulse energy (b) for a spot diameter of 30 um.

. is the repetition rate and @ is the a spot radius.

3. Experimental Process

3.1. Sample Preparation

The silicon wafers used did not need any preparation before the laser ablation process.

©)
(:a) ®  (© ((@ﬁ)) ) (9) (h)

Fiber laser output

Figure 2. Q-switched fiber laser configuration.
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Figure 3. Theoretical fluence (a) and pulse energy (b) of the designed ytterbium fiber laser.

The 304L stainless samples were obtained by cutting a bar into 1 mm disks using a
computerized numerical control machine. The steel specimens were then sanded using
ANSI/CAMI silicon carbide (SiC) papers with grit numbers of up to 1600, to make the
surfaces smooth and uniform.

The alumina thin films were deposited by physical vapor deposition (PVD) on stain-
less steel substrate through unbalanced reactive magnetron sputtering using an Al tar-
get in mixed Ar and O, atmosphere while employing a direct current power source. The

deposition equipment and deposition process used have been described previously by
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Uribe et al [20] prior to deposition, 304L substrate was polished to a mirror-like finish
using a 6 um diamond paste. The deposition run included two stages: in the first stage,
a pure Aladhesion layer was deposited in a pure Ar atmosphere over a period of 5 min,
while in the second stage, the oxide film was produced by the sputtering of the Al target
in the Ar and O, atmosphere. The films produced were of amorphous Al,O; and had a
fine columnar structure and a thickness of 800 nm to 1 pm. As can be observed in Fig-
ure 4, the thin film surface presents an homogenous structure with the presence of
small cracks, typical of the PVD process.

3.2. Material Micromachining

The micromachining process was performed using a CO, laser (wavelength of 10.6
pum). The parameters used were an average power of 18 W and spot diameter of 200
pm. These parameters were kept constant throughout the experiments, which con-
sisted of machining lines with a length of 2 mm on each material at different scan
rates, (24 - 4200 mm/min). Figure 5 shows the transversal micromachining depth
profiles for 304L and ALO; for three different scan rates (24, 90, and 180 mm/min).
As can be observed for both cases, it is clear that the micromachining process has
been successfully achieved, and that the increment of the scan rate diminish the
depth profile. As expected increasing scanning speed the ablation depth decreases
due to reduced interaction time between laser and material, which generate a lower
concentration of energy or fluence.

In the cases of 304L and the ALO; thin film, for scan rates greater than 350 mm/
min, ablation did not occur. Furthermore, there were areas where the laser beam did
notcause ablation but the thin film showed fractures along the path over which the

beamhad been scanned (Figure 6), presumably due to the thermal expansion with

%10,000

Figure 4. AL,Os thin film produced by PVD reactive magnetron sputtering.
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24 mm/min 90 mm/min 180 mm/min

304 L

Figure 5. Transversal ablation profiles of 304L stainless steel and ALOs.

x1500

Figure 6. Fractures generated in the ALOs thin film by the laser beam.

the heating process product of the interaction of the laser and the film, and the
cooling when the laser is removed. This tends to produce a stress process on the
surface leading to the fracture of the film. Furthermore it was observed that these
cracks could contribute to the complete removal of the thin film, it can be observed
that in the analyzed area. As can be observed the film was completely removed. The
energy-dispersive X-ray spectroscopy (EDS) analysis (Figure 7) indicated that, in the
area, the Al element was almost completely removed, and it has exposed the ele-
ments of the substrate material, as can be deduced elements present are those related
with the 304L, insure the photomechanical ablation processes.

Finally, as it can be seen in Figure 8, silicon did not exhibit ablation at the lowest

%%
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Sum Spectrum

Full Scale 6295 cts Cursor: 8.620 keV (34 cts) keV

O Kat . CKal 2 Al Kat Fe Ka

Mn Ka1 CrKa1 Ni Ka

Figure 7. Results of the EDS analysis of the Al:O; thin film at 350 mm/min scan speed.

%300 50 um 13 50 SEI

Figure 8. SEM image showing the melting of silicon when scanned using a
laser with a power of 18 W at 24 mm/min.
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scan rate (24 mm/min), as micromachining did not occur at a significant depth. As
mentioned in Section 2.3 for a wavelength of 10.6 um, the silicon absorption coeffi-
cient tends to be zero. It entails a high heat dissipation rate thus preventing the abla-

tion process.

4. Conclusions

In this study, we determined the ablation thresholds for 304L, ALO;, and silicon when
scanned using a continuous-wave CO; laser with a wavelength of 10.6 pm and average
power of 18 W. In order to explore the photo-ablation process, the physical and optical
properties of the materials, such as their extinction coefficients and refractive indices,
were considered. Based on the design Q-switched ytterbium laser and the ablation ex-
periments, the following are the main outcomes:

e Laser micromachining with a continuous-wave CO, laser can be used for microma-
chining conductive metals and oxides.

e The material removal process involves different mechanisms such as ablation, melt-
ing, and vaporization. The machining mechanism is mainly based on direct melting/
ablation.

e The properties of semiconductors make it necessary to use pulsed lasers such as the
ytterbium fiber laser described, which was designed to work within the range of
pulse energy and fluence values required to machine the mentioned materials.

e The quantity of material removed by ablation is related to the laser operation mode
and power. From this viewpoint, the use of the Q-switched laser was an appropriate
choice, as a low frequency generates a high pulse power, which would increase the
material removal rate.

e The scan speed is an important parameter for causing ablation in the material and
for manipulating the penetration depth.

The use of the fiber laser designed in this study as well as the appropriate values of
parameters such as pulse energy, fluence and scan speed should aid the for the forma-

tion of complex shapes in similar materials by direct laser ablation.
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