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Abstract

Femtosecond laser machining of biomimetic micro/nanostructures with high aspect
ratio (larger than 10) on ultrahard materials, such as sapphire, is a challenging task,
because the uncontrollable surface damage usually results in poor surface structures,
especially for deep scribing. Here, we report an inside-out femtosecond laser deep
scribing technology in combination with etching process for fabricating bio-inspired
micro/nanostructures with high-aspect-ratio on sapphire. To effectively avoid the
uncontrollable damage at the solid/air interface, a sacrificial layer of silicon oxide was
employed for surface protection. High-quality microstructures with an aspect ratio as
high as 80:1 have been fabricated on sapphire surface. As a proof-of-concept applica-
tion, we produced a moth-eye inspired antireflective window with sub-wavelength
pyramid arrays on sapphire surface, by which broadband (3-5 pm) and high transmit-
tance (98% at 4 um, the best results reported so far) have been achieved. The sacrificial
layer assisted inside-out femtosecond laser deep scribing technology is effective and
universal, holding great promise for producing micro/nanostructured optical devices.

Keywords: Femtosecond laser, Etching, Antireflection, Biomimetic microstructures,
Sapphire

Introduction
Femtosecond laser micromachining has been widely recognized as a versatile tool for
fabricating three-dimensional (3D) micro/nanostructures towards biomimetic appli-
cations in micro-optics, microfluidics, functional surfaces with super wettability and
bioinspired microrobots, etc. [1-8] Nevertheless, to realize 3D fabrication, femtosecond
laser micromachining has to perform a point-by-point multi-layer scanning process. In
the case of high fluence laser ablation, plenty of fragments and particles would be gener-
ated during the multi-layer scanning, [9, 10] which hinders the subsequent deep ablation
due to the light scattering and shading. Consequently, high fluence laser ablation usually
causes serious damage to solid surface, resulting in low precision and poor surface qual-
ity [11]. Nowhere is this more obvious than in the case of deep scribing, where there is a
need to produce microstructures with high aspect ratio.

To get precise control over the surface morphology of ultrahard materials (e.g., sap-
phire and diamond), femtosecond laser modification in combination with subsequent
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etching technology has been proven an effective solution to reach this end [12—17]. The
etching-assisted laser machining technology does not need to undergo intense laser
ablation process, it achieves potential microstructures through laser modification. And
the removal of materials resorts to subsequent etching process. In this case, inside-out
laser machining can be implemented to prepare 3D microstructures, for instance com-
plex microfluidic channel networks. The superiority of this method has been proven in
pioneer works with respect to the processing of photosensitive glass, fused silica, et al.
For example, Hu et al. have successfully realized complex optofluidic systems inside
photosensitive glass by this method [12]. First, 3D modified patterns are designed and
fabricated by low-intensity laser scanning from the internal to the surface of the hard
materials [18]. Since the laser modified region shows much higher etching rate than
the original materials, any desired microstructures can be fabricated by subsequent wet
etching or dry etching process. However, in the case of biomimetic fabrication based on
ultrahard materials, the etching-assisted laser fabricating usually cannot get precise con-
trol of the surface morphology [19]. Since the internal damage threshold is always larger
than that at the solid-air interface, uncontrollable surface damage is generally inevita-
ble when the laser scanning path approaches the surface. As a result, plenty of particles,
fragments and wrinkles will be generated on the surface, which significantly limits the
applications of femtosecond laser in developing delicate biomimetic microstructures.
This issue has motivated considerable efforts to develop improved laser micromachining
technologies, whereas it remains a big challenge at present.

Here, we proposed an inside-out femtosecond laser deep scribing technology for fab-
ricating biomimetic sapphire window with microstructures on the surface. To effectively
avoid the surface and internal damage competition, a silicon oxide (SiO,) with a reason-
able thickness is employed as surface sacrificial layer to ensure high-quality and high-
aspect-ratio structuring. Specifically, the uncontrollable damage to the surface can be
well restricted within the sacrificial layer. Since the SiO, sacrificial layer and the laser
modified sapphire region can be easily removed in the subsequent wet etching process
using hydrofluoric acid (HF), biomimetic microstructures with delicate surface mor-
phologies and aspect-ratio as high as 80:1 have been successfully fabricated. Inspired
by the infrared light antireflection properties of moth compound eyes, we designed and
fabricated the sub-wavelength truncated pyramid array structures on both sides of a sap-
phire window. In the antireflective tests of infrared rays (IR), it demonstrated broadband
(3—-5um) and high transmittance (98% at 4 um) for normal incidence.

Experimental section

To modify the samples, we used a femtosecond laser with wavelength of 343 nm, which
is delivered by third harmonic generation system (Pharos, Light Conversion Ltd). The
repetition rate of femtosecond laser is 200kHz and the pulse width is 290fs. The sam-
ples were fixed on a high-precision three-dimensional nanoscale positioning platform
(PL, E-727.3CDA). Then, the laser beam was focused in the samples by an objective lens
(Nikon 20x) with numerical aperture of 0.75. In this way, by moving the platform that
can be controlled by computer aided design (CAD), three-dimensional micro/nano-
structures can be realized via femtosecond laser modification. Then, wet etching was
carried out by using 10% HF aqueous solution to remove the sacrificial layer of SiO, and
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the laser modified regions in sapphire (Hefei Kejing Material Technology, Ltd., thick-
ness of 430 um). The etching time depends on the depth of the structures. Dry etching
process for fabrication of antireflective microstructures was carried out by an induc-
tively coupled plasma system (ICP-100A, Tailong Electronics, Ltd). The etching power
was controlled to 600 W of antenna RF power and 300 W of bias RF power. The etching
time was 5min. Chlorine (Cl,) and boron trichloride (BCl;) were chosen as the etch-
ing gas with flow rates of 20 and 30 sccm. Field-emission scanning electron microscopy
(FE-SEM, JEOL JSM-6700F, Japan) was used to show the surface morphology and cross-
section of the fabricated microstructures. The three-dimensional morphologies of the
antireflective microstructures were measured by laser scanning confocal microscopy
(LSCM, OLS4100, Japan). The transmittance of sapphire with antireflective microstruc-
tures was investigated using Fourier transform infrared (FTIR) spectrometry.

Results and discussion
Generally, the femtosecond laser pulse exhibits a Gaussian distribution of intensity. To
fabricate deep microstructures with high aspect ratio on sapphire, focused laser spot has
to scan from inside to outside gradually. Such an inside-out processing can avoid the
scattering effect caused by the surface damage, and thus guarantee high resolution and
surface smoothness. Nevertheless, when the laser fluence at the focus center reaches the
internal damage threshold of sapphire, the laser fluence beyond the central region may
exceed the surface damage threshold, since the damage threshold at the solid/air inter-
face is always much lower than that inside the bulky material. As a result, the sapphire
surface is more vulnerable to damage when scanning the laser focus from inside to out,
especially approaching the surface. To demonstrate this effect clearly, we stimulate the
intensity distribution of a laser focus underneath the solid surface, as shown in Fig. 1.
Due to the difference in surface and internal damage threshold, uncontrollable damage
is always inevitable at the solid-air interface. Consequently, an undamaged.

region with a certain depth (denoted as dz) usually forms underneath the surface dam-
ages (Fig. 1a). The uncontrollable surface damages lead to poor surface morphology, and
the undamaged region underneath the surface may also prevent the subsequent etch-
ing process. The combined effects make it challenging to prepare delicate biomimetic
microstructures. To get deep insight into the depth of undamaged region, we stimulate
the dependance of dz on the laser fluence. Generally, the Gaussian light intensity of a
femtosecond laser can be described by the following formula:

I = A02 ex _27'2 (1)
;2 P ;2
with
iz \?
w; = wot|1+ (2> 2)
TTwo

where Ay/w, is the amplitude of the electric vector at different position of z axis, r is
the perpendicular distance to z axis, A is the wavelength, and o, is the waist radius at

Page 3 of 13



Liu et al. PhotoniX

(2022) 3:1

(@

Surface
damage
threshold

= Internal
g damage
~N threshold
Internal
damage
E’ ¥ threshold
=
c
S
o | Internal
S modified
1
region
1 05 0 -05 -1 100 120 140 160 180 200
X (um) Laser fluence (J/cm?)
(c) " Laser focus

A3

N,
N,

Not etched
microstructure

Modified region

Inside-out laser modification Wet etching

Sacrificial layer

~~
.
——

Open sapphire

\
\
1
1
1
1
i
I
[
microstructure

8
9

0

Modified region

Fig. 1 (a) Optical field distribution of a Gauss laser beam and the schematic program of inside-out
femtosecond laser scanning technology. (b) The dependence of the depth of the undamaged region (d_z)
on the laser fluence (A_0/2). The inset is the SEM image of a typical undamaged region. (c) The schematic
illustration of laser modification and subsequent wet etching of sapphire surface without and with a
sacrificial layer.

z=0. Then, the distance (d,) between surface damage threshold /; and internal damage

threshold I, can be described by the following formula:

R L 3)

The relationship of d, and A(Z) is shown in Fig. 1b, in which dz increases with the laser
fluence, following a quasi-linear relationship. SEM image (inset of Fig. 1b) confirms the
presence of such an undamaged region even after HF etching.

To address this issue, we proposed a sacrificial layer-assisted laser micromachining
strategy. Figure 1c shows the comparison of the laser processing and subsequent etch-
ing process with and without the sacrificial layer. Generally, the femtosecond laser irra-
diation can induce the phase change of sapphire from crystalline phase to amorphous/
polycrystalline phase, and the laser modified region can be rapidly etched away by HF
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solution with the etching selectivity over 104 [7]. In a typical laser processing experi-
ment, the laser fluence can be tuned slightly larger than the phase change threshold
of sapphire. The presence of sacrificial layer (here we use SiO,) with a suitable thick-
ness generate a new air/SiO, two-phase interface instead of the air/sapphire interface,
which effectively avoids the surface damage at the sapphire. Thus, the undamaged region
appears in the SiO, sacrificial layer, which can be removed during HF etching. In this
way, the desired microstructures with high aspect ratio and good surface quality can be
readily prepared (Fig. 1c).

To clarify the fundamental of the formation of undamaged regions in sapphire, we fab-
ricated a series of single-line grooves by varying the depth of the laser focus, and sys-
tematically investigated the dependence of the depth and width of the grooves on the
relative position of the laser focus to the sapphire surface. Figure 2a shows the scheme
of the laser focus depth and the profile SEM image of the resultant micro-grooves fab-
ricated. Notably, when the laser is focused outside the sapphire, surface damage can be
induced providing the laser intensity at the solid-air interface reach the damage thresh-
old of sapphire. In this condition, the as-formed grooves are relatively shallow. When the
laser focus is tuned downward gradually, both the depth and the width of the grooves
are increased. Nevertheless, when the laser is focused underneath the sapphire surface,
further increase of the laser focus depth would not increase the size of the grooves, since
the as-formed surface damages prevent the deep scribing of sapphire. In this condition,
the laser fluence of the focus edge reached the damage threshold of sapphire at the solid-
air interface, and the center of laser focus reach the damage threshold of bulky sapphire,
while the intensity under the surface damage and far from the focus center is below the
damage threshold. As a result, an undamaged region appears underneath the grooves.
When the laser focus was assigned deep inside the sapphire, only inside damage was
formed, and the surface keeps smooth. The profile SEM image of these grooves (after HF
etching) confirms evolution of the profile structures. Figure 2b shows the dependence of
the profile morphologies of the grooves on relative depth of laser focus. The depth and
width of the grooves first increased with laser focus depth following the same tendency.
When they reach a maximum value, the depth and width decreased due to the formation
of undamaged region underneath the grooves. In this case, deep scribing of sapphire will
be suppressed in the presence of undamaged region.

To realize deep scribing of sapphire, we have to avoid the formation of uncontrolla-
ble surface damages and the undamaged region underneath. In this work, we proposed
a sacrificial layer-assisted laser micromachining strategy. A SiO, film with a suitable
thickness was employed as a sacrificial layer on the surface of sapphire. By this way, the
undamaged region would appear in the sacrificial layer, and can be removed during the
etching process, forming deep and connected microstructures with high aspect ratio.
To make sure that the undamaged region appears in the sacrificial layer, the thickness of
SiO, film should be larger than the depth of undamaged region. In this regard, we inves-
tigated the dependence of the depth of undamaged region and the laser fluence. Experi-
mentally, the thickness of undamaged region increased from approximately 0.7 to 1.6 um
with laser fluence increasing from 105 to 180J/cm? (Fig. 2c). Therefore, the thickness of
SiO, film that deposited on the surface of sapphire should be larger than 2 um. In theory,
we also investigated their relationship. The simulated light intensity distribution (the
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Fig. 2 aThe schematic illustration and profile SEM image of micro-lines fabricated by varying the laser
focus at different relative positions (without the sacrificial layer, after HF etching). b The relationship of the
depth/width of the resultant micro-lines and the relative position of laser focus to the sapphire surface. ¢ The
dependence of the depth of undamaged regions on the laser fluence. The insets are intensity distribution

of laser focus with low (left) and high (right) fluence. d The schematic illustration and profile SEM image of
micro-lines fabricated by varying the laser focus at different relative positions in the presence of a sacrificial

layer (after HF etching).

insets of Fig. 2c) shows the amplified intensity distribution length, which is agree with
the experimental results. Figure 2d shows the comparable scheme and the profile SEM
image of the microgrooves. In the presence of a sacrificial layer, the sapphire-air inter-
face changes to SiO,-air interface. As a result, sapphire grooves with high aspect ratios
can be readily fabricated. Introducing a cover glass with a thickness of 150 um has been
used in inscribing waveguide near the surface. However, this method requires a higher
flatness to the substrate to form Vander Waals attractive forces between the atoms of
the surfaces [20, 21]. In our work, the sacrificial layer of SiO, was fabricated by electron
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beam evaporation. The deposited SiO, film can eliminate the residual air in the interface
which is easy to form when the substrate is not a strict flat surface.

By introducing SiO, as a sacrificial layer, the undamaged region would appear in
the SiO, layer, which could be removed by HF etching. Thus, various micro/nano-
structures of high aspect ratio could be fabricated on sapphire surface through an
inside-out deep scribing manner. Figure 3 shows the SEM images of several typical
microstructures fabricated on sapphire surface. Both the surface patterns and the sec-
tion profiles of these microstructures can be designed and fabricated by programming
the laser scanning path. For example, a wave lines array with a line width of 800 nm
has been fabricated on ultra-hard sapphire surface using this method (Fig. 3a). Magni-
fied SEM image shows that the surface of the wave-line structure is quite smooth, no

Fig. 3 SEM images of various microstructures fabricated by introducing the sacrificial layer. a Wave lines
arrays, b Magnified region of the wave lines, ¢ Square and split rings arrays, d Square coil, e Interdigital

structure. f Profile SEM image of microstructures with different depth
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crack and damage can be detected around it (Fig. 3b), indicating the high precision.
Besides, a split ring array with an average resolution of 1pum and a period of 8 um
has been fabricated on sapphire (Fig. 3c). Actually, taking advantage of the design-
able processing capability, any desired patterns can be readily produced on sapphire.
Figure 3d and e demonstrate a continuous square coil structure and an interdigital
structure, respectively. Through an inside-out writing manner, the depth of micro-
structures can be flexibly tuned by controlling the laser scanning depth. Figure 3f
shows the profile of the microstructures of different depth, in which the aspect ratio
as high as 80:1 has been achieved. In fact, this value can be further increased with
increasing the laser scanning depth. The results indicated that this method enables
fabricating high-quality microstructures with high aspect ratio on sapphire, holding
great promise for biomimetic fabrication.

Inspired by the cornea of moth eye that has excellent antireflection properties, we
demonstrated the fabrication of sub-wavelength antireflection structures on sapphire
for optical window applications. Sapphire can act as the optical window materials in the
mid-IR region owing to its high thermal, mechanical and chemical stability, and high
transmittance in the IR spectral region [22, 23]. In addition to the intrinsic high trans-
mission of the window materials, antireflection sub-wavelength structures can offer a
gradient refractive index profile between two sides of the interface, which can signifi-
cantly enhance the transmission [24—-29]. To date, to realize structure induced trans-
mission enhancement, various advanced technologies, for instance, electron-beam
etching, laser interference, and mask lithography have been employed to fabricate sub-
wavelength antireflection structures [30—35]. However, these methods are not suitable
for such biomimetic fabrication on sapphire, because the high mechanical strength and
chemical stability make it challenging to fabricate of sub-wavelength microstructures.
Various femtosecond laser-based methods have been proposed to fabricate sapphire
microstructures [36—38]. However, these methods cannot meet the requirements of
infrared window structure for high resolution and high surface quality. In this work, we
successfully fabricated antireflection sub-wavelength structures on sapphire using the
sacrificial layer assisted inside-out deep laser scribing technology.

Figure 4a-c shows the morphology of the cornea of moth eye. On the surface of the
compound eyes, there are hundreds of ommatidia closely packed on a curved surface.
On each ommatidium, micropillar arrays distributed periodically on the surface. The
ommatidia function as cameras, and the micropillar arrays are helpful for transmission
enhancement. Inspired from this interesting structure, we designed antireflection sub-
wavelength structures, pyramidal structure array with an average period of 2pum. The
parameters of the antireflection sub-wavelength structure were determined by the fol-
lowing formula according to the effective medium theories (EMT’s) [39] (the schematic
of the designed structures can be seen in Supplement 1, Fig. S1):

1

2 - My + n15in6,.ux (4)

IS

where p is the period of antireflection sub-wavelength structures, n, =1.77 is the
refractive index of sapphire, n; =1 is the refractive index of air, 6,,,, =90° is the maxi-
mum value of incident angle. Accordingly, the period of antireflection sub-wavelength
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Fig. 4 a Photograph of the compound eye (moth). b LSCM image and (c) SEM image of the moth eye. The

inset of (c) is the high-resolution SEM image of the surface microstructures on the moth eye. d Schematic

illustration of the fabrication procedure of an antireflection sapphire surface with sub-wavelength

microstructures. e-g SEM images of the sub-wavelength structures on sapphire. h 3D morphology and (i)

cross-section profile of the biomimetic sapphire surface with sub-wavelength microstructures

structures should be less than 2.26 um for a typical IR wavelength (\) of 4 um (popular in
IR cameras).

The planar periodicity of the sub-wavelength antireflection structure determines the
operating wavelength, while the height and shape of the pattern determine the antire-
flection performance. The optimal height of the structure (/) for a minimal reflectivity
is: [39]

B = —
min — 4M (5)
where ) is the typical IR wavelength of 4um, and #; and #, are the refractive indices
of sapphire and air, respectively. Thus, the height of the antireflection sub-wavelength
structures should be larger than 0.75 pm. The size and height of micro/nanostructures
is critical to the optical performance [40, 41]. To satisfy the requirement of the period
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and the height, we employed a sacrificial layer for the inside-out laser deep scribing of
sapphire. Since both the sacrificial layer and the laser modified region can be removed
with the help of HF etching, the antireflection sub-wavelength structures have been suc-
cessfully fabricated through our method (Fig. 4d). SEM images of the moth eye inspired
antireflection sapphire window show the uniform distribution of a close-pack sub-
wavelength structures over a large area (Fig. 4e-h). Magnified SEM image (Fig. 4g) con-
firms the good surface smoothness. Cross-section profile indicates that the height of the
antireflection structure is approximately 1 um (Fig. 4i). It is worthy pointing out that it
is quite challenging to fabricate such a biomimetic antireflection structure on sapphire
surface through a general femtosecond laser modification and etching method, the pres-
ence of a sacrificial layer plays the key role to achieve high-quality antireflection struc-
tures. As a control experiment, we also fabricated the same structure on sapphire under
the same condition without the use of the sacrificial layer, the rough surface confirm the
importance of the sacrificial layer (Fig. S2).
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Fig. 5 a Experimentally measured and b theoretically simulated transmittance of sapphire with a smooth
surface, antireflection (AR) structures on one side and AR structures on both sides. ¢ Transmittance of

the biomimetic sapphire surface with AR structures on both sides related to the incident angle. d The
relationship of transmittance of the AR structures and the incident angle, the wavelength is fixed at 4 um. e
The schematic illustration for the measurement and simulation of the transmittance with different incident
angles. f Theoretically simulated transmittance and reflectance of the AR structures on both sides related to

the incident angle, the wavelength is fixed at 4 pm
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The optical performance of the antireflection structures was investigated using Fou-
rier transform infrared spectrometry. As compared with the pristine sapphire, the
transmittance of the sapphire with antireflection structures increased significantly in
the mid-infrared range from 2.5 to 6 pum (Fig. 5a). The sapphire glass with antireflec-
tion structures on both sides shows a transmittance of ~ 98% at 4 pm, and the one with
antireflection structures on one side shows a transmittance of ~92%. Both of them are
much higher than that of the plane one (86%). The theoretical simulations by Virtu-
alLab Fusion software shows the similar value of the transmittance in the three cases
(Fig. 5b), in good agreement with our experimental results. Additionally, the trans-
mission dependence on the incidence angle was also investigated both experimen-
tally and theoretically (Fig. 5¢-f). With increasing of the incidence angle from 0 to 50°,
the transmission of sapphire with antireflection structures on both sides decreased
slightly, but still above 95% at 4 um. Further increase of incidence angle to 70° would
cause the obvious decrease of transmission to 89% at pm (Fig. 5¢, d). The theoretical
calculations for the sapphire sample with two side antireflection structures shows an
angle-independent transmission and reflection up to 70° for the non-polarized light at

4 um (Fig. 5f), which shows a similar tendency with the experimental results.

Conclusion In summary, we proposed an inside-out femtosecond laser deep scrib-
ing technology for fabricating biomimetic microstructures with high-aspect-ratio on
sapphire. By introducing a sacrificial layer of SiO, on sapphire surface, uncontrollable
surface damages and the undamaged region underneath can be effectively avoided. As
a result, high-quality microstructures with a maximum aspect ratio of 80:1 have been
readily produced on sapphire surface. In addition, to demonstrate the full potential of
this technology in biomimetic microfabrication, a uniform pyramidal structures array
inspired from the cornea of moth eye have been fabricated on sapphire. A broadband
angle independent transmittance for incidence angles up to 70° and a high transmittance
of ~98% at 4um have been achieved. The biomimetic sapphire processing technology
may hold great promise for producing micro-optical devices that can work under harsh

conditions.
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