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In order to improve the morphology of microchannels fabricated by femtosecond laser ablation, the thermal
process was introduced into the post-treatment processing. It was found that the thermal process cannot only
decrease the roughness but also the width and depth of the microchannel. The change rates of width, depth, and
roughness of the microchannel increase with processing temperature. When we prolong the time of constant
temperature, the change rate of the width decreases at the beginning, and then it tends to be stable. However,
the change rates of depth and roughness increase, and then they tend to be stable. In this Letter, we discuss the
reasons of the above phenomena.
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With the progress of science and technology and the im-
provement of the quality of life, people pay more attention
to the pursuit of health. A microfluidic chip is an impor-
tant device of health detection through the concept of
lab-on-a-chip, which is revolutionizing fields such as biol-
ogy and chemistry[1,2]. The microfluidic channel is the basic
structure of the chip. Fused silica glass provides the nec-
essary guarantee of high sensitivity and high reliability
of microfluidic chips, but what is more important is that
it has high transmittance in the visible and ultraviolet
bands, which is convenient for optical detection. There-
fore, fused silica glass is the most ideal choice of building
many chip lab systems[3].
Although mature semiconductor technology can com-

bine lithography and etching technology and machine
various microchannels with various sizes and complex
morphology based on glass and silicon materials[4–7], it
can only produce a two-dimensional structure and is dif-
ficult to fabricate three-dimensional channels directly.
However, the femtosecond laser with ultrashort pulses
and extremely high peak power provides a new method
to machine silica glass. It can avoid the generation of
residual stress and heat affected zone. What is more im-
portant is that the three-dimensional microstructures
can be fabricated by femtosecond laser ablation or
laser-assisted chemical etching directly, such as fiber
sensors[8,9].
People pay more attention to the production of micro-

channels with a high depth to diameter ratio, where
techniques, such as the time domain shaping of a double
pulse and control of the polarization state[10,11], are applied.
However, the roughness of the microchannel has great
influence on the fluid wettability, and the study of the
control of surface roughness is not enough. Yahng et al.

investigated the effect of substrate temperature on femto-
second laser micro-processing of silicon, stainless steel, and
glass. They found that with the increase of substrate tem-
perature, the roughness and the ablation efficiency de-
creased[12]. Braun et al. researched the influence of the
substrate and surrounding air temperatures on the laser
ablation rates of 248 nm excimer laser irradiation of
Pyralin polyimide. They have interpreted the decline in
the ablation rate with the increasing of temperature by
invoking a phonon excitation due to high substrate tem-
perature[13]. Several research groups investigated the effect
of the substrate and surrounding temperature on laser
ablation, however, their experiment temperature was be-
low 800°C, and there was less understanding of the effect
of the high-temperature thermal process on the micro-
structure surface of ultrafast laser ablation.

This Letter explores the improvement of high-
temperature thermal post-treatment on the morphology
of microchannels. The effects of laser power, temperature,
and the incubation time on the morphology of microchan-
nels processed by femtosecond laser ablation were inves-
tigated, respectively. Also, through the confocal laser
scanning microscope (LCM) and scanning electron micro-
scope (SEM) images, we discussed the underlying mecha-
nism about the effect of temperature on the ablation
results.

Figure 1 shows the diagram of the experimental setup.
The laser beam (Spectra Physics, Inc., has a central wave-
length of 800 nm, repetition rate of 1 kHz, and a pulse
width of 120 fs) passes through a shutter and an attenu-
ator, then was focused on the surface of fused silica glass
(commercial glass) by a 10 times objective (NA ¼ 0.25).
The fused silica glass was cut into 10 mm × 10 mm×
1 mm pieces, and two sides were polished. The sample
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is placed on a computer-controlled three-dimensional mo-
tion platform, as is shown in Fig. 1. The motion speed in
the y direction is 100 μm/s. The laser power is adjusted by
a neutral density attenuator (ND). After processing is
completed, the sample is treated with an ultrasonic bath
for 15 min in distilled water. Then, the samples are heated
by the KSY-6D-16 furnace. Finally, Carle Zeiss’s LCM is
employed to measure the morphology of microchannels.
Laser pulse power is one of the key factors affecting the

morphology of the microchannel. The power used in our
experiments is adjusted by an attenuator and ranges from
5 to 15 mW with the gradient of 2 mW. Figure 2(a) is the
morphology of the microchannel, which is fabricated with
11 mW laser power, and Fig. 2(b) is the cross-section pro-
file. The width, depth, and roughness of the microchannel
can be obtained by the LCM. Analyzing the cross-section
of the microchannel and selecting 10 positions to average,
we can get the width and the depth of the channel as 16.6
and 18.3 μm, respectively. The roughness is extracted from

the side wall in the depth direction near the upper posi-
tion, and at least eight points are averaged to obtain
the roughness. The roughness of the laser ablation surface
of the microchannel is 0.9 μm. Figure 3 shows the relation-
ship between the morphology and the laser power at room
temperature.

It can be seen from the Fig. 3(a) that the depth in-
creases with the increase of laser power. However, the
width of the microchannel increases at first and then be-
comes stable. When the laser power is low, only the light
spot center produces ablation, and the radius of the abla-
tion region is small. When the laser power is raised, the
power density of the spot center goes up, which makes the
region radius above the ablation threshold expand, and
then the ablation area increases[14]. However, when the
laser power increases, the incident laser is scattered se-
verely due to the change in the material structure of
the focal region, resulting in the absorption of energy
by the material being reduced[15]. The reasons mentioned
above result in the ablation width not being likely to ex-
pand continuously. The Rayleigh length is usually much
larger than the waist radius, and with the power increase,
the ablation depth is not easily saturated. Therefore, the
depth increases continuously. The depth of the micro-
channel becomes larger with the power increase, leading
to the ablated debris in microchannel being more difficult
to get out. As a result, the roughness of the microchannel
increases with the increase of laser power. Figure 3(b)
shows the effects of laser power on roughness.

We design a microchannel where the width is
15 μm, and the depth is 20 μm. When the laser power
is 15 mW, it can meet the requirement. Therefore, in
the following experiment, the samples are processed by
15 mW laser power. However, the channel roughness is
very large, above 1.6 μm. In order to improve its morphol-
ogy, we have adopted the method of heat treatment.

Fig. 1. Schematic diagram of the experimental setup. M, mirror;
ND, neutral density attenuator.

Fig. 2. (a) Morphology of the microchannel measured by the
LCM; (b) cross-section profile.

Fig. 3. Relationship between the morphology and the laser
power.
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We heat the sample from room temperature to 800°C with
the temperature gradient of 200°C. When the heating
furnace reaches the set temperature, it will be kept for
1 h and then cooled in the air naturally. Figure 4 reveals
the relationship between the microchannel morphology
and temperature.
With the increasing post-treatment temperature, the

width, depth, and roughness of the microchannel are
decreased, and the change rate of all of the parameters
increases. Before laser processing, there are numerous
SiO4 tetrahedral cross-connections, which consist of a
continuous network inside fused silica glass. The atom
is long-range disordered, surrounded by a closed loop,
which contains countless end-to-end Si–O bonds, which
leads to the formation of numerous irregular N ring struc-
tures. N is the number of Si–O bonds in a closed loop.
According to the shortest path analysis, the range of N
is determined to be 3 to 9[16], of which the six rings struc-
ture is the most stable one. Meanwhile, its number is also
the largest. However, after laser irradiation, the relative
number of the three rings or four rings structures of the
irradiated area increased, and the number of other types
reduced[17]. The Si–O bond length of the 3 or 4 rings is
not significantly different from that of the average
value, however, the Si–O–Si bond angle of bridging obvi-
ously decreases, which results in the microstructure of
laser irradiation area being unstable and varying with
temperature[18].
The surface of the channel fabricated by femtosecond

laser ablation consists of 3 or 4 rings. When the temper-
ature raises, the Si–O–Si bond angle of the fused silica
glass decreases, resulting in reduction of tetrahedron vol-
ume, which makes the structure denser. However, in this
experiment, the width and the depth of the surface chan-
nel reduced at the same time. The post-treatment temper-
ature is much lower than that of femtosecond laser

ablation. Therefore, the Si–O–Si bond angle of the low
bond angle structure of the ablation channel will not de-
crease with the increase of temperature, but increase in-
stead, resulting in the volume of the surface material
increasing with temperature, and the depth and the width
of microchannel decreasing. The higher the temperature,
the greater the influence on the Si–O–Si bond angle, lead-
ing to the change rate increase with the temperature.

When fused silica glass is heated, the surface melts at
the beginning. The drop of viscosity results in viscous
flow, which can partially repair the micro-defects. The
specific surface area of the microchannel is large, and
the proportion of the surface atoms is larger than the
unprocessed area, since after the laser irradiation, the
structure of three rings in the microchannel increased,
whose most adjacent atoms are less than those in the in-
ternal six rings structure. The binding force is weaker,
and the thermal motion of the atom is less constrained,
therefore, the unflattened surface in the microchannel
can be melted at a lower temperature[19]. The effect of
thermodynamics plays an important role in reducing
the roughness. According to the thermodynamic size ef-
fect, the size of the microstructure in the channel surface
decreases with the increase of temperature. This results
in the roughness decrease with the increase of tempera-
ture. To further study the effect of temperature on rough-
ness, a scanning electron microscope measurement is
carried out, as is shown in Fig. 5. Figures 5(a) to 5(c)
are the samples processed with room temperature,
400°C and 800°C, respectively. In each picture, we have
selected an 80 × 80 rectangle and set the default thresh-
old to statistics of the number of particles. The numbers
of particles are 93, 112, and 145, respectively. The stat-
istical results further prove that the particles in the
microchannel become smaller after high-temperature
thermal process.

Then, we further explored the influence of the incuba-
tion time on the microchannel morphology. According to
Fig. 4, the change rate of the machined work piece is the
largest at 800°C. Therefore, the work piece was heated to
800°C and then kept for different durations (1, 2, 3, 4, and
8 h, respectively). Figure 6 shows the change rate of the
microchannel morphology with the incubation time.

It can be seen that with the increase of the incubation
time, the change rate of width decreases at the beginning,
and then it tends to be stable. While the change rates of
depth and roughness increase, they tend to be stable. It is
obvious that with the prolongation of the constant tem-
perature, the volume of the microchannel decreases and
tends to be stable, and the roughness is reduced and tends
to be stable. The thermal expansion coefficient of fused
silica glass is very small, and it needs enough time to trans-
mit the temperature of the resistance box to that of the
glass itself. Therefore, with the prolongation of the con-
stant temperature, there is uniform heating of the glass,
and it can be understood as equivalent to the increase
of temperature. Due to the size effect of thermodynamics,
a micro-melting zone exists in the microchannel structure,

Fig. 4. Trend of width, depth, and roughness of microchannels
varies with the temperature.
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which results in particles becoming smaller and denser,
and therefore, the roughness decreases with the incubation
time. The surface tension increases with the rise of temper-
ature. As a result, the depth of the microchannel gets shal-
lower as time goes on, but there is no surface tension in the
width direction of the microchannel, and thereby, the
variation in the width direction is not obvious. The result
of the comprehensive effect is that the volume of the

microchannel gets smaller and smaller until it reaches a
stable state.

To sum up, in order to improve the roughness of the
microchannel processed by a femtosecond laser, we have
carried out some experiments on high-temperature
annealing. The effects of different power, temperature,
and thermostat time on the microchannel morphology
were investigated. The experimental results show that
the depth, width, and roughness of the microchannel will
decrease with the increase of temperature. This is due to
the fact that the Si–O–Si bond angle of the femtosecond
laser ablation microchannel increases with processing
temperature, resulting in an increase in the volume of
the surface material as the temperature increases and a
decrease in the size of the microchannel. The width
and depth of the microchannel decrease. Due to the size
effect of thermodynamics, the structure of the microchan-
nel is not stable, and it can melt at a relatively low tem-
perature. There the micro-melting zone may exist, which
leads to the decrease of roughness. Because of the exist-
ence of surface tension, with the extension of constant
temperature, the depth of the microchannel will be shal-
lower until it reaches a stable state. At the same time, the
volume of the microchannel is the smallest. In order to
obtain a much lower surface roughness, the thermal proc-
ess temperature should be higher, and for the processing
temperature of 800°C, 4 h of incubation time is an opti-
mized parameter.
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