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Abstract
This paper presents a new sidewall smoothing process for Si micro-optical
components using focused ion beam (FIB) milling. First, the deep reactive
ion etching (DRIE) Bosch process is employed to form a microstructure on
a Si substrate. However, scalloping which is induced on the sidewall by the
repetition of etching and passivation steps is a major source of light
scattering, reducing surface reflectivity in optical applications. In this
research, FIB is used to smooth the rough sidewall surface and obtain
polished mirror surface. After the DRIE Bosch process, the values of
sidewall roughness as measured by atomic force microscopy were 153.0 ±
13.5 nm with an rms value of 28.1 ± 6.4 nm. The FIB smoothing process
tremendously improved the surface roughness of etched sidewalls resulting
in a maximum peak-to-valley roughness and an rms roughness of 5.7 ±
1.8 nm and 1.6 ± 0.7 nm, respectively. In this paper, the DRIE Bosch
process and the FIB smoothing process are described in detail and
applications using this technique are discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Microelectromechanical systems (MEMS) that include optical
components are often referred to as micro-opto-electro-
mechanical systems (MOEMS). Recently, Si MEMS have
been employed for optical components such as optical
switches, micro-mirrors, projection displays, adaptive optics
and variable optical attenuator [1–8]. Smoothing the sidewall
of microstructures is technologically important for producing
optical components. Hence, the smoothing process has been
extensively investigated and proposed using wet etching or
dry etching techniques to fabricate Si microstructures for
optical applications. Yun reported a KOH wet etching process
after the deep reactive ion etching (DRIE) process to devise
a Si micro-mirror with an rms roughness down to 9.6 nm
[7]. However, this technique requires a precise alignment to
achieve desired angles since the etching angle is dependent
on crystal orientation. In contrast, dry etching methods
are more flexible for designing and fabricating micro-optical
components, but usually lead to rougher surfaces.

Deep reactive ion etching (DRIE) is one of the most used
techniques to fabricate Si optical components with nano-scaled
roughness. DRIE based on electron cyclotron resonance
(ECR) source followed by thermal oxidation or boron diffusion
has been used to fabricate high aspect ratio vertical Si micro-
mirrors with good optical properties [9]. The additional
oxidation and diffusion process after dry etching was reported
to help sidewall roughness reducing down to 5 nm. However,
this process could only be applied on samples that can be
exposed to high temperature (over 1100 ◦C). In this paper,
the DRIE Bosch process based on an inductively coupled
plasma (ICP) source was used to form microstructures [10].
The DRIE Bosch process is useful in Si micromachining to
fabricate high aspect ratio structures [11, 12]. It has been
also reported to fabricate vertical mirrors with several tens of
nanometers of rms value of surface roughness [2, 6]. However,
it is still necessary to reduce roughness in order to increase
reflectivity of optical components since roughness of the order
of λ/10 results in significant light scattering for optical
surfaces.
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This paper introduces an alternative method to enhance
surface smoothness combining the DRIE Bosch process with
the focused ion beam (FIB) milling process. FIB has been
widely employed in semiconductor research and processing
environments for highly precise milling and deposition of
conductors or insulators [13–15]. The FIB technique has
also been reported in Si micromachining applications for
performing unique and highly precise process on a relatively
low scale, where the inherent slow FIB processing time is not
an issue [16, 17]. This paper presents the use of FIB milling as
a means of smoothing Si sidewall to improve surface roughness
quality for optical applications.

2. Experimental details

A one-mask process shown in figure 1 is used to fabricate a
prototype microstructure consisting of a vertical micro-mirror.
A brief overview of the fabrication process is given as follows.
First, a 7 µm thick photoresist is spin-coated as a mask layer for
the DRIE Bosch process on a Si substrate. It is then patterned
with UV lithography, thus creating an opening window for
Si etching (figure 1(a)). The opened Si area is etched down
to 67 µm by the DRIE Bosch process (figure 1(b)). Then,
the passivation layer due to the DRIE Bosch process and the
photoresist mask layer are simultaneously stripped away by
an O2 plasma etching process. Finally, a vertically standing
microstructure is obtained. The etched sidewall is not smooth,
but scalloped. The scalloping of the microstructure sidewall is
then smoothened using the FIB milling process (figure 1(c)).
The dimension of polished optical mirror is 100 µm wide and
67 µm high. Details of the DRIE Bosch and FIB smoothing
processes are given below.

2.1. Microstructure patterning

Deep reactive ion etching (DRIE) allows large and vertical
structures to be created that are used in micro-optical
applications. The DRIE Bosch process is useful to fabricate
vertical sidewall microstructures with a relatively high etch
rate. Another advantage of the DRIE Bosch process is to allow
the use of a photoresist as a mask material which simplifies the
process. In this experiment, a 7 µm thick SPR 220 photoresist
is used. Figure 2 schematically illustrates the DRIE Bosch
process after the photoresist mask patterning. The DRIE
Bosch process is based on alternating Si etching steps using
SF6 as reacting gas and passivation steps by fluorocarbon
polymer layer deposition from C4F8. Table 1 shows the
DRIE Bosch process parameters used in this experiment. The
DRIE Bosch process is followed by an O2 plasma etching
to remove the passivation layer resulting from deposition
steps. As a consequence of repeated isotropic etching and
passivating steps, etched sidewalls are scalloped, as seen in
the scanning electron microscopy (SEM) photograph of the Si
sidewall (figure 3). The scalloping produces shadows during
metal deposition using evaporation, further contributing to
a non-uniform thickness. The roughness due to scalloping
could be reduced by adjusting the etching and deposition step
efficiencies or the frequency of the two steps [18]. Whatever
the approaches, scalloping cannot be completely removed in
the DRIE Bosch process.

(a)

(b)

(c)

Figure 1. Schematic diagrams of smoothing procedures using the
FIB milling technique. (a) 7 µm thick SPR 220 photoresist mask
patterning using UV lithography. (b) 67 µm deep Si etching using
the DRIE Bosch process. (c) Smoothing process on the sidewall
using the FIB milling technique. The size of the polished area is
100 µm wide and 67 µm high.

Table 1. DRIE Bosch process parameters for silicon etching.

Cycle step Etching Deposition

Gas flow rate (sccm) SF6: 50 C4F8: 1 SF6: 1 C4F8: 50
Active time (s) 8 8
Pressure (mTorr) 20 20
Substrate 20 20
temperature (◦C)
ICP power (W) 450 450
Platen RF power (W) 26 0
Bias (V) 110–126 0

2.2. Focused ion beam (FIB) smoothing

In order to limit the fabrication imperfections for micro-optical
components due to scalloping in the DRIE Bosch process,
additional smoothing process is introduced using a FIB milling
technique. One of the main features of a FIB is to locally
mill the target material by physical sputtering. The milling
is achieved using a high current ion beam and by scanning it
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(a) (b)

(c) (d )

Figure 2. Schematic diagrams of the DRIE Bosch process.
(a) 7 µm thick SPR 220 photoresist mask patterning using UV
lithography. (b) The first isotropic etching in SF6 plasma. The
fluorine-free radicals in the SF6 plasma etch the exposed silicon.
(c) The first cycle of passivation in the C4F8 plasma. Fluorocarbon
polymer film is deposited. (d) The subsequent isotropic etching in
SF6 plasma. Etching and deposition steps result in scalloping on the
sidewall.

(b)

(a)

Figure 3. (a) SEM photograph of a Si sidewall after the DRIE
Bosch process. The structure height is 67 µm. (b) Inset details of
scalloping due to the DRIE Bosch process.

over the substrate. The technique presents the advantage that
any arbitrary designed shape can be patterned.

Figure 4. (a) A schematic diagram of the FEITM dual-beam DB235
FIB workstation. The sample is tilted 52◦ offset for the smoothing
sidewall process. (b) A schematic diagram of the principle of the
FIB milling process. Milling is carried out over 100 µm along the
scanning direction.

In this research, smoothing the Si sidewall is carried
out using a commercially available FEITM dual-beam DB235
FIB. Figure 4(a) illustrates the schematic diagram of the
workstation equipped with a focused ion beam column and
a scanning electron microscope column tilted to each other
at an angle of 52◦. The ion beam and the electron beam
are used for microfabrication and imaging, respectively. The
ion beam is generated from liquid gallium. The workstation
provides beam currents varying between 1 pA and 20 nA. The
high beam current is suitable for fast milling process while the
lower beam current is for fine structures with high resolution.

In this experiment, the ion beam energy is operated at
30 keV, with 10 nA of beam current. First, the FIB chamber is
pumped down to an operating vacuum below 3 × 10−6 mbar.
The electron beam is then focused at a point on the sidewall
edge which is used as an eucentric point. Due to the 52◦ offset
between the ion beam column and the vertical electron beam
column of the system, the stage is tilted 52◦ so that the sample
plane is normal to the ion beam column during the smoothing
process. By scanning the beam over the designed area on the
sample, the scalloping on the sidewall of microstructure can
be polished with high precision as illustrated schematically in
figure 4(b). The dwell time is left at default value to 1 µs.
To mill a sidewall surface with high smoothness, the ion flux
with respect to the scanning direction has to be constant. As
proposed by Tseng [19], good ion flux uniformity should be
obtained when the beam overlap as controlled by the distance
between the centers of two adjacent pixels is larger than 36.3%.
In order to have a uniform scanning ion flux, a 50% overlap
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(c)

(b)

(a)

Figure 5. Si sidewall smoothing process on a 67 µm thick
microstructure using FIB. (a) SEM photograph after DRIE Bosch
microstructure patterning. (b) SEM photograph during sidewall
smoothing using FIB. (c) SEM photograph after the sidewall
smoothing process using FIB. The opening size is 100 µm in width
and 67 µm in height.

of beams is used as the default value. In this process, careful
monitoring is necessary in order to avoid under-etching and
over-etching during the smoothing process.

3. Experimental results

The SEM photographs are taken along a 52◦ tilted angle with
the sidewall surface prepared by FIB milling. The smoothing
steps are shown in figure 5. Figure 5(a) shows the sidewall
of a 67 µm thick microstructure formed with the DRIE Bosch
process. The same sidewall is observed during the FIB milling
process (figure 5(b)). In figure 5(c), the sidewall scalloping is
completely removed by the FIB over the 100 µm × 67 µm
surface.

The surface profiles were measured on the vertical
sidewalls using a MultiMode V atomic force microscopy
(AFM) in contact mode. Five samples of the post-DRIE
Bosch process and five samples of the post-FIB milling process
were prepared for AFM scanning. The AFM measurements
performed on a 5 µm × 5 µm area were averaged to give a
statistical estimation of the true surface roughness. According
to the measurements given in table 2, for the post-DRIE Bosch

(a)

(b)

Figure 6. (a) AFM 3D scan image of the etched sidewall of
figure 5(a). The measured maximum peak-to-valley roughness and
rms roughness are 168.6 nm and 21.6 nm, respectively. The scan
area is 5 µm × 5 µm. (b) AFM 3D scan image of the sidewall
surface of figure 5(c). The measured maximum peak-to-valley
roughness and rms roughness are 6.9 nm and 1.4 nm, respectively.
The scan area is 5 µm × 5 µm.

Table 2. Roughness for the sidewall surface of microstructures as
measured by AFM.

Process Roughness Average roughness (nm)

Post-DRIE Bosch RMS 28.1 ± 6.4
Peak-to-valley 153.0 ± 13.5

Post-FIB milling RMS 1.6 ± 0.7
Peak-to-valley 5.7 ± 1.8

process, the average maximum peak-to-valley roughness was
measured to be 153.0 ± 13.5 nm and the average rms roughness
value was 28.1 ± 6.4 nm. Figure 6(a) shows a representative
AFM surface image of the sidewall of figure 5(a) prior to
the FIB smoothing process with 168.6 nm maximum peak-to-
valley roughness and 21.6 nm rms value. Note that this surface
cannot be an effective micro-mirror in the visible because this
roughness is much larger than the usual criteria of λ/10. In
contrast, the surface roughness was tremendously reduced
after the FIB smoothing process. The average maximum
peak-to-valley roughness and the average rms roughness were
brought down to 5.7 ± 1.8 nm and 1.6 ± 0.7 nm, respectively.
Figure 6(b) shows an AFM scanning image of the smooth
area of figure 5(c). Measured values of the maximum peak-
to-valley roughness and the rms roughness are 6.9 nm and
1.4 nm, respectively. This surface is smooth enough to act as
an effective reflective micro-mirror.
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4. Conclusion

We demonstrated a new, powerful smoothing process to
achieve high optical quality surface roughness for MOEMS
structures combining the techniques of FIB milling following
the DRIE Bosch process. Roughness is an important factor for
evaluating optical qualities since reflectivity strongly depends
on the surface roughness of optical components. The proposed
technique overcomes roughness limitations experienced with
the Si DRIE Bosch process. This paper demonstrated the
capability of the FIB milling process for smoothing sidewalls
of micro-optical components. Using the proposed technique,
the rms roughness of the sidewall was measured to be as low
as 1.6 nm with a standard deviation of 0.7 nm. The process
developed in this research can be used in the fabrication of
micro-optical devices since it enables vertical sidewalls with
a smooth surface while retaining the design flexibility of the
silicon DRIE Bosch process.
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