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We demonstrate a method of fabricating through micro-holes and micro-hole arrays in silicon using femtosecond

laser irradiation and selective chemical etching. The micro-hole formation mechanism is identified as the chemical

reaction of the femtosecond laser-induced structure change zone and hydrofluoric acid solution. The morphologies

of the through micro-holes and micro-hole arrays are characterized by using scanning electronic microscopy. The
effects of the pulse number on the depth and diameter of the holes are investigated. Honeycomb arrays of through
micro-holes fabricated at different laser powers and pulse numbers are demonstrated.

PACS: 79.20.Eb, 79.20.Ws, 82.30.—b DOI

Silicon plays an important role in micro-electro-
mechanical systems and microelectronic devices, and
dominates the optoelectronics industry. Among vari-
ous silicon processing techniques, through silicon via
technology has attracted wide attention owing to its
application in the packaging of semiconductor devices
and the fabrication of through micro-hole arrays.!' !
The most important application of through micro-
hole arrays is silicon microchannel plates, which have
provided the basic structures of photomultipliers for
weak signal amplification.l’~°! Compared with tradi-
tional glass microchannel plates, silicon microchannel
plates have drawn much attention due to their strong
advantages, such as low noise, high-temperature-
compatible processing, long-term stability, and poten-
tially much more space for gain improvement.!”! Sili-
con microchannel plates are also an important candi-
date for anodes of three-dimensional batteries.[*]

A combined system including lithography and
reactive-ion etching!'’! is generally used to pattern
silicon.['!] However, the low processing rate, neces-
sity for micro-masks in the etched field, and pro-
cessing complexity are the main drawbacks of these
methods. Femtosecond laser direct writing has been
employed as a powerful method of micromachining
various materials.['? % Compared with conventional
methods, it has many notable advantages for laser mi-
cromachining such as noncontact processing, fast re-
moval rates, and freedom from etch masks.!'”] Many
studies have been carried out on femtosecond laser
drilling micro-holes in silicon.l'®'?] However, debris
is generated during the laser ablation process, which
blocks energy delivery to deeper regions of the sili-
con and makes it difficult to increase the hole depth.

: 10.1088/0256-307X/32/10/107901

We recently found that a femtosecond laser could pro-
duce buried microchannels in silicon. It was also
found that oxygen can be incorporated into silicon
when it is irradiated by a femtosecond laser in air.[”"]
The femtosecond-laser-induced oxygen doping zones
extend from the silicon surface into the interior and
could be very deep and of high aspect ratio. After
removing silicon oxide in the laser-induced structure
change (LISC) zones, we may fabricate high-aspect-
ratio structures.

In this work, we demonstrate a method of fabricat-
ing through micro-holes and micro-hole arrays in sil-
icon by combining femtosecond laser irradiation and
selective chemical etching. An 800-nm femtosecond
laser is employed to induce LISC in silicon. Then,
selective chemical etching with a hydrofluoric (HF)
acid solution is used to remove the materials in the
LISC zones to form micro-holes. Scanning electronic
microscopy (SEM) is employed to characterize the
morphologies of the micro-holes and micro-hole ar-
rays. The elements’ characterization is carried out
with an energy dispersive x-ray spectroscopy (EDS,
TEAMTM Serials). The micro-hole formation mecha-
nism is identified as the chemical reaction of the silicon
oxide in LISC zones and HF acid solution. Further-
more, honeycomb arrays of micro-holes fabricated at
different laser powers and pulse numbers are demon-
strated.

The experimental setup consists of a femtosecond
laser source, an attenuator, a neutral density filter,
a mechanical shutter, an xyz movable stage, a com-
puter, and a charge-couple device (CCD) camera. In
the experiment, the laser source was an amplified
Ti:sapphire femtosecond laser system (Libra-USP-HE,
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Coherent Co., USA), which delivered a 1-kHz pulse
train with a pulse duration of 50 fs and central wave-
length of 800nm. The attenuator provided a conve-
nient way to adjust the laser power, and the mechan-
ical shutter was employed to control the laser beam
access. Samples were mounted on a movable stage
with high precision. The motion of the stage was con-
trolled by a computer program. The CCD camera was
connected to a computer for real-time observation of
the sample surface during fabrication.

A 1-cm? square silicon wafer 280 pm in thickness
was used in our experiments. Firstly, the sample was
cleaned in acetone and deionized water by an ultra-
sonic machine for 15 min each. Subsequently, the sam-
ple was mounted on the movable stage. The laser
beam was focused onto the sample by a 10x mi-
croscope objective lens (numerical aperture of 0.3,
Nikon). The focus was set on the silicon wafer sur-
face. The accumulated pulse numbers at each spot
were controlled by varying the opening time of the
mechanical shutter.

After femtosecond laser irradiation, the silicon
sample was cleaned in acetone and deionized water in
an ultrasonic bath for 15 min each. Subsequently, the
sample was selectively etched with a 20 wt% HF acid
solution for 30 min. SEM was employed to character-
ize the morphologies of the micro-holes and micro-hole
arrays. For observing cross-sectional morphologies of
micro-holes in silicon, we polished laser-treated sam-
ples with an abrasive paper in a direction orthogonal
to the surface from one edge of the surface. The sam-
ple was polished for a few tens of seconds and then ob-
served under a microscope to check the polished depth.
This process was repeated until the polished surface
reached the central axial position of micro-holes. Due
to the fact that silicon was opaque, it was difficult to
make the polished surface just reach the center axial
position of a hole. Sometimes the sample was polished
over the position. Hence, more than 10 LISC zones
were fabricated at the same laser irradiation condition
and arranged in honeycomb array with a separation
of 200 um. The polished sample was cleaned in ace-
tone and deionized water in an ultrasonic bath. After
cleaning, the sample was characterized with SEM and
then etched with HF acid.

Figure 1 illustrates the morphologies of the LISC
zone before and after chemical etching. The laser
power was set at 45 mW, and the pulse number was
set at 2000. In Fig. 1(a), we can see that the LISC was
formed in silicon along the femtosecond laser transmis-
sion direction in the irradiated zones. According to the
EDS analysis, oxygen was doped into the whole LISC
zone due to the interaction of femtosecond laser and
silicon. The concentration of oxygen decreased with
the increase of the LISC depth. The atomic percent-
age of oxygen was about 42% at the top and decreased

to zero at the end of LISC zone. The micro-hole was
not formed due to the existence of silicon oxide in
the laser-irradiated region.[*"! The oxide in LISC zone
was hardly removed by acetone and deionized water
in an ultrasonic bath, especially for the uncut LISC
zones. The silicon sample treated by the femtosec-
ond laser was subsequently etched with an HF acid
solution for 30 min. The result is shown in Fig. 1(b).
We can see that the oxide in the LISC was completely
removed, and a micro-hole was formed in the silicon.
The micro-hole had a diameter of about 18 ym and a
depth of about 200 pm. The aspect ratio (micro-hole
depth divided by hole diameter at the half-depth) was
calculated to be about 11. According to the irradi-
ation time and hole depth, the formation rate of the
LISC zone in depth was calculated to be 100 pm/s. Af-
ter considering the etching time of 30 min, the forma-
tion rate of holes in depth was estimated to be about
67 pm/min. The uncut LISC zones were also cross
sectioned by polishing and characterized after etching,
and materials in these LISC zones were also removed
completely. According to the above results, the silicon
oxides in LISC were hardly removed with water and
acetone but removed with HF acid. It is well known
that the reaction between HF acid and silica oxide is
a dissolution reaction. Hence, we believe that the re-
moving of materials in the LISC zone was due to the
reaction between silica oxide in LISC zones and HF
acid. Note that only the materials in the LISC zone
reacted with the HF acid solution, while the surround-
ing zones remained unchanged. This is due to the fact
that HF acid could react with silicon oxide while not
with silicon.

We further investigated the effects of the pulse
number on the depth and diameter of the holes. The
laser power was set at 45 mW, and the pulse number
was varied from 100 to 3000. Figure 2(a) shows the
evolution of the hole depth and diameter as a func-
tion of the pulse number. The depth increases as the
pulse number increases, which is attributed to greater
accumulation of laser energy in the laser-irradiated
region with increasing the pulse number. When the
pulse number was increased to 1600, a through micro-
hole was fabricated in the 280-pm-thick silicon sam-
ple. On the other hand, the hole diameter initially in-
creases slightly as the pulse number increases and then
remains almost unchanged as the number of pulses
reaches 1600. This is due to the fact that the effective
irradiated zones on the material in the plane perpen-
dicular to the light transmission direction depend on
the beam size. Figure 2(b) illustrates the dependence
of the aspect ratio of the holes on the pulse number,
and the insets show the morphologies of three of the
corresponding holes. The aspect ratio of the holes in-
creases with the pulse number. This is due to the
increase of the depth and the slight increase of the di-
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ameter of the silicon holes. The aspect ratios remain
unchanged as the number of pulses reaches 1600. The
results show that the maximum aspect ratio of the
holes is 15.5, at a depth of 280 um and diameter of
18.1 pm. For the maximum aspect ratio of 15.5, the
hole depth of 280 um reached the thickness of silicon.

Fig.1. Morphology of silicon micro-hole: (a) the LISC
zone, (b) after selective chemical etching.
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Fig. 2. (a) Depths and diameters and (b) aspect ratios of
holes versus femtosecond laser pulse number. Dashed line
corresponds to the silicon sample thickness. Insets show
morphologies of corresponding holes.

As shown in Fig. 2(a), the hole depths linearly in-
creased with pulse numbers when the pulse number
was increased over 200. When holes reached the bot-
tom of samples 280 um in thickness, the increase of
hole depths was unsaturated as pulse numbers in-
creased while the hole diameters remain almost un-

changed. Therefore, if a thicker silicon sample is used,
depths and aspect ratios of holes would increase fur-
ther with pulse numbers. The pulse depth and aspect
ratio could also be increased by increasing the laser
power. In addition, as shown in insets of Fig. 2(b), the
hole shows a conical shape at the pulses number of 100.
When the numbers of accumulated laser pulses were
over 1600, the hole diameters became almost uniform
at different depths. Therefore large pulse numbers
were needed to obtain the holes with uniform shape.

Fig. 3. SEM images of honeycomb arrays of micro-holes
fabricated by using femtosecond laser irradiation and se-
lective chemical etching. (a) Hole entrances for the sample
fabricated at laser power of 30 mW and pulse number of
4000; (b) hole entrances for the sample fabricated at laser
power of 45 mW and pulse number of 1600.

Furthermore, honeycomb arrays of micro-holes
were fabricated by using femtosecond laser irradiation
and selective chemical etching. After laser irradiation,
the silicon samples were etched with HF acid solu-
tion for 30 min to form through micro-holes. Figure
3 shows the SEM images of micro-hole arrays fabri-
cated at different laser powers and pulse numbers. The
distance between neighboring micro-holes was 30 pm.
Figure 3(a) shows the hole entrances of micro-hole ar-
rays after selective chemical etching for the sample
fabricated at a laser power of 30 mW and the pulse
number of 4000. Figure 3(b) shows the hole entrances
of micro-hole arrays after selective chemical etching
for the sample fabricated at a laser power of 45 mW
and the pulse number of 1600. The entrances of the
micro-holes were obviously almost circular. The diam-
eters of the entrances of the micro-holes were about 18
and 22 um for the samples treated at 30 and 45 mW,
respectively. The entrances of the holes produced un-
der a low laser power of 30 mW are clean. When the
applied laser power was increased to 45 mW, the en-
trances of the holes show an obvious thermally affected
zone. The formation of the thermally affected zone
was due to the mixture of molten and vaporized sili-
con driven up by laser that was partially redeposited
on the top surface and around the periphery of the
LISC zone. The thermal damage layer usually exists
on the surface of the laser ablation region and was
very thin (with thickness of a few micrometers).l”!]
Uniform through hole arrays could be attained by pol-
ishing the thermally effected layer on the sample sur-
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face. In addition, the surfaces of micro-holes were not
smooth. The roughness of holes may be decreased by
the isotropic etching using a mixed acid solution of
hydrofluoric acid, nitric acid, and acetic acid. By us-
ing this mixed acid solution, microlenses with smooth
surfaces have been attained on the silicon surface.[*?

In conclusion, we have demonstrated a method of
fabricating through micro-holes and micro-hole arrays
in silicon using femtosecond laser irradiation and se-
lective chemical etching. First, LISC is induced in
silicon by femtosecond laser irradiation. Second, HF
acid solution is employed to remove silicon oxide in the
LISC zones to form micro-holes. The morphology of
the micro-holes and micro-hole arrays is characterized
by using SEM. The dependences of the hole depth
and diameter on the pulse number are investigated.
Honeycomb arrays of micro-holes fabricated at differ-
ent laser powers and pulse numbers are demonstrated.
This method has potential applications in the fabrica-
tion of silicon microchannel plates and other Si-based
advanced devices.

The SEM work was performed at the International
Center for Dielectric Research (ICDR), Xi’an Jiaotong
University, Xi’an, China. The authors also sincerely
thank Ms. Dai for her help in the use of SEM.
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