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Direct fabrication of homogeneous microfluidic
channels embedded in fused silica using a

femtosecond laser
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We demonstrate direct fabrication of homogeneous microfluidic channels embedded in fused silica by
femtosecond laser direct writing, followed by wet chemical etching and glass drawing. In addition, the glass
drawing process significantly reduces the inner surface roughness of the fabricated channels, and
centimeter-level microfluidic channels with an aspect ratio above 1000 can be realized. © 2010 Optical So-
ciety of America
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The development of microfluidic devices and micro-
total analysis systems (�-TASs) has attracted broad
attention in the fields of chemical and biological
analyses [1]. Currently, the fabrication of the �-TAS
with three-dimensional (3D) configurations usually
requires a multilayer and multistep processing (e.g.,
stacking and fusing substrates) [2]. Recently, femto-
second laser micromachining has been proved to be
an alternative way for creating 3D microstructures
inside transparent materials [3–11]. Generally, the
microchannels fabricated by femtosecond laser
microfabrication followed by a chemical etching tend
to display a tapered feature. This is due to the lim-
ited contrast ratio (typically 30–50) of etching selec-
tivity between the laser exposed and unexposed re-
gions. Since the chemical etching always begins from
the surface of the substrate and progresses toward
the middle areas of the channels, the regions close to
the opening will always suffer a longer etching period
as compared to the middle regions. This issue be-
comes even worse for fabricating long channels with
lengths up to a few millimeters. Moreover, the micro-
channels fabricated by a femtosecond laser typically
exhibit a high roughness of their inner surfaces,
which is often undesirable for both microfluidic and
optofluidic applications. In this Letter, we show that
the fabrication of homogeneous microfluidic channels
with smooth inner surfaces can be achieved by apply-
ing a post-etching glass drawing process.

In this work, commercially available fused silica is
cut into 5 mm�10 mm�1 mm coupons with the up-
per and lower surfaces polished. The femtosecond la-
ser (Coherent, Inc.) emits 800 nm 40 fs pulses with a
maximum pulse energy of �2.5 mJ at a 1 kHz repeti-
tion rate. The initial 8.8 mm diameter beam is re-
duced to 5 mm by a circular aperture so as to guar-

antee a high beam quality. A 20� objective with an
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NA of 0.46 is employed for focusing the beam. The en-
ergy of the beam is varied by a neutral density filter.
The glass samples can be translated by a personal-
computer-controlled XYZ stage with a resolution of
1 �m. The average femtosecond laser power is chosen
to be 20 mW, and the translating speed of the stage is
30 �m/s. In addition, for facilitating the glass draw-
ing process, two dents with a size of 1 mm�1 mm
are symmetrically fabricated near the Y-shaped mi-
crochannel structure as shown in Fig. 1(a). The dents
are fabricated by scanning the focused laser beam
along the edges of the dents layer by layer at a laser
power of 30 mW and a scanning speed of 667 �m/s.
The vertical spacing between two adjacent layers is
15 �m. The total time to fabricate these two dents is
�15 min.

After the femtosecond laser exposure, the sample is
subjected to a 4 h ultrasonic bath in a solution of 10%
HF diluted with water, until the microchannels and
the two dents are formed. Figure 1(a) shows a sche-
matic view of the 3D Y-shaped microchannel embed-
ded 500 �m beneath the surface of the fused silica.
The total length and width of the Y-shaped channel
structure are 1400 and 600 �m, respectively. A micro-
graph of the fabricated Y-shaped channel structure is
shown in Fig. 2(a). Then we fix the two ends of the

Fig. 1. (Color online) Schematic view of (a) the 3D micro-

fluidic channel and (b) the glass drawing setup.
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fabricated sample on two stages, as illustrated in Fig.
1(b). Next, the sample is heated with an oxyhydrogen
flame (JD90, Zhengzhou, China). The diameter of the
flame is �0.5 mm, which is determined by the nozzle
size of the oxyhydrogen flame. The temperature on
the glass sample is estimated to be close to the melt-
ing point of the fused silica ��1700°C�. Since the
glass sample is softened under such a high tempera-
ture, we can draw the glass sample in a direction par-
allel to the 1000-�m-long microfludic channel by
translating one of the two stages while fixing the
other. Although different drawing parameters have
been tested, we found that the optimum drawing
speed is 1 �m/s, and a homogeneous channel can be
obtained with a drawing length of �200 �m (e.g., the
movable stage is translated by 200 �m).

For comparison, Figs. 2(a) and 2(b) show both the
optical micrographs of microfluidic channels before
and after the drawing process, respectively. It can be
seen in Fig. 2(a) that before drawing, the taper of the
fabricated microfluidic channel is severe. Also the
cross-section view of the channel clearly shows a
highly elliptical shape, which is caused by the lower
longitudinal resolution of an objective as compared to
its transverse counterpart [6]. Interestingly enough,
the channel width tapering is significantly reduced
after the glass drawing as shown in Fig. 2(b). For the
1000-�m-long microfluidic channel, its taper angle is
reduced from �4.2° to �0.8°. It can also be seen that
the cross section of the channel shows a nearly circu-
lar shape after the drawing. Specifically, we examine
the cross sections of the channel at three different lo-
cations as indicated by the cutting lines in Fig. 2(b),
and we find that their dimensions are close to each
other.

To test whether this technique could be applicable
for microfluidic channels oriented unparallel with re-
spect to the direction of glass drawing, we fabricate a
T-shaped microchannel structure and examine the
cross section of the vertical channel as shown in Figs.

Fig. 2. (Color online) Optical micrographs of the
Y-branched channels. Top view of the channels (a) before
and (b) after drawing, and (c)–(g) cross section view of the
channels at the locations indicated by the cutting lines.
3(a) and 3(b). It is found that the taper angle of the
vertical channel remains to be �1.2° even after the
drawing, indicating that drawing must be carried out
along the channel direction for creating the homoge-
neous channel. However, we also found that the
drawing process can still reshape the initially ellipti-
cal cross section of the vertical microchannels into
the circular one. In addition, with this technique it is
possible to fabricate channels with a very high aspect
ratio (channel length divided by diameter) by further
drawing a 1-mm-long microchannel to a total length
of �12 mm. After drawing, the microchannel shows a
uniform diameter of �10 �m in Fig. 3(c), indicating
an aspect ratio above 1000.

Furthermore, in order to examine the inner surface
after the drawing, we polish the samples until the
microchannels are exposed. Compared in Figs. 4(a)
and 4(b) are, respectively, the scanning electron
microscopic (SEM) images of the inner surfaces of
microfluidic channels before and after the glass
drawing. The cracks at the edges of both channels in
Figs. 4(a) and 4(b) are caused by polishing. It is clear
that, before the glass drawing, the inner surface
roughness is high, which is consistent with the re-
sults reported before [11,12]. However, after the glass
drawing process, the inner surface of the microfluidic
channel becomes very smooth. To quantitatively in-
vestigate the roughness improvement, scanning-
probe micrographs (SPMs) of the inner surfaces fab-

Fig. 3. (Color online) Top-view micrographs of T-shaped
channels (a) before and (b) after drawing. (c) Schematic
drawing of a 12-mm-long channel. (d)–(f) Cross sections at
the different locations indicated by the cutting lines.

Fig. 4. (Color online) SEM images of the inner surfaces (a)
before and (b) after drawing, and SPMs of the etched inner

surfaces (c) before and (d) after drawing.
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ricated without and with the drawing process are
compared in Figs. 4(c) and 4(d), respectively. In this
case, flat inner surfaces are required for the SPM
scanning; therefore, we fabricate two microchannels
with a rectangular cross section under the same ex-
perimental conditions. One of the microchannels un-
dergoes the glass drawing, while the other does not.
As one can see in Table 1, the root-mean-square
(RMS) roughness �Rq� of the inner surface of the mi-
crochannel is greatly reduced from 50.3 to 0.29 nm
with the drawing process. Such a high smoothness
may offer opportunities in applications of the �-TAS
and optofluidics.

The mechanism of the channel reshaping is tenta-
tively proposed as follows. Under the heating by oxy-
hydrogen flame, the fused silica will reach a high
temperature above the softening point and will form
a liquidlike phase. For liquid, its shape will be
strongly influenced by the surface tension. Therefore,
the microfluidic channel embedded in the molten
glass will naturally transform itself into a homog-
enous channel with a uniform diameter and a circu-
lar cross section. This is because for a microchannel
with a fixed length, its inner surface area and, conse-
quently, the surface energy will be minimized if the
channel has a round-shaped cross section and a uni-
form diameter. It should be pointed out that the sur-
face tension alone is not strong enough to induce the
reshaping of the microfluidic channel because we
have observed that, if we heat only the glass sample
on the stationary stage without drawing it by a cer-
tain amount of length, the fabricated channels will
still remain tapered. Further investigation is re-
quired to fully understand the mechanism behind
this phenomenon.

In conclusion, we have demonstrated a modified
femtosecond laser microfabrication technique for fab-

Table 1. Comparison of the RMS Roughness „Rq…,
Average Roughness „Ra…, and Maximum Roughness

„Rmax… Before and After Drawing

Sample
RMS �Rq�

(nm)
Ra

(nm)
Rmax
(nm)
ricating 3D microfluidic channels embedded in a
fused silica with excellent homogeneity and surface
smoothness. Further refinement of this technique
may enable the fabrication of nanochannels, which
may find applications in single molecule detection
[13]. The capability of fabricating homogenous chan-
nels using femtosecond laser microfabrication opens
up a broad spectrum of opportunities for future
microfluidic and optofluidic applications.
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