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Abstract

In this paper a processing technique for sapphire is presented which combines laser-induced
amorphization and subsequent selective wet etching of amorphized sapphire as well as
anisotropic wet etching of single-crystalline sapphire (a-Al,O3). Using this technique,
microstructures can be realized on the surface and in the bulk of sapphire substrates. By
focusing ultra-short laser pulses inside sapphire, its structure can be transformed from
crystalline into amorphous. The modified material can be selectively removed using etchants,
such as hydrofluoric acid or potassium hydroxide (KOH), solely dissolving the amorphized part.
In this work, however, an etchant consisting of a standard solution of sulphuric acid and
phosphoric acid (96 vol% H,SO4: 85 vol% H3POy, 3:1 vol%) at 180 °C is utilized. This method
allows the realization of structures which are impossible to achieve when using conventional
etchants which solely dissolve the amorphized sapphire. Ultrashort pulsed laser irradiation

(230 fs) is used in this study as starting point for the subsequent anisotropic etching to form
microstructures on the surface or in the bulk of sapphire that are terminated by characteristic
crystal planes. In particular, the appearance of etching-induced patterns formed by stacks of
rhombohedra is shown for structures below the surface, whereas triangular pits are achieved in
surface processing.

Keywords: sapphire, transparent materials, femtosecond laser, selective etching,
anisotropic etching
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1. Introduction

Crystalline sapphire (a-Al,O3) is a material used in many
branches of science and technology. It is transparent for
wavelengths in a range spanning from ultraviolet (UV) to
near-infrared, it has a hardness of 9 on the Mohs scale,
it is a good electrical and thermal insulator, it has a high
melting temperature of 2030 °C and is chemically inert [1].
These properties make the material a prime choice for many
applications. For example, its chemical and physical proper-
ties are exploited in the field of silicon-on-sapphire devices
and gallium nitride light emitting diodes (LEDs) [2-5]. For
its transparency and hardness, sapphire is utilized in smart-
phones or watches [6-8], and for its optical properties it
is also suitable for applications in the field of photonics
[9, 10]. Moreover, several studies have demonstrated the
possibility of producing microchannels and larger structures
inside sapphire to be used for possible hosting of chem-
icals and chemical reactions for microfluidic applications
[11-15].

Crystalline sapphire can be processed using several tech-
niques. Typical one-step processing methods are: mechan-
ical sawing/dicing [7, 16], dry etching [17-20], wet etching
[21-23] and laser surface treatment [24-26]. Although all of
the cited methods have been demonstrated to be effective, they
have in common that material can only be removed starting
from the surface towards the bulk. This is limiting the type of
shapes/patterns achievable.

Some processing methods can be combined, yielding two-
step methods [8, 11-14, 27-30]. In this paper, we present and
discuss a two-step processing technique to make microstruc-
tures in the bulk and on the surface of sapphire substrates,
which consists of femtosecond infrared laser irradiation to
locally amorphize the material, followed by removal of the
amorphized sapphire and anisotropic etching of crystalline
sapphire by a mixture of sulphuric acid and phosphoric acid
at a temperature of 180 °C.

When ultra-short laser pulses (in the range of femtoseconds
to picoseconds) are focused inside the bulk of sapphire, the
absorbed laser energy [31] induces a micro/nano explosion
which creates an amorphous (or partially amorphous) [29]
voxel inside the crystalline sapphire. The amorphous material
can be etched selectively using specific etchants like hydro-
fluoric acid (HF) [11-14, 27-29] and potassium hydroxide
(KOH) [32]. The most used etchant for this purpose is HF
due to its high selectivity for the amorphized sapphire, hav-
ing an etching rate for amorphous Al,O; 10° times higher
than the etching rate for crystalline Al,O3;. However, despite
the high selectivity, which in principle should guarantee high-
resolution processing of the material, several issues may arise
using HF [13]. As an example, the laser amorphization of sap-
phire is often not carried out completely and, as a consequence,
after laser irradiation, the modified material exhibits discon-
tinuities or irregular shapes [11]. The high selectivity of HF for
the amorphous phase implies that, after the etching, the empty
(i.e. hollow) structure that remains has the same shape (con-
tour/perimeter) as the amorphized material present before the
etching. This obviously entails that it is not possible to modify

(and improve) the shape of the structures during the etching
phase.

In this work, after laser irradiation, sapphire is etched in
a mixture of sulphuric acid and phosphoric acid (96 vol%
H,S04: 85 vol% H3POy, 3:1 vol%) at 180 °C. This etchant not
only rapidly dissolves the amorphized sapphire, but also aniso-
tropically etches the crystalline sapphire. The laser-induced
modifications are used as origin point to produce uniquely
shaped structures inside the bulk and/or on the surface of sap-
phire. To the best of our knowledge, until now, laser-induced
structures have never been used before as guide for anisotropic
wet etching of sapphire, and particularly for laser-affected
volumes in the bulk.

The mixture of H,SO4 and H3PO,4 shows a higher etch-
ing rate towards the amorphized Al,O3 and lower selectivity
compared to conventional etchants for laser-modified sapphire
(e.g. HF), but it also etches crystalline sapphire anisotrop-
ically. As a consequence, in contrast to what occurs when
employing HF, the crystalline material is shaped during wet
etching. In this work, we exploit the latter effect to further
modify the initial shape of the laser irradiated structures. In
fact, the laser modified material is used as a (selective) starting
point to make microstructures terminated by the slowest etch-
ing planes of crystalline sapphire. This study presents struc-
tures created in the bulk and on the surface of the substrate as
a function of laser process and etching parameters.

2. Crystallographic structure and anisotropic
etching of sapphire

Crystalline sapphire is a material of the trigonal crystal sys-
tem with a rhombohedral lattice, and has five main crystal
planes, i.e. C-, M-, A-, N- and R-planes, see figure 1(a) [1].
Anisotropic etching is a crystal orientation dependent etching
method (also referred to as ODE [33-37]) in which etchants
chemically react with crystalline material, with a faster etch-
ing rate along specific crystal planes compared to other planes.
A variety of unique microstructures can be made with ODE
having specific geometric characteristics such as sharp corners
or flat surfaces. Some of the main applications of anisotropic
etching are surface-texturing of sapphire [38—47], micro/nano-
structuring of crystalline silicon [34, 48], or processing of
crystalline quartz [49]. Anisotropic etching is also used for
highlighting surface or subsurface defects of a single crystal
material [50], or to understand the crystallographic structure
and symmetry. When in contact with an acid, in fact, crys-
talline material undergoes a phenomenon called decrystalliz-
ation in which the crystalline structure is broken down and
this phenomenon typically starts from the discontinuities of
the exposed surfaces [51]. In case of anisotropic etching of
crystalline sapphire, differences in the etching rates of (main)
crystal planes appear to be related to the atomic arrangement
[52]. The anisotropic etchant used in this study, a mixture
of sulphuric and phosphoric acid, is selected for its known
property of etching sapphire anisotropically [53], by means of
which crystallographically determined structures can be cre-
ated on/in sapphire.
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Figure 1. (a) 3D model (left) and top view (right) of the crystallographic diagram of sapphire showing the main crystal planes.

(b) Schematics depicting features and processes seen in anisotropic etching of sapphire (the red areas in (b2), (b3) and (b4) are laser
modified spots): (b1) concave corner etching of a masked surface, (b2) concave corner etching of a masked surface containing a modified
spot, (b3) a combination of concave and convex corner etching of an unmasked surface containing a modified spot, (b4) concave corner

etching of a subsurface located modified spot.

Aota et al [38] discussed the main etching mechanisms of
anisotropic etching of sapphire when using this mixture for
surface-texturing of substrates. They analyzed the etching of
sapphire in the mixture as well as in each of the acids compos-
ing the solution and found that sulphuric acid has a higher etch-
ing rate towards the crystalline sapphire than phosphoric acid.
However, etching of the material in solely sulphuric acid pro-
duces a precipitate (Al(SO4)3) which deposits on the surface
and prevents further etching. Furthermore, they showed that an
elevated temperature of the mixture results in an increase of the
etching rate. Using this knowledge, Aota et al textured the sur-
face of sapphire by means of anisotropic etching in a mixture
of phosphoric and sulphuric acid in combination with a (pat-
terned) hard mask of silicon dioxide SiO, [38, 39]. This pro-
cess is schematically shown in figure 1(b1): the etched concave
features are confined by the slowest etching crystal planes. In
fact, the crystallographic facets terminating a structure aniso-
tropically etched in sapphire depend on (a) whether (or not) a
hard mask was present on the surface of the substrate during
etching and (b) whether (or not) the surface contained spots

at which the crystalline structure was modified (e.g. laser irra-
diated areas). The presence of a patterned mask layer results
in concave corner etching (figures 1(b1) and (b2)), regardless
of the presence/absence of laser irradiated spots/areas on the
surface. Concave corner anisotropic etching is obtained if the
surface of the substrate is protected (for example by a hard
mask) and inhibits convex corner anisotropic etching on rims
and edges [48, 53]. If no hard mask is present, the (flat) surface
of sapphire etches uniformly, as indicated by the black arrows
in figure 1(b3)). Moreover, the absence of a hard mask res-
ults in convex corner etching at the top of laser modified spots
and therefore the appearance of fast etching crystal planes (as
indicated by the red dashed arrows in figure 1(b3)), as well as
concave corner etching in deeper regions of the non-crystalline
areas. In contrast, if the irradiated areas are located in the bulk
of the sapphire (i.e. subsurface) only concave corner etching
occurs (figure 1(b4); it is noted that the latter is investigated in
detail in this work). The difference between ‘concave corner
anisotropic etching’ and ‘convex corner anisotropic etching’
lays in the crystallographic planes revealed in the structures
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Table 1. Etching rates for crystalline and amorphized sapphire for
the investigated anisotropic etchant (mixture of sulphuric acid and
phosphoric acid (3:1 vol%) at 180 °C).

Type of sapphire Etching rate (nm min~")
C-plane 1.2
R-plane 0.1
Amorphized 532.1

after wet etching (see figure 1(b)). Whereas Aota ef al [38] tex-
tured the surface of sapphire with concave anisotropic etching,
Shen et al [40, 41] applied convex anisotropic etching to cyl-
indrical pillars of sapphire to fabricate cone-shaped patterned
sapphire substrates (PSS). In this paper, laser treated areas (on
the surface and in the bulk) are exposed to anisotropic etch-
ing. This implies that for all the investigated specimens both
concave and convex etching occur simultaneously. The etch-
ing rates in the mixture (of H,SO4 and H3PO,) at 180 °C were
found experimentally for the C-plane and R-plane of crystal-
line sapphire as well as for amorphized sapphire. The found
etching rates, in nm min~— I are shown in table 1. Please refer to
section 3.3 for a detailed description of the methods employed
for measuring the etching rates.

3. Materials and methods

3.1 Materials

Three types of substrates were used for the experiments. The
first type was a circular 2-inch wafer (Crystec, Germany) with
a thickness of 430 pm oriented along the C-axis (0001), the
second was a circular 4-inch wafer (Kyocera, Japan) with a
thickness of 630 pm oriented along the C-axis (0001), and the
third was a circular 2-inch wafer (Crystec, Germany) with a
thickness of 430 um oriented along the R axis. All of the laser
irradiation experiments were conducted on the 2-inch wafers
oriented along the C-axis (Crystec). The other wafers were
used only for the determination of the etching rate for C- and
R-planes.

The chemical etchant used is a stagnant solution of 96%
H,SO4 + 85% H3PO4 (vol%) in volumes respectively of
2850 ml and 950 ml (ratio of 3:1). The etchant solution was
heated to a temperature of 180 °C. This temperature was
chosen because it is the highest that the solution may reach
before producing highly toxic fumes that are difficult to handle
in this etching setup. Since the etching bath is a closed system
and considering the fact that the volume of etching biproducts
is negligible with respect to the volume of the solution, the
concentration of the mixture can be considered constant at all
the time steps.

3.2. Laser set-up

The laser set-up that was used to tightly focus laser pulses
on the surface and inside crystalline sapphire is shown in
figure 2. The laser source used for this study is a fiber laser
(Y-Fi, KMLabs, USA) emitting a linearly polarized beam at
a central wavelength of A = 1035 nm. It has a full width at

Laser source
Electro-Optic modulator

Beam attenuator

Tube lens

Beam dump

Beamsplitter
CCD Camera I<C/| I

C_J Microscope objective (NA=0.7) + Z-Stage
v 4—(@\-

Figure 2. Laser set-up used in this study.

Substrate

XY-stage

half maximum pulse duration of 230 fs (measured with the
autocorrelator ‘pulse-Check’ by APE-Berlin, Germany). The
spatial beam profile of the beam is nearly Gaussian with a
beam quality M? < 1.2. The repetition rate of the pulses is
controlled by an electro-optic modulator (360-80, Conoptics,
USA) and the pulse energy is set with a beam attenuator (Ultra-
fast Version, Altechna, Lithuania).

The microscope objective employed (model 11101666,
Leica Microsystems, Germany) has a numerical aperture (NA)
of 0.7 and focuses the laser beam to a diameter of about 0.9 ym
(calculated). The same lens is used also for monitoring the pro-
cess and to position the focal spot on the surface or inside the
substrate. To that end, a beam splitter is used to redirect the
light which is reflected back from the specimen to a camera
(DCC1545, Thorlabs, USA) through a tube lens.

The objective is moved along the z-axis (focusing axis)
using a linear stage (ATS100, Aerotech, USA, resolution
100 nm) allowing the positioning of the focus spot on top of
the surface or inside the bulk of the material. The computerized
mechanical stages (X and Y axes) used to move the substrate
during laser processing, are ALS 130-150 (Aerotech, USA)
with a resolution of 50 nm.

3.3. Methods

For the experiments, simple structures were produced on the
surface and in the bulk of the sample to study the influence of
experimental laser parameters on the process of laser modific-
ation and selective anisotropic etching. To produce such struc-
tures, the sample is moved with a constant velocity while the
substrate is exposed to laser pulses emitted by the laser source.

The geometrical pulse-to-pulse overlap (OL) in per-
cent mentioned in the paper is defined here as [11, 53]
(equation (1))

OL = [1 — (v/f-D)] x 100 (1)

where v is the relative velocity between the laser beam and
the substrate, D is the diameter of the laser spot in the focus
and f is laser pulse repetition rate. By changing the velo-
city (in the x- or y-direction as shown in figure 2) and the
pulse repetition rate, the pulse-to-pulse OL is varied and either
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Figure 3. Schematic representation of the various types of laser-induced structures produced and analyzed in this study: (a) single craters
on the surface of the sample; (b) single isolated modifications 30 p«m below the surface of the sample; (c) single laser-modified lines made
of overlapping laser pulses produced 30 pm below the surface of the sample; (d) larger lines produced 30 pm below the surface of the
sample made by overlapping single laser-induced modified lines; (e) to expose cross-sections of the modifications, the substrate is lapped
and polished, following laser processing, to remove the bulk material (orange); (f) optical microscopy image (top view) of channels
obtained after irradiation and etching in the anisotropic mixture for about 364 min. The etching rate is calculated by measuring the etched

channel lengths at different time steps.

single, separated, modifications (figures 3(a) and (b)) or lines
resulting from the overlapping modifications (figures 3(c) and
(d)) are produced. The focus is positioned either on the sur-
face of the sample (figure 3(a)) or at a processing depth of
30 pum below (figures 3(b)—(d)), by moving the microscope
objective (attached to the z-stage, see figure 2). The processing
depth, the energy per laser pulse and the pulse repetition rate
were selected based on our earlier work [11]. All the laser-
induced modifications are produced close to (about 5 mm)
the margins of the substrate for easy access. After the laser
irradiation, the samples are lapped and polished (figure 3(e))
using a Tegramin polishing machine (Struers, USA) to expose
the cross-sections of the modified material. The 2-inch wafers
were lapped and polished in a direction such that the polished
face is approximately parallel to the wafer flat (A-plane). The
surface roughness after the last step of polishing is R, <5 nm.
This surface quality allows an easy characterization of the
cross-sections. After polishing, the samples are cleaned in an
ultrasonic isopropanol bath. Subsequently, etching is carried
out by submerging the substrate in the stagnant solution in

three subsequent rounds: 364 min, 385 min (749 in total),
364 min (1113 in total). The etching periods reported in the
figures indicate the cumulative etching time at each step. After
etching, the substrates are cleaned again with deionized (DI)
water with a quick dump rinse process. The etching rates for
C- and R-planes listed in section 2 were calculated by etching
C-type and R-type sapphire specimens in the mixture of phos-
phoric and sulphuric acid. These samples were covered with
a patterned SiO, mask of 1080 nm (deposited using plasma-
enhanced chemical vapor deposition in an Oxford 80 system
(parameters: 300 °C, 650 mTorr, 200 sccm SiHy, 719 sccm
N,O, time: 30 min)) which had areas (created by standard
UV-lithography (photoresist: Olin 907-17, FujiFilm), select-
ive SiO; removal with buffered hydrofluoric acid (BASF, time:
10 min) and removal of photoresist with acetone (BASF)) for
locally exposing the surface of the sapphire specimen to the
acid mixture. The etching rates of C- and R-planes were cal-
culated by measuring the depth of the exposed sapphire areas
after 1092 min etching. For amorphized sapphire, the etch-
ing rate was calculated by measuring the length of the etched
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material

Unetched

After 749 min etching

Figure 4. SEM micrographs of a typical cross-section of (a) a single-laser pulse induced modification after laser irradiation, (b) after

749 min etching in the mixture of H2SO4 and H3PO4 at 180 °C. A laser pulse energy of 94.5 nJ was used and the direction of the laser beam
was from top to bottom in the micrographs. The C-plane is parallel to the horizontal direction of the images. Anisotropic etching causes

(c) periodic structures bounded by R-planes (d) 3D representation of the rhombohedron formed by the R-planes of the sapphire crystal as
the unit cells of the periodic patterns. It is noted that the SEM-images in (a) and (b) are on the same scale (scale bar in (a) valid for (b)).

amorphized part for the same channels used for the study of
the cross-sections (figure 3(f)). In this case, the measurements
were performed via optical microscope by observing the top
view of the channels (the etched part appears darker) after the
same etching steps as the cross-sectional analysis.

3.4. Analysis tools

The analysis of the specimen after laser irradiation is per-
formed with a high resolution scanning electron microscope
(SEM; JEOL7200F, Japan). The same substrates are analyzed
at identical positions before and after each etching step. Height
profiles of the surface were obtained using a S-Neox (Senso-
far Metrology, Spain) confocal microscope and a FlexAFM
(Nanosurf AG, Switzerland) atomic force microscope.

4. Results and discussion

The main objective of this research is to study a processing
technique based on selective and anisotropic etching, using a
mixture of H,SO4 and H3POy at 180 °C, of laser-treated sap-
phire. This paper shows results regarding the etching beha-
vior for both surface and subsurface (bulk) laser-induced
structures.

4.1. Subsurface processing

4.1.1. Single-pulse-induced bulk modifications. Single-
laser-pulse-induced modifications were produced at about
30 pum below the surface, by exposing the specimen to laser
pulses at a repetition rate of 1 kHz while moving the sapphire
substrate at a velocity of v = 15 mm s~! (corresponding

to an inter-pulse distance of about 15 pm). In figure 4, a
cross-section of a typical modification induced by a single
laser pulse is shown. The horizontal direction of the SEM
micrographs is oriented parallel to the C-plane (<2°, estimated
by comparing the horizontal direction in the frontal appear-
ance of the micrographs with the top surface of the sample,
which, in turn, is oriented parallel to the C-plane). It has to be
noted that the areas surrounding modified spots remain unaf-
fected by the laser/etch process. The amorphized volumes
of Al,O3 in the SEM micrograph of the cross-section before
the etching (figure 4(a)) appears darker than the crystalline
sapphire surrounding the modification. As can be observed
from figure 4(b), etching the single modifications causes an
etching-induced periodic pattern. This type of pattern consists
of repeated regular 3D shapes along the length of the single-
pulse-induced structure (figure 4(c)). Our assumption for the
formation of the pattern is that the R-planes, which have an
inclination of 57° with respect to the C-plane (figure 1(a)),
terminate the etched structures. The intersection of the six
R-planes form all together a rhombohedron (figure 4(d)). This
is assumably the shape of the single feature composing the
periodic pattern (the angle of 55° measured at the base of the
modification is reasonably close to the 57° angle between the
R-plane and the C-plane).

In figure 5 two sets of SEM micrographs are shown: the
first set (figures 5(a)—(d)) shows single-pulse induced modi-
fications made using a pulse energy of 94.5 nJ; the second
set (figures 5(e)—(h)) is made at a higher pulse energy of
457 nJ. The region of amorphized sapphire is discernible in
figures 5(a) and (e) (unetched). The evolution of the visual
cross-sectional appearance with etching time is similar for
both the pulse energies shown. The dimensions of the etching
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Figure 5. SEM micrographs of cross-sections (a), (e) after irradiation and ((b)—(d), (f)—(h)) after etching of single-laser-pulse-induced
modifications obtained positioning the focal spot of the laser beam 30 pm below the surface and using the pulse energies: 94.5 nJ (top row)
and 457 nJ (bottom row). The direction of the laser beam was from top to bottom. It is noted that all SEM-images are on the same scale

(scale bar in (a) and (e) valid for all images).

induced structures, as expected, increase with a higher energy
per pulse. Cracks, which are typical for this type of process
[29], are higher in number and larger in size for the pulse
energy of 457 nJ compared to 94.5 nJ. As can be observed from
figure 5, the amorphous material, which looks darker than
the surroundings in the SEM micrographs, is fully removed
after 364 min and the etching-induced patterns are visible

throughout the etching process (figures 5(b)—(d) and (f)-(h)).
Also, the crystalline material surrounding the modified mater-
ial is etched anisotropically and the resulting modification is
widened, as can be observed most clearly after 1113 min of
etching (figures 5(d) and (h)). The latter can be explained by
convex etching of the rims of the cracks exposing fast etching
planes (see figure 1(b3)).
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Before etching 364 min
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Figure 6. SEM micrographs of cross-sections (a) after irradiation and (b)—(d) after etching of irradiated lines produced positioning the focal
spot of the laser 30 psm below the surface of the sample using a pulse energy of 94.5 nJ, a pulse repetition rate of 200 kHz and a stage
velocity of 1 mm s~ . The direction of the laser beam was from top to bottom. It is noted that all SEM-images are on the same scale (scale

bar in (d) valid for all images).
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Figure 7. SEM micrographs of cross-sections (a) after irradiation and after 364, 749 and 1113 min of etching (b)—(d) of a large structure
produced by laterally overlapping eight irradiated lines. The structure was produced positioning the focal spot of the laser 30 p«m below the
surface of the sample, using a pulse energy of 457 nJ, a pulse repetition rate of 200 kHz and a stage velocity of 1 mm s~ . The direction of
the laser beam was from top to bottom. It is noted that all SEM-images are on the same scale (scale bar in (a) valid for all images); in (b)

possibly some polishing residue is visible.

4.1.2. Subsurface microchannels and large structures. Sub-
surface channels were produced using the method described
in section 3.3. Figure 6 shows the cross-section of a chan-
nel produced using a pulse energy of 94.5 nJ, a pulse repe-
tition rate of 200 kHz and a stage velocity v = 1 mm s~!
(corresponding to a pulse-to-pulse OL of 99.99%), at varying
etching times. As can be observed from figure 6, the obtained
channels closely resemble those obtained in our earlier work
[11] using stagnant HF (50%) at room temperature as etchant.
However, a difference with respect to HF as etchant is the
contour of the cross-section after using the anisotropic mix-
ture. The anisotropic etching ‘smoothens’ the perimeter of the
etched channel (figure 6(d)). In case of HF, the rough, irregular
contour was only due to the laser irradiation (and not due to
HF-etching of the crystalline material). Similarly to the case
of single-laser-pulse-induced modifications, cracks are sub-
ject to anisotropic etching, which proceeds along the crack
direction.

Figure 7 shows SEM micrographs of the evolution of a
cross-section as a function of etching time for a structure pro-
duced using a pulse energy of 457 nJ, a pulse repetition rate of
200 kHz, at 30 um below the surface of the substrate and by
overlapping (laterally, side by side) eight modified lines at a
distance of 50 nm to each other to form a larger structure: over
time, the structure enlarges. Moreover, the cracks surrounding
the structure are affected by the anisotropic etchant. In particu-
lar, as evident in figures 5(d), 6(d) and 7(d), the convex aniso-
tropic etching has the general effect of widening the cracks.

4.2. Surface processing

Single laser-induced craters (figure 8(a)) were produced on
the surface of a sapphire specimen with a method similar to
the method described in section 4.1.1. The stages were moved
at a speed of 15 mm s~' while laser pulses were emitted
with a repetition rate of 1 kHz using a laser pulse energy of
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Edge of the
specimen

Figure 8. SEM micrographs of a pattern of single-pulse induced modifications (a) (30° tilted view) before etching and (b) (60° tilted view)
after 749 min etching, produced on the surface of the sample using a pulse energy of 94.5 nJ.

94.5 nJ. The focal spot was positioned on the surface of the
sample. Different from the laser-induced bulk modifications,
the craters on the surface are mainly formed by laser abla-
tion of the material [54] rather than by amorphization. This
implies that the mechanism driving the etching of these craters
is different. We think that, during immersion of the surface-
irradiated sapphire specimen in the wet chemical etchant mix-
ture, etching of the crystalline sapphire is initiated at the edge
of the ablated crater and occurs by monolayer steps running
outward from the damaged region at a specific step flow rate
that creates three planes at a relatively low angle with the top
surface of the specimen (figure 8(b)). These features look quite
similar to what has been observed on Si {111} surfaces dur-
ing anisotropic etching, where it was proven that the triangular
pits initiate from crystal dislocations [55]. The formed triangu-
lar shapes can have straight or curved periphery, which for Si
{111} has been interpreted as a result of step curvature, which
is determined by the relative removal rates of atoms at step and
kink positions [56]. Our pits clearly show a curved periphery.

Figure 9(a) shows a height profile of the surface obtained
by confocal microscopy, after 1113 min of anisotropic etching.
An array of triangular pits can be seen. The surface-edge angle
of the pits was found to be 5.3° £ 0.3°, whilst the face of the
triangular pits shows an angle of 8.5° £ 0.1° with respect to
the substrate surface of the substrate. As the confocal micro-
scope did not have sufficient resolution for the center of the
pits (see the central part of the graph in figure 9(a)), atomic
force microscopy (AFM) was performed for inspection of the
central structure. Figure 9(b) shows a height profile of a single
pit, obtained with AFM after 1113 min of etching. The depth at

the center of the pit is about 0.9 um. As mentioned above, the
low angles on the outer side of the structures can be explained
by step flow starting from the central defective region of
the pit.

This hypothesis differs from the reasoning of Aota et al
[38], who state that the observed structures might be the effect
of the deposition of reaction products on the surface. In fact, in
their study Aota er al suggest that the stable {IOITk} planes
that would theoretically terminate the surface modifications
are masked by the redeposited material, leading to the shal-
low inclination of the faces.

In figure 10 the evolution over time of the shapes can be
seen after various etching periods. Figure 10(a) shows a top
view of a typical laser ablated crater. The shape of the crater
roughly equals the shape of the Gaussian fluence profile of the
laser spot. Before assuming the final triangular shape, after
the first etching period (364 min, figure 10(b)), the structure
shows more than three faces. Superimposed on this shape, a
hexagonal shape forms in the center of the structure. The lat-
ter is caused by the fact that the plane parallel to the C-plane
(parallel to the surface of the specimen), etches faster than the
other planes in the used anisotropic etchant. This results in a
‘hole’ in the sample and its edges have an hexagonal shape
because of the lower etching speed for those planes parallel to
the faces of the hexagon. In this case, the hexagonal shape and
the faces perpendicular to the C-plane, suggest that A-planes
(figure 1(a)) define the shape of the hole. After 749 min of etch-
ing (figure 10(c)), the additional planes disappear and a trian-
gular (top view) shape rotated about 90° forms in the center.
After 1113 min (figure 10(d)) a three-armed cross-shaped
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Figure 9. (a) Top: confocal microscopy image of an array of single laser-pulse induced craters after 1113 min etching. Bottom: profile of an
etched crater along the edge and the face of the triangular pit. The scan is performed along the red line in the figure. (b) Height profile of the

central area of a crater obtained by atomic force microscopy.
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Figure 10. SEM micrographs (top view) of a single-laser pulse induced crater on the surface (a) after laser-irradiation and (b)—(d) after
etching (craters formed by moving the substrate with a velocity of 15 mm s~!, a pulse repetition rate of 1 kHz and a pulse energy of
94.5 nJ). The top row shows details of the intermediate structures forming at each etching step in the center of the craters.

structure evolves in the center. An AFM measurement of this
shape is shown in figure 9(b).

5. Conclusions

A study has been performed on a two-step fabrication tech-
nique which combines laser modification of sapphire with
selective wet etching of locally amorphized sapphire and

anisotropic wet etching of crystalline sapphire (a-Al,O3). Dif-
ferent types of structures have been produced on the surface
and in the bulk of sapphire and were analyzed before etching
as well as after several etching time steps.

The first part of the investigation focused on subsurface
single-pulse induced structures. After the complete dissolution
of the amorphized part, anisotropic etching of the crystalline
sapphire yielded structures with an etching-induced periodic
pattern. The facets of the pattern are defined by the R-planes of
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the sapphire crystal, resulting in an arrangement with repeating
rhombohedra. Subsequently, subsurface modified lines were
studied. Single lines and large structures (made by laterally
overlapping of single lines) were produced below the surface
with high pulse-to-pulse OL. The resulting structures after
etching in the anisotropic etchant showed, in general, identical
cross-sections as the ones obtained in our previous work using
an isotropic etchant (in which crystalline sapphire is hardly
etched). However, the contour of the hollow structures shows
less roughness and irregularities, which is caused by aniso-
tropic etching of the crystalline material exposing the slow
etching R-planes. The cracks in the crystalline material sur-
rounding the modifications were also etched and their shape
was widened. Next, in order to investigate the surface struc-
tures, single-laser-pulse-induced structures (craters) were pro-
duced on the surface of the sample. Anisotropic etching of
such structures produced triangular pits. The reason for such
shape was found in the step flow etching of the single surface
craters.

The results of this study suggest that a higher etching time
or etching rate can lead to the formation of subsurface struc-
tures having highly smooth walls. Such structures could find
good use for microfluidic applications. Finally, having specific
orientations, the surface structures shown in this paper could
be used for surface texturing and tribological applications.
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