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A B S T R A C T

A nanosecond pulsed Nd:YAG laser was used to irradiate a sapphire substrate to produce 3-dimensional mi-
crostructures with sharp V-shaped grooves. In initial experiments, where single grooves were machined, a
maximum taper angle of∼79° was obtained. At constant laser parameters, the taper angle remained constant. As
the taper angle increases from a flat surface, the irradiated area increases while incident fluence decreases; once
the incident fluence approaches the ablation threshold, the taper angle becomes constant. The taper angle could
be controlled by the laser fluence, scanning speed and incident angle of the laser beam. Using these results, a
kind of surface microstructure, comprised of micropyramids with steep walls, was successfully machined for
optical measurement applications. The surface roughness, transmittance and crystallinity of the microstructure
surface could be controlled by the laser scanning speed. By applying the taper formation mechanism proposed in
this study, the micromachining of sharp microstructures with steep walls on various hard brittle materials be-
comes possible.

1. Introduction

Sapphire is a useful material in a wide range of applications, due to
its high hardness, strength, wide band-width transparency and chemical
inertness. In recent years, sapphire is increasingly used in many optical
devices, optic fibers and LED substrates [1–3]. Due to its superior
properties such as greater resistance to scratches and abrasion, it is
expected to replace glass materials as a display screen material.
Moreover, to meet the growing demand for sapphire as LED substrates,
technologies for the crystal growth and surface processing of synthetic
sapphire have been extensively developed, resulting in the reduction of
production costs. This has also stimulated the use of sapphire in new
applications. Despite having great potential as a highly functional
material, sapphire is very difficult to machine due to its high hardness
and brittleness [4]. It is difficult to process microstructures such as
holes and grooves, with sub-millimeter feature sizes by conventional
mechanical means. For example, if the ultrasonic drilling of sapphire is
attempted, there is a possibility of tool breakage by chips filling the drill
hole [5]. In addition, mechanical machining of sapphire causes high
levels of tool wear, making it incredibly difficult to achieve high shape
repeatability.

Therefore, many researchers have turned to non-conventional
methods in order to machine sapphire microstructures at a high level of

precision. To avoid the problems of tool breakage and wear present in
mechanical methods, the primary focus has been on non-contact
methods. The etching of sapphire is often performed to process wafer
substrates but it is known to be time-consuming and requires a masking
process. Sapphire is commonly etched by a 3H2SO4:1H3PO4 mixture
solution at 300–400 °C. Some studies have reported that it takes 10 h to
machine a square area of 0.5 × 0.5mm to a depth of 0.09mm [6,7].
Therefore, etching is unsuitable for the machining of deep structures.

Laser machining can be applied as a more rapid method, with the
additional advantage of high geometrical freedom. It is easy to create
complex shapes by controlling and scanning the laser beam. Ultra-short
pulsed laser machining has been successfully applied for the ablation of
sapphire [8]. However, it must be taken into account that not only is
the equipment for this method very expensive, the material removal
rate is low. Thus it is unsuitable for the machining of large areas. In
order to achieve a higher material removal rate at a lower cost, the use
of a nanosecond pulse may be more suitable. Previous studies have
shown that a nanosecond pulse can be used to machine small holes into
sapphire with high precision [2]. A longer pulse, such as one of a mi-
crosecond order, however, would result in a large heat affected zone. As
sapphire is both brittle and a poor thermal conductor, many cracks may
form after long-pulse laser irradiation.

The laser machining of sapphire is not without its problems. One of
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the greatest and least understood problems is the formation of a taper,
especially when machining deep structures. A taper results when the
entrance diameter or groove width is greater than the exit diameter or
width. This is a pressing problem as many applications of sapphire re-
quire a high aspect ratio without a taper or, conversely with a specific
taper angle. Taper formation due to laser machining is not uncommon;
it is thought to occur primarily due to inherent focusing properties of
the laser; laser power is reduced by beam propagation [9–11]. Thus it
was found that focal plane position has a significant effect on taper
formation. Some researchers have found that other parameters, speci-
fically laser fluence and pulse number, also affect the taper angle [12].
However, much of the preceding research is focused on the laser ma-
chining of metal materials. Sapphire, as a transparent and brittle ma-
terial, is expected to have a different response. Additionally, it is agreed
that the taper formation is difficult to understand due to complex and
interacting phenomena; melting/vaporization, plasma formation, heat
and mass transfer. Therefore, it is necessary not only to identify the
contributing factors of taper formation but to understand how the taper
develops and to apply this understanding to control the taper angle.

Much research has been devoted to removing the laser-induced
taper [13–15]. However, this study aims to apply it to three-dimen-
sional machining. By understanding the mechanism behind taper for-
mation, it becomes possible to machine three-dimensional structures
with feature sizes of sub-millimeter order. For example, a pyramidal
structure can be machined by combining tapered grooves. Such struc-
tures have resulted in a low reflectivity in the millimeter wave band
[16]. Moreover, due to the sloped walls, the structure’s surface retains
this low reflectivity over a wide band width [17]. This property is es-
sential for optical elements involved in the measurement of cosmic
microwave background radiation (CMB). By applying the taper for-
mation mechanism in laser micromachining, it becomes possible to
machine sharp structures. Such structures have not been achieved in
previous studies, even with the use of a femtosecond pulsed laser,
which is generally used to create highly defined structures.

Thus, in this study, we will investigate the development of the taper
angle of deep grooves in sapphire. Various laser parameters will be
considered to understand their respective influences on taper devel-
opment. The results and findings obtained from this study will be ex-
tended to developing an efficient method for the machining of typical
three-dimensional structures, namely a pyramidal structure for optical
elements used in CMB measurement. The understanding of the taper
formation phenomena is expected to contribute not only to the laser
drilling and cutting of sapphire, but also to the laser machining of other
brittle and transparent materials, such as diamond and glass.

2. Experimental method

The laser used in the following experiments was LR-SHG, a Nd:YAG
laser pumped by a laser diode, from MegaOpto Co., Ltd. It has a max-
imum power output of 1W, a wavelength of 532 nm and a spot diameter
of 85 μm. The laser output energy has a Gaussian distribution. The laser
beam scanning was controlled in two dimensions using a galvanometer
scanner system. The laser beam was focused onto a stage using an fθ
lens. The sapphire used is a single-crystal cube with a length of 10mm,
produced by Shinkosha Company. It was annealed to remove all in-
ternal residual stress and to prevent this from affecting the irradiation
results. The plane parallel to the optical axis of the crystal (c-axis) was
irradiated. The sample surface was prepared by grinding and the sur-
face roughness of the irradiated plane was 1.02 μmRa.

A specific laser irradiation scheme was used, as presented in Fig. 1.
Fig. 1a shows the scheme for groove machining. A single line was ir-
radiated, then the laser beam was moved a pitch of 42.5 μm (half of the
beam diameter) across and a second line irradiated. 7 lines was irra-
diated to form a single groove. Fig. 1b shows the scheme for pyramid
irradiation. A thick line represents a single groove as machined by the
scheme of Fig. 1a. The vertical grooves are irradiated first, then

followed by the horizontal grooves. The combination of the irradiation
of the 2 groove sets are counted as 2 irradiation times. In this way, a
3×3 pyramidal structure was machined. The parameters used are
shown in Table 1.

After irradiation, the samples were observed using the Inspect S50
Scanning Electron Microscope (SEM) made by FEI Company for con-
firming the surface structure. A MP-3 laser probe profilometer made by
Mitaka Kohki Co., Ltd. was used to measure groove profile and depth. A
laser microscope VK-9700 made by Keyence Corporation was used to
measure the surface roughness. In addition, sound generation during
machining was measured and analyzed by a High Function Sound Level
Meter LA-3560 made by Ono Sokki Co., Ltd.

3. Simulations of temperature

A simulation was performed to investigate the temperature after
irradiation by a pulsed laser. COMSOL Multiphysics software was used
in the following simulations. A geometry, similar to that of the actual
sapphire samples used in the experiments, was employed, where the z-
axis was directed into the material, with the origin at the surface. The
maximum temperature of the sapphire during laser irradiation was
calculated. Heat transfer during a nanosecond pulsed irradiation occurs
through thermal conduction; a conduction model was applied using the
following equations.
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where T is the temperature, q is the heat intensity, ρ is the density,
cp is the specific heat capacity and k is the thermal conductivity of the
material. As the laser spot size and the heated region are small com-
pared to the thickness of the sapphire sample, the temperature of the
bottom surface of the sample is thought to be maintained at ambient
temperature. The heat input Qin to the material delivered by a single
pulse of the laser is given by
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Fig. 1. The laser irradiation scheme used for the machining of (a) a groove and (b) a
pyramid structure.

Table 1
Experimental laser parameters.

Laser parameters Value

Wavelength (nm) 532
Pulse width (ns) 15.4
Repetition frequency (kHz) 1
Fluence (J/cm2) 7.4, 10.6, 12.5, 15.7
Scanning speed (mm/s) 0.5, 5
Irradiation times 1, 5, 10, 15 (for 0.5 mm/s)

1, 10, 50, 150 (for 5 mm/s)
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where A is the absorptivity of the material, I0(t) is the laser pulse
energy, α is the absorption coefficient, r is the distance from the beam
center and R is the beam radius. The function exp(-αz) represents the
optical penetration depth of the laser beam into the material. The
functions, exp(-2r2/R2) and ftri(t), model the Gaussian distribution of
the beam energy and the triangular pulse function respectively. This
heat input was applied to the surface. Radiation from the irradiated
surface was modelled by the equation below.

− ⋅ = −q εσ T Tn d ( )z amb
4 4 (4)

where ε is the surface emissivity and Tamb is the background tem-
perature of 293 K. A wavelength of 532 nm, pulse width of 15.4 ns,
beam radius of 42.5 μm, power of 0.89mW was applied to the model.
The properties of sapphire used in the simulation are shown in Table 2.

4. Results and discussion

4.1. Effect of consecutive irradiations

As it is imperative that the initial taper formation is understood,
stationary pulse irradiation, which is less complex compared to groove
irradiation, will first be investigated. 1 pulse leaves no mark; at least 10

pulses are needed to create a clear irradiation mark as shown in Fig. 2a.
This is thought to be due to the low initial absorptivity of sapphire in its
solid state. Once it is molten, its absorptivity rises dramatically and a
melt pool forms [18]. A mark machined by 50 stationary pulses has a
taper as in Fig. 2b. This is thought to be due to the beam’s Gaussian
distribution inducing a temperature distribution, and consequently, a
melt layer depth distribution. This distribution agrees well with the
simulation result, presented in Fig. 3. This shows that the region ex-
ceeding the melting temperature of sapphire corresponds to a smooth
curve.

From the calculated result, the initial temperature distribution is not
sharp. From the experimental results, there is no V-shape as observed in
the drilled holes at pulse numbers of 50 and below. However, when an
increasing number of pulses are irradiated, up to 80 pulses, the center
of the irradiation point is preferentially machined, as in Fig. 2c. This
results in a sharper V-shape and a small hole at the center, as indicated

Table 2
Properties of sapphire used in simulation.

Properties Value

Absorption coefficient (cm−1) 4771.4
Absorptivity 0.15
Emissivity 0.48
Density (kg/m3) 3987
Specific heat capacity (kJ/K kg) 0.75
Thermal conductivity (W/mK) 42

Fig. 2. The cross-sectional profiles of grooves machined with a varying number of times.

Fig. 3. SEM images showing the cross-section of the groove after: (a) 1, (b) 5, (c) 10, (d)
15 irradiation times.
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by the cross-sectional profile of Fig. 4. It is interesting to note that the
regions near the edge of the hole are not machined further between
50–80 pulses. This is thought to be due to a plasma shielding effect. At
ambient pressure, the laser-induced plasma is known to become more
confined; it does not expand rapidly into the surrounding area [19,20].
The expansion front is slowed by coalesces with slower components in
the ambient atmosphere; thus the plume remains very close to the
target surface. The effective length of the plasma is reduced and the
lifetime is known to be much longer. Thus a high density and long-
lasting plasma accumulates in the irradiated region and shields the
region from subsequent pulses. If the plasma is dense enough, it may
prevent further machining.

Considering the plasma, in order for laser pulses to reach and ma-
chine the hole bottom, an increased intensity is needed. At larger hole
depths, the hole walls are steep enough to reflect incoming laser light to
the center of the machined hole. This reflected light is directed towards
the center of the hole so that an increased intensity is irradiated in this
region. If this combination of incoming laser intensity (some of which is
shielded by the plasma) and the reflected intensity is greater than the
machining threshold of sapphire, the center of the hole can be ma-
chined. This causes the deepening of only a limited central area and
finally results in the particular shape observed after irradiation with
over 50 pulses.

Another possible explanation for the peculiar hole shape is tem-
perature dependency of energy absorption. At the center of the hole, the
temperature is higher and the absorption coefficient, which possesses
temperature dependency, may be higher. Therefore, a greater amount
of energy is absorbed leading to greater material removal from the
center. However, this implies that the difference in material removal
from the edge and from the center is dependent on the temperature
distribution or the beam’s energy distribution. As this is constant
throughout the machining process, it cannot explain the sudden ap-
pearance of the small center hole.

The above discussion implies that machining occurs via 2 different
regimes. First, the machining proceeds by melting and ejection of the
melted material. The Gaussian laser energy distribution causes the
formation of a temperature distribution in the irradiated spot and
causes the hole to narrow. As the area of the hole bottom becomes
smaller, the ejected material has less space to expand, leading to the
accumulation of a high density plasma at the bottom of the hole. At the
critical point of 80 pulses, the plasma is dense enough to prevent ma-
chining near the edge of the hole. However, at the center, the addition
of reflected intensity allows the total incident intensity to exceed the
machining threshold of sapphire, and deepening of the hole center
occurs. Thus it is possible for a sharp shape to be machined even with a
Gaussian distribution. This sharp shape is considered to the starting
point of a tapered wall.

Next, the groove development phenomenon was investigated by
irradiating grooves with various irradiation times at a laser fluence of
15.7 J/cm2, a scanning speed of 0.5 mm/s. The cross-sectional profiles
of the grooves after a varying number of passes are shown in Fig. 5. The
SEM images of the corresponding grooves are shown in Fig. 6. Both
figures indicate that a deep, tapered groove was machined. The max-
imum groove depth is much smaller than the laser Rayleigh length of
10mm, thus variations of the beam radius can be ignored. As can be
seen from Fig. 6a, the 1st irradiation time results in a sloped wall. As
machining proceeds, the groove shape changes from a trapezoid to a V
groove. The tapered groove reaches a certain maximum depth when the
2 tapered walls of the groove meet.

The cross-sectional profiles show that, from 5 times and above, the
groove propagates into the bulk material at a constant taper angle. The
fact that the taper angle does not change with consecutive passes in-
dicates that the groove is not machined from a profile with a gradual
curve to a steeper curve as shown in Fig. 7a. Rather, it is machined as
presented in Fig. 7b, where the angle is decided at a low number of
passes and the taper angle is constant throughout machining. Thus, it
would be possible to estimate the maximum attainable depth from a
low number of passes.

In order to distinguish between various structures, the V shaped
groove will be referred to as a groove while the smaller grooves re-
sulting from a single line irradiation will be referred to as marks.
Focusing on the back wall of the groove, in the region near the entrance
side of the groove (near the original surface), gradual narrowing of the
marks can be observed in the vertical direction, as indicated by Figs. 8a
and b. As the mark progresses into the material, the mark becomes thin,
almost crack-like, as in Fig. 8c. This is a similar phenomenon to the
stationary pulse irradiation which showed a sudden narrowing of the
hole. Referring to the previous discussion, the initial narrowing in-
creases the plasma density within the mark, and only the center area,
which receives intensity reflected from the walls, can be machined. As
the mark grows narrower, the ridges on either side become more
layered and this is thought to be due to material accumulation. This
further supports the discussion that material melted by laser heating
cannot be completely ejected from the mark as it accumulates on the
ridges [21]. A smaller amount is completely ejected from the sample
surface at deeper regions, resulting in layered ridges in these regions.
This further contributes to the narrowing of the machined area.

The amount of the ejected material was also estimated by measuring
the sound emitted during consecutive passes; the resulting power
spectrum is shown in Fig. 9. The sound is known to correspond with the
amount of particles emitted from the surface into the surrounding at-
mosphere [22]. The sound from the 1st time and the 5th time are
compared. When the groove is deeper, a smaller noise is emitted. Thus
it can be concluded that the melted particles are hardly ejected from

Fig. 4. A model of the developing groove; (a) with an increasing taper angle and (b) a
constant taper angle.

Fig. 5. SEM images of stationary point irradiation with: (a) 10, (b) 50, (c) 80, (d) 100
pulses.
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deeper regions and instead accumulate on the walls of the machined
area.

Additionally, in these regions, stripe-like periodic structures can be
observed, as seen in Fig. 8d. The distance between neighboring stripes
is< 2 μm, which is similar to the wavelength of the laser used, so it is
likely to be due to interference between reflected laser light [23,24].
The vertical walls of the mark are not parallel to the laser beam pro-
pagation direction; this facilitates and increases the possibility of mul-
tiple reflections and interference. In addition, if the mark is too wide,
light may be absorbed by the plasma and decrease in intensity while it
is transmitted.

Next, the groove bottom of 1 and 5 irradiation times, shown in
Fig. 10, will be compared. After 1 time, the individual marks are dis-
tinguishable as shown in Fig. 10a. The distinct marks are due to limited
machining occurring in the outer regions of the laser beam, as these
regions have lower intensities. However, with 5 times, the marks are
not distinct as shown in Fig. 10b. This change in surface structure is

thought to be due to the surface roughness increasing and the damage
threshold decreasing after 1 irradiation time. After 1 irradiation time,
the surface roughness increases from 1.02 to 3.61 μmRa. An increased
surface roughness causes electric field enhancement, which in turn
leads to a smaller damage threshold and greater material removal,
when the pulse width is above 0.15 ns [25]. Thus, it can be assumed
that in the following irradiation times, increased material removal oc-
curs even in the regions of the beam with low laser fluences. This results
in the machining of the wall in between neighboring irradiation passes
and the individual marks become less distinct.

In addition, many circular droplets of debris can be observed on the
surface after 5 irradiations, covering the irradiation marks, as in
Fig. 10b. Circular droplets are believed to be formed by the outflow of
melted material from pits to humps in multi-pulse relief formation [26].
When melted material flows around pits, it experiences centrifugal
force, inducing a Rayleigh-Taylor instability at the liquid-vapor inter-
face, causing the droplet to be ejected from the surface. In the case of 5
irradiation times, as the groove is deeper, the debris cannot be com-
pletely ejected from the surface, leading to increased redeposition and
accumulation on the groove bottom.

4.2. Effect of focal plane position

The influence of the focal plane position must also be considered
here. Previous studies involving the taper drilling of metals found that
focal plane position greatly affected the taper angle [27]. In order to
investigate, a line was machined where the focal plane position was set
to 0 μm, −85 μm respectively after each irradiation time and the
groove depth was measured. In the machining of a V groove, the taper
angle is decided by the gradient of the groove walls when the V shape is
fully formed. This gradient is equivalent to the depth of the groove
divided by the width of the groove. Therefore, the groove depth cor-
responds to the taper angle. As a single pass at a scanning speed of

Fig. 6. Simulation result showing the contour of T=2313 K (the melting point of sapphire).

Fig. 7. The cross-sectional profiles of the holes formed by stationary point irradiation.
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1mm/s has a depth of 30 μm, no displacement results in a positive
plane position and one of −85 μm results in a negative plane position.
The depths of the groove are presented in Fig. 11. By comparing the
depths, no significant difference can be found. In this experimental
range, focal plane position is thought to have little effect on the ma-
chining process. This is thought to be due to the laser system used. The
laser beam has a large Rayleigh length of roughly 10mm. This results in
the beam radius varying only a slight amount and having a value of
42.7 μm at a depth of 1mm. Therefore, the laser beam can be con-
sidered as almost cylindrical throughout the depth of the groove. Thus
the groove is unaffected by small variations in focal plane position. It
may begin to exert a larger influence when a much larger depth is
machined.

Fig. 8. SEM images of a groove machined by a fluence of 15.7 J/cm2, a scanning speed of 0.5 mm/s and 15 irradiation times showing (a) the back wall of the groove; (b) the vertical
narrowing of the marks; (c) the bottom of the groove with the entire groove inset; (d) interference fringes.

Fig. 9. The power spectrum of the sound emitted during the machining of sapphire.

Fig. 10. SEM images of the groove bottom after (a) 1, (b) 5 irradiation times.
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4.3. Effect of laser fluence

Machining of grooves was carried out at a constant scanning speed
of 0.5 mm/s and 15 times. The depths and taper angles of the grooves
machined by various laser fluences are shown in Fig. 12.

From Fig. 12, there appears to be a relationship between the taper
angle and the laser fluence. This is due to the machining threshold.
Consider the area of the laser beam incident on the tapered walls of the
groove when the wall taper angle is θ. Assuming a sufficiently large
Rayleigh length, the beam area incident on the groove wall Ataper is
larger than the beam area incident on a flat surface A. This assumption
is valid as the effect of the focal plane position was shown to be neg-
ligible in the previous section. The areas can be written by the following
equation.

=A A
cosθtaper

Next, the laser fluence at the two areas will be considered. The laser
power P is constant throughout the beam. Therefore, the following
relation is obtained.

=F P
Ataper

taper

As θ increases, the incident fluence Ftaper decreases as shown in
Fig. 13. In order for material removal to occur, the incident fluence
must be greater than the machining threshold of sapphire.

The machining threshold, the minimum power required for ma-
chining to occur, can be empirically determined by measuring the
diameter of the hole created by laser pulses, as shown in Fig. 5 As in-
dicated by Fig. 5, the machining threshold is obtained at r= 30 μm,
where r is the distance from the center of the irradiation spot. The
threshold power is 155mW. Therefore, the machining threshold fluence
at 0° is 2.73 J/cm2.

Table 3 shows the calculated and experimentally obtained

Fig. 11. Groove depth in relation to the irradiation times at different focal point posi-
tions.

Fig. 12. Groove depth and taper angle in relation to the laser fluence.

Fig. 13. The incident laser fluence in relation to the taper angle.

Table 3
Comparison of calculated and experimentally obtained values for the maximum taper
angle.

Laser fluence (J/cm2) Calculated angle (°) Experimentally obtained angle (°)

7.4 68.0 71.5 ± 0.3
10.6 75.1 75.4 ± 0.4
12.5 77.4 78.0 ± 0.2
15.7 80.0 79.4 ± 0.1

Fig. 14. Surface roughness of the groove walls in relation to the laser fluence.

Fig. 15. (a) Groove depth in relation to irradiation times and (b) taper angle at different
scanning speeds.
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maximum taper angles. For high fluences, a good agreement is ob-
served. However, a large discrepancy can be observed between the
calculated and measured values at a low fluence. As the experimentally
obtained angle is larger than the theoretical value, it implies that more
laser energy is absorbed than theoretically. This may be due to in-
complete machining resulting in larger surface roughness along the
groove walls at a low fluence, as indicated by Fig. 14. This may lead to
increased material removal and a greater taper angle.

4.4. Effect of scanning speed

Machining of grooves was carried out at a constant fluence of
15.7 J/cm2 and 15 times at different scanning speeds. The groove
depths and the resulting taper angles are shown in Fig. 15. From
Fig. 15a, the groove depths are initially the same. But a higher scanning

Fig. 16. SEM images of the groove bottom machined at laser scanning speeds: (a) 0.5mm/s, (b) 5 mm/s.

Fig. 17. Surface roughness of irradiated sapphire sample.

Fig. 18. X-ray rocking curve of the sapphire sample before and after irradiation.

Fig. 19. SEM images of the groove wall machined at laser scanning speeds: (a) 0.5 mm/s, (b) 5 mm/s.

Fig. 20. Surface roughness of the groove wall.
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speed resulted in a smaller groove depth at high irradiation times.
Furthermore, from Fig. 15b, by applying a higher scanning speed, a
lower taper angle was obtained.

This is thought to be due to the smoothing effect which arises when
a sufficiently high scanning speed is used. Smoothing only occurred at
the higher speed as less pulses are irradiated onto the surface in a given
laser pass and machining is carried out in the ‘gentle’ etch phase
(compared to the ‘strong’ etch phase of the lower speed). In order to
investigate this phenomena, the groove bottom was compared and the

SEM images are shown in Fig. 16. With a lower scanning speed, a rough
surface was observed in Fig. 16a and the increase in surface roughness
is presented in Fig. 17. In comparison, with a high scanning speed,
regions of high smoothness can be observed in between neighboring
passes, as in Fig. 16b and the surface roughness is much lower. The flow
of a thin melt layer is known to enable surface smoothing [28]. Ad-
ditionally, no circular droplets can be observed on the irradiated sur-
face in Fig. 16b as the irradiated energy is insufficient to cause ejection
of melted droplets. At a high smoothness, or in other words, at a low
surface roughness, the damage threshold increases and it becomes more
difficult to machine the surface [25]. Therefore, a smaller depth and
taper angle was obtained at a higher scanning speed. This effect be-
comes more pronounced at later irradiation times as the difference in
surface roughness becomes greater.

Furthermore, with regards to the groove machined by a scanning
speed of 5mm/s, the surface may be more difficult to machine with
consecutive passes as the transmission rate improves after machining.
The transmission rate increases from 50.9% to 67.1% for a wavelength
of 532 nm. Thus, less energy is absorbed by the sapphire for machining.
Moreover, there are less crystal defects present near the surface. By
investigating the X-ray rocking curve as shown in Fig. 18, it was found
that the crystallinity improved after laser irradiation; the FWHM (full-
width at half maximum) decreased from 23.7 to 19.7, indicating a
cleaner single-crystal structure after irradiation. As defects are essential
for absorption, heating and material removal to occur, this shows that
the machinability of sapphire decreases with consecutive irradiation
passes [29,30]. Furthermore, it demonstrates the possibility for laser
irradiation to be used as a method to rapidly remove crystal defects.
Irradiation, at the correct parameters, can improve surface roughness,
transmissivity and crystallinity.

From the SEM images of the groove wall as shown in Fig. 19, micro-
cracks are observed in the grooves machined at low speed while small
pores are observed at high speed. The cracks may be formed due to
laser-induced thermal stress. Due to thermal accumulation, higher
maximum temperatures are achieved at lower speeds [31]. This caused
greater thermal stress compared to higher scanning speeds. The pores
may be formed by limited melting and fluidic movement. This phe-
nomenon was further investigated by measuring the surface roughness.
From the results of Fig. 20, the surface roughness of the groove wall was
reduced by roughly 1/3 after irradiation. The reduction in surface
roughness is due to the flow of the melt layer formed during laser
heating. The melt layer experiences surface tension so that the rough-
ness decreases after irradiation [32]. Moreover, it is important to note
that the higher speed results in a higher surface roughness. A greater

Fig. 21. Mechanism of taper formation with increasing irradiation times.

Fig. 22. (a) The cross-sectional profiles of the grooves and (b) their taper angle in relation
to the incident angle.
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smoothing effect was observed for the higher speed at the groove
bottom; however this trend is reversed at the groove wall. At the groove
wall, the fluence is lower than at the groove bottom. Thus with a higher
speed, only a partial melt layer is formed. This causes a limited
smoothing effect compared to the bottom, resulting in a higher surface
roughness when using 5mm/s and the formation of pores. The pores
may be due to the lower melt depth at a higher speed, as energy input
into material per pass is lower. This means that there is less fluidic
movement so that the pores are not filled. The difference in surface
roughness of the groove wall is much smaller than at the groove
bottom, thus it is thought to have little effect on the wall machinability.

From the consideration of the current and previous sections, it is
possible to divide the mechanism of taper formation into 3 steps, as
presented in Fig. 21, divided by number of irradiation times. The first
step is the first irradiation where a non-cylindrical mark is machined on
a flat surface. This step is driven by the non-uniform Gaussian energy
distribution of the laser beam. The energy distribution leads to a

temperature distribution and a curved melt front in the irradiated zone.
This causes the initial taper to form. In the second step, during the 1st
∼5th irradiation, the laser beam is irradiated onto a tilted surface. The
focal plane position has no effect throughout the process and the beam
is nearly cylindrical. The taper propagates to its maximum value as
dictated by the machining threshold. After the taper angle reaches its
maximum value, the third step takes place, and the trapezoidal groove
develops into a V-shaped groove at a constant taper angle. At these later
irradiation times, the scanning speed has a growing effect. With a high
scanning speed, a lower surface roughness is obtained at the groove
bottom, leading to an increased damage threshold and limited ma-
chining.

4.5. Effect of incident angle

In order to establish a method to machine any given taper angle, the
effect of the incident angle was investigated. Machining of grooves was
carried out at a constant fluence of 15.7 J/cm2, a scanning speed of
0.5 mm/s and 15 times. The incident angle was changed by tilting the
sample. The cross-sectional profiles of the grooves machined by dif-
ferent incident angles, and the resulting taper angles are shown in
Fig. 22. The cross-sectional profiles show that a V-shaped groove, that
has been rotated an amount equivalent to the incident angle, has been
machined.

Fig. 22b shows that the angle of the machined slope is given by the
following relation:

= +θ θ βtilt 0

where θtilt is the angle of the machined slope, θ0 is the original taper
angle and β is the angle at which the laser beam is incident. This in-
dicates that the taper angle θ0 is not affected by changes in the incident
angle β.

By establishing the taper angle machined by irradiation using a

Fig. 23. SEM images of the pyramidal structure machined by (a) 0.5 mm/s and (b) at a larger magnification; (c) 5 mm/s and (d) at a larger magnification.

Fig. 24. The cross-sectional profile of a single pyramid.
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beam perpendicular to the machined surface θ0, an arbitrary angle θtilt
can be machined by controlling β. In applications where it is necessary,
it is possible to machine rectangular grooves in sapphire even with the
use of a Gaussian beam. The surface needs to be tilted 11.7° and ma-
chined, then tilted −11.7° and machined again. This control over the
angle enables the machining of three-dimensional structures using a
laser with a simple two dimensional scanning system. On a cautionary
note, considering the discussion from the previous section, it would not
be possible to machine sapphire when the laser is incident at an angle of
greater than 79.3°. The fluence would be too low for machining to
occur.

4.6. Machining of pyramidal structures

The pyramidal structures were machined by a laser fluence of
15.7 J/cm2 and 15 times for a scanning speed of 0.5mm/s and 150
times for 5mm/s. The SEM images of the structures are shown in
Fig. 23 and the cross-sectional profiles in Fig. 24. From Fig. 23, it is
possible to see that 3×3 pyramidal structures were successfully ma-
chined.

The taper angle is 79.3° and 78.0° for the structures machined by a
scanning speed of 0.5mm/s and 5mm/s, respectively. This is in
agreement with the values obtained by groove machining. Some cracks
are visible on the machined surface in Fig. 23b as a lower speed causes
greater thermal stress. To prevent microcracks, a higher scanning speed
is preferential. The aspect ratios were found to be 2.3 and 2.0 for the
surface machined by a scanning speed of 0.5 mm/s and 5mm/s, re-
spectively. Such structures are known to have a reflectivity of< 3%
within the frequency range of 170–300 GHz [17], which is usable in the
given application for CMB measurement. Some improvements need to
be made in the future to achieve a greater aspect ratio and thus a wider
low-reflectivity range.

5. Conclusions

The mechanism behind taper formation during the laser irradiation
of deep V grooves on single-crystal sapphire was investigated. It was
found that:

1. A taper develops at a low number of irradiation times and this angle
is maintained throughout the development of the groove. Laser
fluence and the ablation threshold of the material determine the
taper angle. As the taper angle increases, the incident fluence de-
creases; once the incident fluence reaches the ablation threshold, no
more machining can take place and the taper angle becomes con-
stant. However, when the Rayleigh length is large, focal plane po-
sition does not affect the taper angle.

2. Scanning speed affects the taper angle due to a smoothing effect. A
greater smoothing effect was observed for the higher speed at the
groove bottom; this decreased the machinability of the surface.
However, this smoothing trend was reversed at the groove wall.

3. A given groove shape can be machined by controlling the incident
angle of the laser and considering the taper angle.

4. A 3-dimensional micro-pyramid structure can be machined, by using
only a 2-dimensional laser scanning system.

By applying the taper formation mechanism in laser micro-
machining, the machining of sharp microstructures with steep walls
was possible. Further investigations will be carried out to improve the
surface quality and aspect ratio of the micro-pyramid structure. In ad-
dition, attempts will be made to investigate the taper formation me-
chanism on other ceramic materials.
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