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Abstract
The ultraviolet laser-induced plasma-assisted ablation performed in this article
can attain deep and high-quality engravings in sapphire without necessitating
volatile solutions or expensive equipment such as high-power ultrashort-pulsed
lasers. The dominant mechanism of ablation is discovered to be from the direct
ablation of excited sapphire surfaces and not from the plasma generated from the
target material. Only an initial deposition from the target is needed to initiate the
direct ablation.Note that 20-µmwide, 30-µmdeep channel andhole featureswith
a surface roughness (Sa) of .65 µm are achieved at an etching rate of .3 µm per
pulsewithout the need for extensive cleaning. Engravings can reach up to 150-µm
depths at a maximum tapering angle of 5◦ until the shrinking absorbent surface
vanishes, and 500-µm wide 430-µm deep topside through-cutting is achieved.
This study characterizes the morphology of direct laser ablation of transient
absorbent sapphire surfaces. This method demonstrates the potential for the
low-cost rapid engraving of high aspect ratio features in transparent sapphire
substrates.
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1 INTRODUCTION

Sapphire is an interesting material for emerging Micro-
Electro-Mechanical Systems (MEMS), microfluidic and
optical devices due to its high strength, hardness, high
temperature resistance, and chemical resistance. These
applications generally necessitate small feature sizes and
a high surface quality. However, current micromachining
techniques such as plasma etching and focused ion beam
are too slow, expensive, and/or inflexible for accessible
rapid prototyping of these emerging devices.1
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Laser machining offers precision, speed, and low con-
sumable costs, which would make it a promising rapid
prototyping technique for sapphire. However, traditional
laser-machining requires high energy and ultrashort
pulses to directly engrave transparent substrates, which
can create cracking.2 Although expensive, femtosecond
lasers can directly ablate sapphire with high precision and
can be combined with wet etching to achieve deep high-
quality features.3 The indirect laser machining methods
of Laser-Induced Backside Wet Etching (LIBWE)4 and
Laser-Induced Plasma-Assisted Ablation (LIPAA) of var-
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ious transparent materials have been studied for over 20
years and show potential for rapid micromachining of sap-
phire at lower costs than conventional laser machining.5,6
Through the ablation of an absorbent targetmaterial or liq-
uid solution beyond the backside of a transparentmaterial,
a laser can create a plasma that can in turn attack the trans-
parent material. Since the threshold fluence of the target
is lower than that of the substrate, indirect ablation does
not require as much energy as conventional direct laser
machining. Although LIBWE has been demonstrated to
produce deeper engravings than LIPAA, it requires volatile
solutions that make the process hazardous and difficult to
prepare.1
Lee et al. and Hamdani et al. have achieved 500-µm 5

and 200-µm 7 deep LIPAA scribing of sapphire respectively
with Nd:YAG Q-switched lasers. However, the high pulse
energy from these lasers results in significant thermal
defects. Deep scribing with minimal defects were created
by Liu et al. by femtosecond LIPAA 8 and Hanada et al.
also demonstrate femtosecond LIPAA coupled with a sec-
ond laser beam to generate a target plasma.9 Although
good quality engravings can be created by LIPAA, lower
power lasers are necessary for accessible sapphire rapid
prototyping.
The sapphire engravings produced by LIPAAwith lower

power lasers have yet to achieve high surface qualities
and high aspect ratios, which limits the industrial appli-
cability of these features. Lu et al. have achieved 35-µm
wide 20-µmdeep engravings10 and ultraviolet (UV) LIPAA
by Sugioka et al. and Li et al both reach 200-nm deep
features.11,12 Other transparent substrates such as fused
quartz and Pyrex glass can also be achieved, resulting in .7-
mmwide .5-mm deep channel drilling by Zhang et al. with
532- and 1064-nm lasers6 and micro channels in glass of
aspect ratios under 1 by chemical corrosion assisted LIPAA
by Pan et al.13 Hong et al. also demonstrates the use of
LIPAA for the metallization of glass backside surfaces and
shallow engraving of glass to depths of 6 µm.14
LIPAA shows promise for flexible and fast creation of

micro channels and holes in sapphire and has the potential
for the selective metallization of its features, which could
help directly incorporate circuits into microdevices.15–17
However, the lasers employed for deep feature engraving
are either too expensive or produce defects due to high
pulse energy. Lower power lasers can process transparent
substrates through LIPAA, butmicro featuresmachined in
sapphire have too low depth or surface quality for most
sapphire micro devices. This article analyzes the mech-
anisms of ablation of low power UV LIPAA sapphire
micromachining and investigates the influence of various
process parameters on the engraving depth and quality. By
closely following the evolution of the engraved features
according to the number of pulses delivered, this study

uncovers different phases of ablation that present unique
micromachining opportunities and challenges. It will also
demonstrate the potential of this indirect laser ablation
technique for the low-cost rapid prototyping of high
quality and high aspect ratio micro features in sapphire.

2 MATERIALS ANDMETHODOLOGY

2.1 Experiment preparation

This study uses a 355-nm DPSS Samurai UV marking sys-
temwith an average power of 1.5 W, a frequency of 30 kHz,
a pulse width of 200 ns and a spot size of 30 µm. Rah-
man et al. describe an increase in plasma size in function
of the fluence18; however since the fluence only needs to
match the threshold fluence of the targetmaterial to gener-
ate plasma,19 and excessive power can induce defects5, the
power was lowered and maintained at .163 W or .1J/cm2

unless otherwise stated.
Sapphire has a hexagonal crystal structure composed

of aluminium (Al3+) and oxygen (O2−) atoms with a and
c distances of 4.81Å and 13.12Å, respectively.20 Although
there is an indication that crystal orientation may play a
role in nm-scale ablation due to differences in interpla-
nar spacing, no significant effect is found at the micro
scale.21,22 This study uses double side polished 430 µm
thick C-plane sapphire substrates whichwere held at a dis-
tance ranging from 0 to 700 µm above the target material
where the laser beam was focused. Rahman et al. dis-
cuss how the targetmaterials’ thermal properties affect the
target plasma size and subsequently the size of the engrav-
ings on the substrate.23 Copper, Brass, Silicon, Aluminium
6061-T6, aswell as quenched andnormalized 1045 and 4140
steel were used as target materials. Roughness and grain
size were also taken into account to study the effects of the
target material on the substrate engraving.
A schematic process setup is illustrated in Figure 1A,

where the sapphire substrate’s A-plane and C-plane are
indicated. Figure 1B illustrates the hexagonal unit cell of
sapphire with the A, C, and M planes and their respec-
tive normal directions. The channel features were made
in the [010] or [210] directions indicated in Figure 1B. The
sapphire was patterned with hole features and channel
features with widths varying between 20 and 35 µm. To
compare the hole and channel features to each other, an
effective number of pulses for channel features was calcu-
lated using the frequency (f), spot radius (r), and pass speed
(v).
Once theLIPAA is complete, the substrateswere cleaned

in an ultrasonic bath with hydrochloric acid, acetone,
isopropanol and distilled water for 10 min each, and
then characterized on a LEXT4100 laser confocal micro-
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F IGURE 1 Schematic for the (A) laser induced plasma assisted ablation (LIPAA) process setup with sapphire substrate crystal
orientation, (B) hexagonal crystal structure of sapphire with A, C, and M planes and their respective normal directions.

scope and a Scanning ElectronMicroscope (SEM) S3600-N
Hitachi with Energy Dispersive X-Ray Analysis (EDX)
imaging to study the deposition during the process.

2.2 Engraving mechanisms

The first ablation mechanism of LIPAA is described
as follows. The laser traverses through a transparent
substrate and is absorbed by the target material beyond
the substrate. This absorption generates a plasma plume,
which then attacks the bottom side of the transparent
substrate. For the target to ablate, the laser fluence must
be above the target material’s ablation threshold but below
that of the substrate.24 Certain studies claim that the
engraving depth is limited to the size of the plasma.11,25
As the substrate and target material is consumed, the
gap between the two increases and the substrate will
be out of reach of the plasma. Beyond the number of
pulses required to attain this maximum engraving depth,
a deposition of particles from the out-of-reach plasma
occurs within the engraved feature. This deposition is
said to obstruct subsequent pulses from reaching the
target material which further deteriorates the surface
quality.11,25
The second mechanism is described as follows. The

plasma generated from the target material deposits ions on
the backside of the substrate. These ions create electron-
hole pairs on the backside surface, which enhances the
absorption of said surface.9,26 The laser energy can now
be absorbed directly by this surface and ablate the sub-
strate surface simultaneously with the target plasma.10 In
order to study the importance of these mechanisms, the
evolution of the depth and the quality of LIPAA engraving
is studied in relation to the gap distance, fluence, num-

ber of pulses, overlap percentage, frequency, and pulse
width.

3 RESULTS AND DISCUSSION

The evolution of the engraved features between 0 and 2000
pulses was studied for holes and channels. As more pulses
are applied to a given area, more ablation takes place,
and this results in deeper features. This research discovers
distinct phases of sapphire LIPAA resulting from the num-
ber of pulses applied, which provide unique challenges
and opportunities for micromachining. The quality and
depth of hole features produced at low pulse numbers was
first investigated to understand the engraving behavior of
one-dimensional features.
The channel features demonstrate similar behavior to

the hole features but require certain scan speeds to opti-
mize the engraving surface quality. At 75% pulse overlap,
10 passes are required to begin engraving of line features,
whereas at 80% overlap, only two passes are required.
The greater the overlap between pulses, the more energy
is delivered to a given area, and the engraving can take
place with fewer passes. However, too much overlap can
deteriorate the quality of engraving. The best surface qual-
ity of channel engravings was found at a pulse overlap
between 75% and 85% (Sa = .65 µm for an area of 20 µm by
250 µm), which corresponds to a speed of 100–150 mm/s or
an effective number of pulses per pass of 5.
The evolution of the engraving depth measured by UV

confocal microscope before and after the ultrasonic clean-
ing process as well as the build-up of debris on the target
material is shown in Figure 2. The depth of the sapphire
channel features before and after cleaning are roughly sim-
ilar, increasing linearly at a rate of .3 µmper pulse until they
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F IGURE 2 LEXT4100 confocal microscope measurements of sapphire engraving depths and debris build-up deposited in sapphire
engravings and deposited on the target (A) engraving depth versus the number of effective pulses for 20-µmwide sapphire channel
engravings, (B) magnified representative schematic showing sapphire engraving, and debris accumulation at 100 pulses.

reach a depth of around 26 µm at 100 pulses. Beyond 100
pulses, the quality of the engravings deteriorates as is indi-
cated by the sapphire’s decreasing moving average dashed
lines in Figure 2A.
The ablation of the sapphire propels debris out of the

feature and into the surrounding environment. When the
gap distance is 0, the debris is trapped between the tar-
get and substrate, and the volume of accumulated debris is
roughly equal to the volume engraved from the sapphire.
The diagram in Figure 2B illustrates the build-up on the
target surface (in red) and debris accumulated inside the
sapphire feature (in green) when the gap distance is 0.
The debris within the feature and on the target material
has roughly the same morphology across any number of
pulses and has the same combined volume as the ablated
sapphire. The debris obstructs the laser from reaching the
target material itself, making it impossible for the target to
generate a plasma. Since engraving continues nonetheless,
the target plasma ablation mechanism can be said to have
minimal effect on the engraving, and the ablation must be
generated from some other source.
At an approximate aspect ratio of 1, the debris has diffi-

culty fully exiting the channel and will begin to collect on
the engraving walls regardless of if there is a gap to provide
an escape for debris or not. At 110 pulses, the maximum
depth of around 32 µm is reached for both channel and
hole features; however the depth and quality of engraving
deteriorates beyond 100 pulses, and there is an accumu-
lation of debris within the channel feature. EDX analysis
reveals that the debris accumulated within the engraved
features and deposited upon the surface of the target mate-
rial is sapphire. This debris cannot be removed using the
ultrasonic cleaning detailed earlier, which suggests that

the sapphire debris attaches itself strongly to the sapphire
wafer. Further study is required to clean the features at
large aspect ratios or to avoid the deposition of debris
within channels as the ablation occurs. Apart from the ini-
tial deposition, there is no deposition of target material on
the backside or within the feature.
To further verify that the saturation in the engraving

depth is not from an excess deposition from the out-of-
reach target plasma,11,25 a thin film of a target material can
be deposited on the backside of the substrate. By pulsing
the target with a low pulse overlap, a deposition of tar-
get material on the backside surface of the sapphire can
be achieved without ablating the sapphire. By ablating the
deposited layer on the substrate without the use of a tar-
get under the substrate, the laser cannot generate plasma
according to the target plasma ablation mechanism. With
an effective pulse per pass of 5, a maximum depth of
32.4 µm was found at 150 pulses before being enveloped
by debris. Since there is no significant difference between
engraving depths achieved regardless of gap distance, the
engraving is not influenced by the target plasma ablation
mechanism but rather dominated by direct ablation of
a transiently absorptive sapphire surface.8 This indicates
that the newly ablated surface after every pulse retains
the ability to absorb the next pulse. The surface remains
excited without the need for further action from the target
material.
Since the deposited layer on the sapphire is the site

for only the initial ablation, all metallic targets enabled
engraving with little effect on depth. Since the laser
needs this absorbent surface to ablate the sapphire, a uni-
form thickness and dispersion is desired. Irregular feature
shapes were created by normalized steel targets, which
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F IGURE 3 45◦ cross-section SEM image of sapphire (A) engravings at 50, 200, 500, 1000, and 1500 effective pulses, (B) representative
image showing cavity and debris accumulation.

may be due to the uneven initial deposition caused by the
normalized steels’ large grain size (approximately 30 µm in
width).
The sapphire was cut parallel to the engravings by scribe

and breakmechanical separation. The cross-section image
shown in Figure 3A reveals that the engraving continues
beyond the accumulation of debris. The diagonal cracks
seen between the engravings at 50 pulses and 500 pulses
are artefacts of the brittle fracture of the sapphire sub-
strate through mechanical cross-sectioning by scribe and
break method and are not caused by the laser ablation.
Beyond the debris that accumulates at 100 pulses forth,
a cavity of air where the latest ablation took place can be
found. As more pulses continue to be delivered, the abla-
tion takes place within this cavity, which digs deeper into
the substrate, leaving behindmore debris. Figure 3B shows
that there is a tapering between 2 and 5◦ of the channel
walls as the depth increases, and the channel’s absorbent
surface shrinks. The engraved surface found in the cavity
maintains an approximate surface quality of Sa = .65 µm
until around 1000 pulses where at an aspect ratio of 5, the
width of the engraving reaches 0 and the cavity vanishes.
Varying the power and pulse overlap does not reduce the
shrinking of the channel features. The shrinking may be
due to the gradual accumulation of debris at the perime-
ter of the ablated channel surface, which reduces the
absorbent surface area for subsequent pulses. The follow-
ing pulses would then have less and less absorbent surface
to ablate. However, without a suitablemethod for the evac-
uation of debris during the laser ablation, the source of this
shrinkage is unknown.
The saturation of depth measured at 100 pulses by the

confocal microscope in Figure 2A is therefore the accumu-
lation of debris of sapphire beginning at an aspect ratio of
1. It does not reflect a limitation for the engraving depth

caused by amaximum target plasma height. The engraving
rate of .3-µm per pulse continues into this second phase,
and if the shrinkage can be avoided, the engraving depth in
this phase could theoretically continue much deeper since
the ablation source is the sapphire itself.
At approximately 1500 pulses, after the closing of the

backside engraving, triangular-shaped features begin to
engrave at the topside of the substrate, as seen in Figure 4.
The triangular shaped features appear unevenly along the
length of a channel feature at first, and then spread along
the shape of the engraved feature. When enough pulses
have been delivered, the triangular features form approxi-
mately 57◦ angles to the C-plane with widths equivalent to
the widths of the engraved features at the backside.
Figure 4A is a 3D height map displaying the morphol-

ogy of a 30-µm wide backside engraving at 75 pulses,
Figure 4B shows the resulting topside engraving that devel-
ops with sufficient pulses on the backside 30-µm wide
channel. The topside engravings have rough slanted walls
(Sa= 3.148 µm) compared to the straight engravingwalls of
backside engravings. It should be noted that the peaks in
the valley of the engraving in Figure 4B represent confocal
microscope noise due to excessive measurement depths.
The SEM confirms that the depth continues beyond these
peaks in reality.
Figure 5A,B shows the triangular features for varying

feature sizes and how this topside engraving can create
through-cut engraving for 500-µm wide features. The
angled walls of these engravings do not absorb the laser
directly and their angle and depth does not vary in func-
tion of the number of pulses applied beyond 2000 effective
pulses. The topside engravings cannot ablate through
the debris created from the original backside engravings
as seen in Figure 5B. The approximate 57◦ slope of the
triangle features suggests that the removal of sapphire
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F IGURE 4 Confocal microscope 3D color-height map of sapphire engravings in the A-plane orientation (A) backside engraving for a
30-µmwide feature at 75 effective pulses, (B) topside engraving for a 30-µmwide feature at 2000 effective pulses.

F IGURE 5 Confocal microscope M-plane oriented cross-section images of sapphire engravings (A) 120-µmwide engraving and its
resulting topside engraving, (B) 500-µmwide topside through cut engraving.

occurs along the R-plane {101̄2},which has a similar incli-
nation. However, the angles of the topside features do not
vary significantly between engravings made in the [010]
and [210] directions, which would suggest asymmetry.27
Further investigation is required to identify the source and
ablation mechanism of these topside engravings.
The sapphire UV LIPAA process studied in this research

is schematically represented in Figure 6. The ablation of a
target material by the first number of pulses renders the
backside of the sapphire absorbent to subsequent pulses
as revealed by EDX imaging and varying the gap dis-
tance. Once the absorbent surface is directly ablated, the
engraved surface retains a level of absorbance and can con-
tinue to be directly ablated until an aspect ratio of 1, where
the debris from the ablated feature sticks to the engraved
walls. Although the debris cannot be removed by postpro-
cessing hydrochloric, acetone, isopropanol, and distilled

water ultrasonic cleaning, the ablation continues beyond
the debris filling until an aspect ratio of 5 is reached, and
the feature walls converge. At 2000 pulses, the forma-
tion of triangular engravings occurs on the topside of the
sapphire.

4 CONCLUSION

This study identifies three stages of UV laser-induced
plasma-assisted ablation of sapphire. The first phase
involves the direct ablation of excited sapphire surfaces
created from the deposition of an absorbent target mate-
rial. Only an initial deposition is needed to initiate direct
ablation, which can attain 20-µm wide, 35-µm deep chan-
nel and hole features with a Sa = .65 µm at a rate of .3-µm
per pulse.
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F IGURE 6 Schematic process evolution of laser-induced plasma-assisted ablation (LIPAA) by number of pulses.

The second phase of engraving consists of further direct
ablation of the excited feature base, but there is an accu-
mulation of sapphire debris within the engraved feature
that must be removed. This phase can reach a depth of
around 150 µmwith a tapering angle of 5◦. The third phase
is initiated at the topside surface, where triangle shape
engravings forming 57◦ angles to the C-plane are created.
Note that 430-µm deep and 500-µm wide scribing can be
achieved in this phase.
Since parallels in ablation mechanisms present them-

selves in LIBWE, the influence of direct ablation on this
process should also be determined. Since only the initial
deposition is required for ablation to take place, a cleaning
solution could be present at the backside of the sapphire
to help remove the debris from the channels as they are
ablated. Further investigation on the shrinkage of transient
excited surface area is needed to allow for a better under-
standing of the limiting factors of the depth of the backside
direct ablation. We also recommend that further investiga-
tion be done regarding the source and ablationmechanism
of the topside triangle engravings, and if these features per-
sist even with the evacuation of debris from the backside
micromachined features.
The direct ablation of transient absorbent surfaces ini-

tiated by UV LIPAA performed in this article can attain
1.5 aspect ratio hole and channel features with high-
quality surfaces in sapphire without necessitating volatile
solutions or expensive equipment. This process can also
achieve through-scribing and has the possibility to create
150-µm deep and 30-µmwide features with the implemen-
tation of proper evacuation of sapphire debris. Sapphire
micromachining generally requires expensive equipment
such as femtosecond lasers; this study demonstrates how
indirect laser ablation provides a means for low cost and
high aspect ratio rapid prototyping of sapphire.
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