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Abstract This study presents an alternative method for
micron-resolution patterning of a sapphire surface utilizing
the characteristic of an ultra-short pulse (10~!3 s) from yt-
terbium (Yb) femtosecond laser (FS-laser) irradiation. Con-
ventional processes often involve several steps, such as wet
chemical or dry etching, for surface structuring of sapphire.
In this study, two-dimensional array patterns on the sap-
phire surface with an area of 5 x 5 mm? and a depth of
1.2 £ 0.1 um can be directly and easily fabricated by a sin-
gle step of the FS-laser process, which involves 350-fs laser
pulses with a wavelength of 517 nm at a repetition rate of
100 kHz. The measured ablation depths on the sapphire sur-
face display that the proposed process can be under well-
controlled conditions. Based on the design changes for be-
ing quickly implemented in the micromachining process, a
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FS laser can be a promising and competitive tool for pattern-
ing sapphire with an acceptable quality for industrial usage.

1 Introduction

Sapphire («¢-Al>,O3) single crystal is widely used in opto-
electronic and microelectronic applications such as blue-
emitting diodes, high-power laser optics, laser diode de-
vices, visible—infrared windows, substrates for semiconduc-
tor devices and high-pressure components because of its
excellent mechanical, electrical and optical properties [1].
However, it is difficult to apply machine tools or chemical
machining methods to sapphire because of its high hardness,
brittleness and chemical stability [2—4]. In addition, the con-
ventional methods usually create an excessive heat-affected
zone (HAZ) that poses limitations for the development of
advanced devices [5, 6]. In recent years, considerable ef-
forts have been devoted to using ultra-short laser pulses for
micromachining [7].

In general, ultra-short laser pulses (<10 ps) with fem-
tosecond (FS) or picosecond pulse duration can fully ion-
ize almost any solid material with greatly reduced recast,
microcracks and HAZ. Hence, an ultra-short laser emerges
as a promising tool for micromachining all types of mate-
rials [8—10]. Different from that of conventional lasers, the
energy flux of an ultra-short laser at the focus is very high
(>10"" W/cm?) when its laser beam is converged to a small
focal spot [11], thus inducing optical breakdown and remov-
ing the material via plasma-mediated ablation. The genera-
tion and absorption of substantial plasma can cause the abla-
tion of materials which are normally difficult to ablate using
conventional lasers, such as transparent or low-absorption
materials [12, 13]. In addition, the short pulse width of an
ultra-short laser offers a key advantage over a long-pulse
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laser in depositing energy into a material within a short time
before any thermal diffusion can occur [14, 15]. Due to the
very short time scales involved in the ablation with ultra-
short laser pulses, the ablation process can be considered as
a direct solid—vapor (or solid—plasma) transition. The phys-
ical phenomena associated with the interaction of an ultra-
short laser pulse at the femtosecond time scale have been
reported by Rethfeld et al. [16]. Their work indicates that
ablation occurs roughly on a nanosecond time scale for the
relevant process. This reference also provides a clear exam-
ple for calculating the electron and lattice temperatures with
time in gold from the two-temperature model [17].

In recent years, the use of ultra-short laser pulses as an
important fabrication process has been studied. Gertus et
al. [18] used FS-laser pulses to pattern the surface and vol-
ume of dielectric materials such as borosilicate glass. Com-
pared with long-pulse laser ablation, the advantage of ultra-
short laser ablation lies in its ability to produce very high
peak-power intensity and to deliver energy into a material
before thermal diffusion occurs. Hence, dielectric materials
can be easily patterned with no cracks formed by the ultra-
short laser pulses. Aguilar et al. [19] demonstrated that ultra-
short laser pulses can be an excellent tool for micropattern-
ing biodegradable transparent polymers. Moreover, it can
be seen that the HAZ of the laser around the machined
feature was minimized. Hayden and Dalton [20] presented
an alternative method for creating microelectrodes for neu-
ron stimulation using a FS-laser process, which was a sin-
gle patterning step without having to re-manufacture a pho-
tolithographic mask. Wiesner and Ihlemann [21] employed
F, lasers, which are ultra-short lasers, to fabricate various
micro-optical elements, like fiber tip lenses, gratings and
diffractive optical elements. Though the material sapphire
has been precisely fabricated by F, laser ablation at 157
nm, its process control is still in need of a suitable mask
projection. With the aim of achieving sapphire surface pat-
terning with a mask-less process, the study of microma-
chining with a process of FS-laser direct writing is essen-
tial.

This study uses FS-laser pulses for patterning the surface
of sapphire. Few studies have examined the application of
FS-laser irradiation to patterning a sapphire surface. The re-
lationship between the surface of sapphire patterning and
processing parameters including energy fluence and scan-
ning speed of the laser is experimentally investigated. Fi-
nally, machining of two-dimensional square arrays of sap-
phire is performed to illustrate that FS-laser pulses could be
easily and directly employed to fabricate a sapphire surface.

2 Experimental details

In this experiment, the surface structuring of sapphire with
the FS-laser direct writing technique is presented in Fig. 1.

@ Springer

This FS-laser system is an all-in-one femtosecond regenera-
tive amplifier system (UC-1035-2000; High Q Laser Pro-
duction GmbH) with an ytterbium (YD) laser as the irra-
diation source. The center wavelength of the FS laser is
1035 nm and a system with frequency multiplication is in-
stalled. However, the doubled frequency of a laser wave-
length is used at 517 nm when patterning the surface struc-
tures of sapphire. The laser system has a maximum output
power of about 2.0 W. The repetition rate and pulse width
(FWHM) of the FS-laser system are 100 kHz and 350 fs, re-
spectively. The beam profile from this regenerative amplifier
system is of approximate Gaussian distribution. In addition,
the system includes a correlation filter lens group. The opti-
cal lens group is composed of half-wave plates (1/21), po-
larizing beam splitter (PBS) and iris, which are adopted to
attenuate the energy of the Gaussian laser beam. Then, the
transmitted laser beam passing through a dichroic mirror is
monitored by a charge-coupled-device (CCD) laser focus-
ing system during the entire patterning process. Here, the
incident laser beam is irradiated onto the sapphire sample
through an objective lens (20x, 0.4 NA, Olympus Inc.). Ul-
timately, this device can perform precise focusing and pro-
cessing on sample surfaces by moving a high-precision XY
stage (ABL1500; Aerotech Inc.). The CCD focus system
is employed to display the real-time pattern process on the
linked monitor. All experiments are measured at an atmo-
spheric pressure of 101.325 kPa and room temperature of
25 °C. The sample is then subjected to an ultrasonic bath
for 30 min in acetone solution until all debris on the sur-
face of the microstructure device is removed. The surface
structuring of sapphire is measured by an optical micro-
scope (OM), an alpha-step profilometer (c«-step), a three-
dimensional laser confocal microscope and a scanning elec-
tron microscope (SEM).

3 Results and discussion

To determine the surface structuring of sapphire, the FS-
laser intensity distribution in the focus area has to be care-
fully controlled. The intensity distribution is measured by
imaging the corresponding position in the focus onto the
CCD system with an objective lens. The measured FS-laser
intensity distribution in the focus of the objective lens is dis-
played in Fig. 2a. For a Gaussian spatial beam profile, the
maximum energy fluence of laser (peak fluence) in terms of
its pulse energy can be written as [22]

Fo=2E,/na}, (1)

where Fy is the maximum energy fluence of the laser, E,
is the threshold pulse energy and wq is the focused beam
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Fig.1 Schematic of
experimental setup for surface
structuring of sapphire with
FS-laser irradiation. The system
delivers laser pulses at 517 nm
with a pulse width of 350 fs
(FWHM) and a repetition rate of
100 kHz. Mounted on a
computer that controls the
positioning, the sample is 4
moved in small steps along x, y
and z axes
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radius. If the maximum energy fluence Fy exceeds the ab-
lation threshold fluence (Fy,), the diameter of laser ablation
(D) in terms of pulse energy can be expressed as [22, 23]

D =awp |21 O 2
= w0 n(F—)’ ()

th

where D = 2r, r being the radius distance from the FS-laser
beam centerline.

Moreover, the laser beam through the objective lens
forms the surface damage threshold of sapphire. In this
study, the threshold fluence indicates that a Gaussian beam
of the FS laser can be determined by measuring the diam-
eter of the ablated area and the pulse energy. The threshold
fluence corresponds to the minimum energy per unit surface
required to induce an ablation change of the sapphire sur-
face. The laser energy is an experimental parameter whose
value can be easily measured by a power meter. To achieve
the patterned structures, the peak fluence of the FS-laser spot
must be precisely controlled above the threshold fluence of
sapphire [24]. Thus, the threshold fluence can be defined as
a function of effective pulse energy for structure pattern-
ing and a critical parameter on the material surface of the
component in the laser process. Under well-controlled con-
ditions, a microstructure with a 5-um round hole on the sap-
phire substrate can be easily formed at the energy fluence
of 55.7 J/cm? because the FS-laser beam has a radius of the
1/€? beam. In addition, Fig. 2b indicates that the FS-laser
beam is of a Gaussian distribution, and does not form cracks
around the ablated craters. Furthermore, the parameters of
a Gaussian pulse profile are shown schematically in Fig. 2¢
from the calculated Egs. (1) and (2).
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Fig. 2 Measured results of (a) FS-laser intensity distribution and
(b) an example of a 5-um round hole on the surface of sapphire sub-
strate machined using a FS-laser process. (¢) Calculated Gaussian en-
ergy fluence of FS-laser pulse. The energy fluence of the FS laser must
exceed Fy, for sapphire material to be removed

3.1 Damage threshold in a FS-laser process

In a FS-laser process, the damage threshold of sapphire sam-
ples with the current experimental setup should be deter-
mined first. To effectively fabricate the microstructures on
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Fig. 3 Variations in line width of sapphire substrate microstructures
as function of energy fluence and scanning speed. The right-hand in-
sets show OM images of the laser-processed line showing process-
ing quality of sapphire substrate microstructures at scanning speed of
(a) 10 mm/s, (b) 50 mm/s and (c¢) 100 mm/s under an energy fluence
of 295.3 J/cm?

the sapphire surface, it is essential to investigate the energy
fluence dependence of the line width on scanning speed. The
relationship between the line width and the energy fluence
is investigated with the change of scanning speed. Figure 3
shows the ablation line widths measured at different energy
fluences. It can be seen that line width enlarges with in-
crease in energy fluence. As just mentioned with respect to
Fig. 2c, the ablation threshold of energy fluence can be ef-
fectively controlled at 50 J/cm?; that is, the laser pulse en-
ergy is ~3 uJ. Moreover, when using a low scanning speed
of 10 mm/s, the accumulation of damage by laser ablation
with multiple pulses generates ablation craters and increases
the line width at energy fluences exceeding 200 J/cm?, as
marked in (a)-(c) in Fig. 3. Therefore, adopting a high en-
ergy fluence is disadvantageous for fabricating a short line
width, as shown in Fig. 3, right-hand insets. To further inves-
tigate the quality of fabricated line structures, Fig. 4 displays
the ablation line widths measured by SEM images at differ-
ent scanning speeds. At a low energy fluence and a low scan-
ning speed, an ablation structure without craters can be fab-
ricated. However, a FS-pulse laser beam generates ablation
craters at a high energy fluence and a low scanning speed. In
summary, adopting a low energy fluence helps prevent dam-
age of the fabricated microstructures on the sapphire sur-
face.

It must be noted that the sapphire usually has no absorp-
tion at 517 nm (the frequency doubling of the Yb FS-laser
wavelength). Since the sapphire surface is irradiated by the
FS laser with no absorption wavelength, the linear absorp-
tion of the laser radiation does not occur. However, the
energy of the Yb FS laser can offer a sufficiently high
peak fluence within very short pulse durations. The very
short time scale of FS-laser pulses increases the probability
of multiple-photon absorption, that is, a nonlinear process
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[25, 26]. Though the typical energy band gap for sapphire
is above 8 eV, an electron of the FS laser can simultane-
ously absorb the energy from multiple photons to exceed
the band-gap occurrence leading to the sapphire ionization,
which is proposed as a main mechanism of the sapphire sur-
face patterning by a much lower energy laser. Though the
doubled frequency of the FS-laser wavelength is used, the
energy conversion efficiency from FS-laser pulses can ex-
ceed 60 % as evidenced in previous works for many dielec-
tric materials [21, 27, 28].

Sapphire has a characteristic of high hardness; thus, ob-
taining suitable parameters of the FS-laser process is neces-
sary for fabricating well-shaped microsize structures, such
as gratings and square arrays. The Yb FS-laser patterning is
predominately a nonlinear process to the sapphire ablation
occurring within the focal region, which can be controlled
by adjusting the pulse energy within the focal spot (abla-
tion threshold). The energy efficiency of the FS laser can be
considered as the energy fluence control. Based on the ac-
curate energy fluence control, the FS-laser energy is much
less than the band gap of sapphire for forming a crater on a
laser-irradiated surface. Hence, this study chooses an appro-
priate scanning speed and an energy fluence to fabricate the
sapphire microstructures with the least HAZ effect. To opti-
mize the gratings and square arrays on the sapphire surfaces,
the scanning speed and energy fluence of a FS-laser process
are set constant at 50 mm/s and 95.34 J/cm?, respectively.

3.2 1-D and 2-D fabricating microstructures

In this study, four types can be obtained with different ge-
ometric sizes as in Fig. 5a—d, in which the results are in
Fig. 6a—d, respectively. As mentioned above, the optimum
scanning speed (50 mm/s) and energy fluence (95.34 J/cm?)
of the FS-laser process can be used here. Figure 6a shows
sapphire of one-dimensional (1-D) grating microstructures
including a width of 5.6 um with a period of 10 um.
The center portion of the groove is deeper owing to the
high energy fluence of the laser in the center of the beam.
Though there are serrations on the edges of the grating
structures, it can be seen that the FS-laser system provides
a potential process for forming fine microstructures. With
the same scanning speed and energy fluence used for pat-
terning one-dimensional grating microstructures, the sap-
phire microstructure of a two-dimensional (2-D) square ar-
ray with a width of 11.8 pm and a period of 20 um can
be fabricated by a FS-laser process, as shown in Fig. 6b.
To further study the characteristics of the fabricated mi-
crostructures by the FS-laser process, in this paper we pat-
terned inclined groove-shaped microarray structures. Sap-
phire of inclined groove-based microarray structures with
the same sideward angles is presented in Fig. 6¢, and a
two-dimensional square array is fabricated with a width
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Fig. 4 SEM images of the
laser-processed line showing
processing quality of sapphire
substrate microstructures at
scanning speed of (a) 10 mm/s,
(b) 50 mm/s, (¢) 100 mm/s and
(d) 150 mm/s under an energy
fluence of 295.3 J/cm?. The
inset of (d) shows a magnified
view of the pattern

Fig.5 Schematic of
FS-laser-fabricated
microstructures on the sapphire
substrate. Different-size
patterns: (a) gratings (width:
5.6 um; period: 10 um),

(b) square array (width:

11.8 pm; period: 20 pm),

(¢) inclined groove-based array
(period: 20 pm) and (d) square
array (width: 8.1 um; period:
10 um)

of 8.1 um and a period of 10 pm, as shown in Fig. 6d.
Although the FS laser is capable of micromachining the
square array structures on the sapphire surface, there are
still some brittle and zigzag shapes on the sapphire sub-
strate surface, which may result from the strong energy flu-
ence of the laser for generating these shapes. These phenom-
ena are similar to the findings obtained by Semaltianos et
al. [29].

Additionally, it can be found that the small-dimension
patterns in Fig. 6d have many defects. FS-laser mask-less
processing of the sapphire surface can be proposed for im-
proving light-emitting diode (LED) performance and fur-
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ther micro-optical applications. Due to the defects on the
sapphire surface, these surface-textured structures can be
achieved by the high light-extraction efficiency. Besides, the
minimum usable size for a two-dimensional square array us-
ing the FS laser can be achieved with 8.1-um line width.
However, the minimum usable size using the FS laser can
be controlled. An example is shown in Fig. 3; the mini-
mum usable size for patterning the structure can be achieved
with 2.2-um line width. Thus, except for the problem of the
diffraction-limited beam, the practical feature size is con-
trolled and determined by the energy fluence and scanning
speed of the FS-laser process.
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Fig. 6 SEM images of
FS-laser-fabricated
microstructures on the sapphire
substrate. Different-size
patterns: (a) gratings (width:
5.6 um; period: 10 um),

(b) square array (width:

11.8 pm; period: 20 pm),

(c) inclined groove-based array
(period: 20 um) and (d) square
array (width: 8.1 um; period:
10 pm). The insets of (¢) and
(d) shows magnified views of
the pattern structures

Fig. 7 Measured results of
cross-sectional profile:

(a) -step measurement,

(b) SEM image and (c¢) confocal
microscope image. The depth of
surface morphology on the
sapphire surface is 1.2 0.1 pm

The cross-sectional profile of the patterned sapphire mi-
crostructures is measured by the a-step (Fig. 7a). The con-
stant scanning speed of 50 mm/s and the constant energy flu-
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ence of 95.34 J/cm? generate square array structures on the
sapphire surface of 1.2 £ 0.1 pm depth. In addition, the sur-
face morphology of the sapphire microstructures is exam-
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Fig. 8 Measurement counts of the depth of surface morphology on the
sapphire surface
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Fig. 9 Experimental results of ablation depth with increase in number
of laser pulses on the sapphire substrate by a FS-laser process

ined in Fig. 7b. The previous section mentioned that the FS-
laser intensity distribution is a Gaussian spatial beam pro-
file; the SEM images (Fig. 7b) also display that the shape
of removed sapphire is close to a Gaussian beam profile.
Due to the hardness and brittleness of the sapphire sub-
strate, it is difficult to carry out its cross-sectional measure-
ment. The profile of the patterned sapphire surface is fur-
ther measured by using a three-dimensional laser confocal
microscope (LEXT OLS4000; Olympus Inc.) in Fig. 7c. It
also shows that the sapphire surface has very few shoulders
around the ablated lines. In other words, there is scarcely
a bulge on the scanning edge, revealing that heat accu-
mulation during laser fabrication does not result in heat-
affected areas. Observing the surface morphology of the
sapphire microstructures by the «-step measurement, it is
shown in Fig. 8 that the surface roughness of the sapphire
microstructures is only about 17 nm. By roughness in our
study, we mean the root-mean-square (rms) deviation with
three-sigma of the profile shape, which is the standard way
to define roughness [30, 31].

Nevertheless, the precise control of the critical dimension
of photoresist structures in the lithography process is more
important when the dimensions of electronic devices are re-

duced to microscale or nanoscale regions [32—-34]. Most of
these works focused more on improving line-edge rough-
ness than on improving surface roughness. In this study, the
FS-laser process proposed for LED performances as men-
tioned above is used to pattern the sapphire material for the
purpose of enhancing the light-extraction efficiency. Thus,
the importance of the FS-laser process in improving the
light-extraction efficiency of LEDs cannot be overempha-
sized; this is, sapphire patterned by the FS-laser process
could enhance LEDs due to increasing of the light-escape
probability. By that means, it is absolutely essential to mea-
sure the line-edge roughness of sapphire utilizing the FS-
laser process. Moreover, the measurement of the line edge
usually used a complex algorithm from a top-down SEM
image of the process structures that is capable of another is-
sue. Therefore, this study investigates the surface roughness
only and here a required-structure microarray can be fabri-
cated by a one-step FS-laser process.

3.3 Ablation depth

This study further analyzes the effect of the FS laser on ab-
lation depth. During laser ablation with multiple pulses, the
total number of pulses landing at a spot affects greatly the
cutting size of the sapphire substrate. To investigate the re-
lationship between the measured depth and the total number
of laser pulses, this study uses the correlation parameter N
given in Refs. [22, 23]:

_Dbf
==,

N 3)
where f is the repetition rate, D is the spot size and V is
the scanning speed. That is, the total number of pulses at the
surface structuring of sapphire is directly proportional to the
spot size and to the ratio of the repetition rate to the scan-
ning speed. The relationship between the measured depth
and the total number of laser pulses is plotted in Fig. 9. For
example, at the scanning speed of 50 mm/s and the energy
fluence of 95.34 J/cm?, applying laser pulses with a corre-
lation parameter of N = 6 perforates the sapphire substrate
with the depth of 1 um. A linear relation between the mea-
sured depth and the total number of laser pulses is found;
that is, the ablation depth of sapphire is proportional to the
number of laser pulses. Thus, changing the total number of
pulses enables us to control the ablation depth and to design
the layout of sapphire textured arrays.

4 Conclusions
The surface structuring of sapphire can be performed using

an Yb FS-laser process, which has characteristics of being
direct and easy. To determine the suitable energy fluence
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and scanning speed of the FS-laser system, this study dis-
cusses the relationship between ablation line widths, energy
fluences and scanning speeds. The OM images reveal that
adopting a low energy fluence contributes to fabricating mi-
crostructures without generating craters on the sapphire sur-
face. Under the FS-laser parameters of the energy fluence of
95.34 J/cm? and scanning speed of 50 mm/s, sapphire with
a two-dimensional square array with the width of 8.1 pm,
period of 10 um and depth of 1.2 um can be successfully
achieved. The effect of the FS laser on the ablation depth
is discussed. The measured depths and the total number of
laser pulses are linearly dependent. Therefore, the FS-laser
process can be effective and direct in fabricating order-based
surface structures of sapphire, and can provide a potential
process for light extraction and micro-optical applications.
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