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A mask-free micro/nano fabrication method is proposed for constructing arbitrary gradient height
structures on silicon, combining gray-scale femtosecond laser direct writing (GS-FsSLDW) with subse-
quent dry etching. Arbitrary two-dimensional patterns with a gradient concentration of oxygen atoms
can be fabricated on the surface of undoped silicon wafer by FSLDW in air. After dry etching, various
three-dimensional (3D) gradient height silicon structures are fabricated by controlling the laser power,
scanning step, etching time, and etching power. As an example, a well-defined 3D Fresnel zone plate
was fabricated on silicon wafer, which shows excellent focusing and imaging properties. The combi-
nation of high precision from dry etching and 3D fabrication ability on non-planar substrates of
FsLDW, may broaden its applications in microelectronics, micro-optics, and microelectromechanical
systems. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4977562]

Silicon micro/nano structures have attracted attention
in recent years due to their wide application in electronics,’
photoelectronic devices, > biosensors,* and micro/nano-
electromechanical systems (M/NEMS).” A widely used method
for fabricating silicon structures is photolithography combined
with etching, and this is convenient for constructing planar
structures. Although three-dimensional (3D) structures can be
fabricated by multiple photolithography and etching steps, the
morphology profile of the structures is limited to step struc-
tures. Therefore, various 3D fabrication methods have been
developed to fabricate the arbitrary gradient height structures
or 3D structures on various materials.®”'' Among these fabrica-
tion strategies, due to its compatibility with the integrated
circuit (IC) process and the controllable profiles that can be
obtained with a proper mask, gray-scale photolithography has
been demonstrated as an effective method for constructing the
gradient height silicon structures via one step photolithography
followed by dry etching.''™"” Microfluidic structures,'® refrac-
tive microlenses'* and micro-compressors'® which have been
realized by gray-scale photolithography technology, are widely
used in lab on a chip systems, micro-optics, and MEMS,
respectively. However, shortcomings also exist when fabricat-
ing complex structures by the gray-scale photolithography
technology, e.g., the fabrication of gray-scale masks always
require multiple complex procedures.'® These masks are
expensive, and structures can only be fabricated on planar sub-
strates. Therefore, there is an urgent need for novel flexible
mask-free micro/nano 3D fabrication methods to construct
arbitrary gradient height structures on silicon.

As a mask-free micro/nano fabrication technology, fem-
tosecond laser direct writing (FSLDW) has been widely used
to fabricate 3D structures for various materials.'* 2> However,
most of the explorations on micromachining of semiconduc-
tors or metals using femtosecond laser are focused on their
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surfaces.”®?” This is because not only are these materials
opaque to the 800 nm femtosecond laser light, but it is also
time-consuming to directly construct 3D structures on the sub-
strates by such a point by point fabrication method. Here,
a mask-free micro/nano fabrication method is proposed for
constructing arbitrary gradient height structures on silicon.
This method combines gray-scale FsSLDW with subsequent
dry etching. The gray-scale FSLDW technology has been pro-
posed as a mean of fabricating continuous-tone gray-scale
photomasks,”® where the gray-scale information can be flexi-
bly recorded in materials (depending on the laser power).
Based on this technology, arbitrary two-dimensional (2D) pat-
terns with a gradient concentration of oxygen atoms were fab-
ricated on the surface of undoped silicon wafer by gray-scale
FsLDW in air. Then, the patterned silicon wafer was etched
using a SFg plasma in an inductively coupled plasma (ICP)
system for fabricating arbitrary gradient height 3D silicon
structures without any additional photolithography process.
As the etching rates for regions with different concentrations
of oxygen atoms are different, arbitrary programmable 3D
structures on silicon can be flexibly fabricated by dry-etching
assisted gray-scale FsSLDW.

The dry etching assisted gray-scale FSLDW technology
contained two steps for fabricating gradient height structures
on silicon, as shown by the schematic diagram in Fig. 1. First,
arbitrary programmable 2D patterns can be flexibly fabricated
on the surface of undoped silicon wafer by FSLDW. Here, the
silicon atoms can be oxidized in the laser irradiated region
during the process of laser patterning. Furthermore, the mean
concentration of oxygen atoms can be adjusted by controlling
the energy density of the laser power. Thus, 2D structures
with gray-scale gradient concentrations of oxygen atoms can
be formed on silicon wafer. Then, the patterned silicon wafer
can be etched by a SFg plasma in an ICP system. The etching
rates would be different between the unmodified and laser
treated regions. In addition, the etching rates would vary with
different concentrations of oxygen atoms. As the etching rate

Published by AIP Publishing.
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FIG. 1. Schematic diagram of the dry etching assisted gray-scale femtosec-
ond laser direct writing process. First, 2D patterns can be flexibly fabricated
on the surface of the undoped silicon wafer by FSLDW. Then, 3D gradient
height structures can be fabricated after dry etching.

of silicon dioxide (100 nm/min) is slower than that of silicon
(1000nm/min) when etched by fluorine-based gas,”* the
height of the laser patterned areas would be higher than
the unmodified regions. Therefore, gradient height structures
could be fabricated by controlling the concentration of
oxygen atoms affected by the mean laser power density in
the patterns. Although the chemical wet etching has been
used for transferring 2D patterns,31 the distortion of designed
structures would be caused by serious lateral etching and
crystal-orientation-based etching. What is more, gray-scale
3D structures are difficult to be realized by wet etching. Gray-
scale 2D patterns can be transferred to 3D structures through
ICP etching, by which the etching rate of the lateral and longi-
tudinal etching can be controlled via an appropriate radio fre-
quency (RF) power of the bottom electrode.

As shown in Fig. 2(a), a series of square patterns were
fabricated by FSLDW with different scanning steps. The
power of the laser pulse was 120mW. The mean energy
density of laser power printed on the surface of silicon
wafer is related to the scanning steps. With an increase in
the scanning steps from 50 nm to 1 um, the extent of inter-
action between laser pulses and silicon wafer decreased.
To understand the influence of the laser pulse on silicon,
energy dispersive spectroscopy (EDS) was adopted to
analyze the contained elements of laser patterned regions
(as shown in Fig. S1 of supplementary material). It indi-
cates that parts of silicon atoms can be oxidized in laser
irradiated regions, as the oxygen element map shows in
Fig. 2(b). It has been demonstrated that silicon can be oxi-
dized with the crystal structure transforming from crystal-
line to amorphous in the modified regions after laser
irradiation.?* The presence of dangling bonds and the local
heating effect related to the instantaneous accumulation of
laser energy and high absorption may contribute to the
oxygen incorporation.”® With an increase in the scanning
steps, the mean energy density of laser power that was
printed on the surface of the silicon wafer decreased, as
shown in Fig. 2(c).

Then, the patterned silicon wafer was etched by SFg plasma
for 10 min. As the etching rate of silicon dioxide is slower than
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FIG. 2. (a) SEM images of square patterns fabricated by FSLDW with scan-
ning steps of 50, 100, 200, 300, 400, 500, 600, 800, and 1000 nm. (b) Oxygen
map obtained by EDS corresponding to square patterns in (a). (c) The rela-
tionship of concentration of oxygen atoms in laser modified regions with scan-
ning steps. (d) SEM images of square steps after etching for 10 min. (e) and
(f) are photos according to height information and cross-section profiles
obtained using CLSM.

that of silicon when etched by fluorine-based gas, the height of
laser patterned areas would be higher than that of the unmodi-
fied regions, which is exhibited in Fig. 2(d). The height of the
structures after etching increased with an increase in the concen-
tration of oxygen atoms. Thus, this also indicates that the height
of structures after etching can increase with a decrease in the
scanning step. To further prove this phenomenon, the height of
the silicon structures was also measured by confocal laser scan-
ning microscopy (CLSM). Photos according to height informa-
tion and cross-section profiles obtained using CLSM are shown
in Figs. 2(e) and 2(f), respectively. According to Fig. 2(f), dis-
tinct height steps can be formed by this dry etching assisted
gray-scale FSLDW technology. Surface smoothness is crucial
for microstructures to be applied in optical devices. Therefore,
surface roughness defined by the root-mean-square (RMS) of a
polished silicon wafer, a laser structured silicon surface, a pol-
ished silicon wafer after etching for 10 min, and a laser struc-
tured silicon surface after etching for 10 min were measured by
atomic force microscopy (AFM), as shown in Fig. S2 (supple-
mentary material). The surface roughness values are 0.1, 103,
0.3, and 22.3 nm, respectively. Notably, compared with the laser
structured wafer, the surface roughness of laser structured sili-
con after etching decreases to 20 nm. It might, therefore, be con-
cluded that surface smoothness of laser structured wafer can be
improved using a dry etching process.

From the above, it can be concluded that the concentration
of oxygen atoms is related to the mean energy density of laser
power printed on the surface of silicon wafer. Therefore, the
height of structures after etching can be adjusted by controlling
the mean energy density of laser power printed on the surface
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of silicon wafer. Here, two ways can be adopted to change the
mean energy density of laser power printed on the surface of
silicon wafer: the power of the laser pulse and scanning steps.
To investigate the dependence of the heights of the silicon
structures formed after etching on the laser power, a series of
square patterns were fabricated on silicon wafer by FSLDW
with a laser power ranging from 50 to 250 mW and scanning
step of 200 nm. Then, the above sample was etched for 10 min
by SFg in the ICP. As shown in Fig. 3(a), the height of the
structures increases approximately linearly with an increase in
laser power. It is well known that the accumulated amounts of
laser pulses would be affected by the scanning steps during
the laser process. Therefore, the mean energy density of laser
power printed on the surface of silicon wafer can be adjusted
by adjusting the scanning steps. Fig. 3(b) exhibits the evolution
of the height of silicon structures as a function of scanning
steps. With a laser power of 120mW, the range of scanning
step was controlled from 50 nm to 1 um, and the etching time
was 10min. The results demonstrate that the height of the
structures decreased approximately as the inverse square of the
scanning step. This is because the mean energy density of laser
power printed on the surface of silicon wafer decreases as the
inverse square of the scanning step.

Except for the laser power and scanning step, the height
of the structures is also affected by the etching process.
Fig. 3(c) shows the relationship between the height of the
silicon structures and etching time. The laser power was
120mW, and the scanning step was 200 nm. The height of
the silicon structures increased to a maximum value after the
initial several minutes of etching, demonstrating that the
etching rate of the laser modified region is lower than that
of the untreated silicon during the initial etching procedure.
As the oxide layer is completely etched, the height of the sil-
icon structures gradually stabilized to a value with a further
increase in etching time. Another important factor that influ-
ences the height of these structures is the bottom electrode
RF power of the ICP system. For ICP etching, both chemical
reactive etching and physical bombardment etching exist
during the etching process. The physical bombardment
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FIG. 3. The relationship of the height of structures after etching with laser

power (a), scanning steps (b), etching time (c), and the bottom electrode

radio-frequency (RF) power (d).
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etching rate can be enhanced by increasing the bias of the
bottom electrode. As shown in Fig. 3(d), the height of the sil-
icon structures decreased with an increase in the bias of the
bottom electrode. The results indicate that the difference in
etching rate between the modified and untreated regions can
be reduced by increasing the bias of the bottom electrode.

As the concentration of oxygen atoms can be adjusted
by the laser power and scanning steps, arbitrary programmable
2D patterns can be flexibly fabricated on the surface of
undoped silicon wafer by this gray-scale FSLDW approach.
After etching, the gradient height of 3D structures would be
fabricated according to the 2D patterns. As the SEM image
shows in Fig. 4(a), three-level steps are realized by controlling
the scanning step. In addition, more complex structures, such
as the word “LASER” on a rectangular step, can be fabricated
by pre-designing the 2D pattern, as shown in Fig. 4(b). Not
only step-like structures, but also continuous variable height
structures can be formed by this dry etching assisted gray-
scale FSLDW technology. For example, a rectangular pyramid
and focal varying concave microlens array were fabricated on
the surface of silicon, as shown in Figs. 4(c) and 4(d). It is
demonstrated that arbitrary gradient 3D silicon structures can
be fabricated by dry etching assisted gray-scale FSLDW tech-
nology. The height information photos and cross-section pro-
files are shown in Figs. S3 and S4 (supplementary material).

To verify the technical feasibility of fabricating arbitrary
gradient 3D silicon structures on silicon wafer with step-like
structures and continuous variable height structures on the
same sample, a Fresnel zone plate (FZP) was designed and
fabricated. Fig. 5(a) shows the SEM image of a 2D FZP pat-
tern on the surface of silicon fabricated by gray-scale FsSLDW
without etching. Then, the pattern was transferred to silicon by
etching for 6 min. The SEM image is shown in Fig. 5(b). The
3D morphology and cross-section profile were investigated
and characterized by CLSM, as shown in Figs. 5(c) and 5(d).
The height of the fabricated FZP is about 3.2 um (Fig. 5(d)).
The fabricated silicon FZP exhibited not only an excellent
surface quality but also well-defined geometry. The reflected
imaging system was adopted for characterizing the focusing

FIG. 4. SEM images of three-level steps (a), the word “LASER” on a rectan-
gular step (b), rectangular pyramid (c) and focal varying concave microlens
array (d) are fabricated on the surface of silicon.
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FIG. 5. SEM images of FZP fabricated before (a) and after (b) etching for
6 min. (c) and (d) are the 3D morphology and cross-section profile character-
ized by CLSM, respectively. (e) and (f) are photo images of the focal spot
and imaging of letter “F” obtained by silicon FZP.

and imaging performance of the silicon FZP. The size of the
focal spot was measured to be approximately 8 um, as shown
in Fig. 5(e). Moreover, the image of the letter “F” can be
clearly observed using a charge coupled device camera, as
shown in Fig. 5(f). From the above, a well-defined 3D FZP
can be fabricated by dry etching assisted gray-scale FSLDW,
which shows excellent focusing and imaging properties.

In conclusion, a mask-free micro/nano fabrication
method, termed dry etching assisted gray-scale femtosecond
laser direct writing (GS-FsLDW), is proposed for construct-
ing arbitrary gradient height structures on silicon. The height
of the silicon structures can be flexibly adjusted by control-
ling the laser power, scanning step, etching time, and the bot-
tom electrode RF power. Various complex 3D structures can
be realized on the surface of silicon wafer. The method is
expected to be able to solve the complexity of traditional
lithography and common difficulties of FsSLDW when fabri-
cating gradient 3D structures on silicon wafer. Although
only silicon structures are fabricated in this work, we believe
that various materials could be used to fabricate flexible
structures by inducing differences in etching rates by
FsLDW. The combination of high precision of dry etching
and 3D fabrication ability on non-planar substrates by
FsLDW,** may broaden its application in microelectronics,
micro-optics, and MEMS.

See supplementary material for the following informa-
tion: Energy dispersive spectroscopy (EDS) is adopted to
analyze the contained elements of laser patterned regions.
RMS of a polished silicon wafer, a laser structured silicon
surface, a polished silicon wafer after etching for 10min,
and a laser structured silicon surface after etching for 10 min

Appl. Phys. Lett. 110, 091602 (2017)

are measured by AFM. The height information photos and
the cross-section profiles are obtained by LSCM.
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