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This paper describes a plastic reshaping technique for Si thin membranes by using focused ion beam (FIB) processing. FIB is used to locally
pattern and implant Ga ions into the membranes. The combination of Ga ion doping and alkali wet etching enables us to fabricate nanometer-thick
Ga-ion-doped amorphous Si membranes, which can be bent upward at arbitrary angle by controlling the FIB beam irradiation condition. The
bending mechanism is discussed in the light of Ga ions implanted depth from the membrane surface. By using this technique, a micrometer-sized
chute structure with several different angles is produced. © 2016 The Japan Society of Applied Physics

1.

Introduction

Semiconductor fabrication technologies play the important
roles for the miniaturization of electronic devices and
microelectromechanical systems (MEMS), which contribute
the development of various compact, portable and multifunctional applications.1,2) Among many semiconductor
materials used in MEMS, Si is the ﬁrst choice material
owning to its worldwide availability, mature fabrication
process, and various excellent physical properties.3–6) Due to
its brittleness, Si cannot be deformed plastically within the
range from room temperature to intermediate temperature,
which restricts the availability as the structural material for
three-dimensional (3D) MEMS.7–12) Si nano-membrane is
the attractive material for nanomechanical elements, which
can be used for nano force sensors, pressure sensors, acoustic
sensors, and nano oscillators in nanoelectromechanical
systems (NEMS).13–18) If the membrane can be deformed
freely to 3D arbitral shape, high-performance and highlyintegrated 3D Si MEMS and NEMS devices will be realized
hopefully. An ion implantation technique with Ar ion beam is
one of the unique methods for deforming thin ﬁlms into a
vertically-bent 3D shape. In the case of a thin ﬁlm cantilever
beam, the radius of curvature in the out-of-plane direction can
be controlled.19,20) However, owing to its entire irradiation, a
thin ﬁlm cantilever cannot be bent locally and sharply. This
will restrict its application to MEMS and NEMS devices.
Focused ion beam (FIB) is well known as a powerful tool
for directly forming micro=nano-scale 3D mechanical
structures without photolithography.21) A damaged layer is
always produced on the fabricated sample surface, but the
FIB technique can be also used as an ion implantation tool
under low beam current condition. In this technique, a thin
membrane can be reshaped freely and ﬁnely because the ion
beam is focused. In addition, the FIB technique can be
employed to amorphize a Si ﬁlm, which enables us to
fabricate released=suspended Si nano thin membranes due to
the low etching rate of amorphous Si with respect to single
crystalline Si.22–26)
In this study, we describe a novel technique to create 3D
nano structures made from 2D Si nano membranes by using
FIB. Amorphous Si cantilever beams are produced by
combining FIB ion implantation and ion-doped selective

Fig. 1. (Color online) Schematic of fabrication process for nanometerthick Si cantilever with FIB and wet etching along with a schematic of the
bending with local FIB irradiation.

wet etching techniques. The beams are deformed locally in
the out-of-plane direction by using local FIB irradiation. The
relationship between FIB irradiation depth and bent angle is
investigated. By using the local FIB irradiation technique, 3D
MEMS structure like a chute with several diﬀerent angles is
successfully produced.
2.

Fabrication of Si nano cantilevers

Figure 1 illustrates the process ﬂow for fabricating a silicon
nano membrane and reshaping it by localized Ga ion
implantation. First, Ga ion was irradiated in the shape of a
Si cantilever on a Si(100) surface with an ion dose
7 × 1015 ions=cm2 and an accelerating voltage of 40 kV.
The samples were then etched in 20% aqueous tetramethylammonium hydroxide (TMAH) solution at 90 °C. The
localized Ga ion implantation portion remained after wet
etching, and subsequently the cantilevers were released from
the substrate as a result of Si under etching. We also observed
that the cantilevers lied on the same plane as the Si original
ﬁlm, indicating that there was no residual stress after wet
etching. Finally, by irradiating Ga ion beam in the vicinity
of the cantilever ﬁxed end, the cantilever can be bent in
response to the implantation condition. The amount of doses
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Fig. 2. SEM image of Si nano-cantilever array. 3 × 4 µm2 Si cantilevers
were fabricated simultaneously by FIB irradiation and wet etching.

per scan was set to be from 9.0 × 1013 to 1.8 × 1014. This
experiment was conducted using commercial FIB apparatus
(Hitachi High Technologies: FB2200). Figure 2 shows an
array of 3 × 5 standing Si cantilevers fabricated using the
above-mentioned method. The dimensions of these cantilevers were 4 × 3 × 0.06 µm3, in which the thickness was
estimated based on scanning electron microscope (SEM)
images observed when tilting the samples. Under these
conditions, the (100) planes appear in parallel to the direction
of the cantilevers, and no residual stress aﬀecting cantilever
bending was detected. The ﬁxed end of the cantilevers was
undercut by etching and the undercut sidewall was composed
of Si(111) surface due to anisotropic etching with TMAH.
Figures 3(a)–3(f) show the representative SEM images of
40-kV-formed Si thin cantilevers bent by Ga ion doping at
40, 30, 20, 10, 5, and 2 kV, respectively. The beam current
was set at very low value of approximately 0.03 nA. The
digits written in these ﬁgures are indicative of the number of
the ion beam scan cycles. In Ga ion beam scanning at 40 kV
and 0.01 nA, as shown in Fig. 3(a), the cantilevers are found
to be gradually bent upward when increasing the number
of the beam scan cycles. The maximum bend angle was

approximately 90°, which was obtained after 45 cycles
scanning. At 30 kV in Fig. 3(b), the cantilevers at the top
row of the sample have noticeably diﬀerent bending angles
because of the high beam current, 0.07 nA, whereas the
cantilevers at the second row have smaller bending angles
owning to their low beam current, 0.01 nA. Owing to the
same current value, the angles of each cantilever in the scan
cycles from 5 to 45 look similar to those at 40 kV. At 20 kV
and 0.02 nA shown in Fig. 3(c), the relation between the scan
cycles and angle was almost similar to those at 40 and 30 kV
scanning, although it is obvious that the deformation angle of
the cantilever after 10 cycles was much smaller than that of
the cantilevers at the same cycles in higher voltages due to
the inﬂuence of the dust on the cantilever. However, at 10 kV
and 0.02 nA in Fig. 3(d), we could observe a phenomenon
diﬀerent from the previous samples shown in Figs. 3(a)–3(c).
That is, the cantilevers were bent upward by irradiating Ga
ions locally, but the angles were smaller than those in the
cantilevers bent at higher voltages. Moreover, at a number of
scan cycles above 70, the bending angle reached its saturated
state, and did not change any more even when increasing
scan cycles. In Fig. 3(e), the beam current used this time
was 0.06 nA, slightly higher than the previous experiments
because the acceleration voltage was extremely low. In this
case, for scan cycles below 100, we found that the color and
the thickness of the root part of the cantilevers changed,
while no signiﬁcant bending angle was observed. However,
at larger scan cycles, the cantilevers were rapidly bent
upward, with their bending angle reaching nearly 90°. In
Fig. 3(f), the cantilevers were only slightly bent upward even
at a high scan cycle of 200, and no rapid increase in the
bending angle was observed.
From these results, after irradiating Ga ions, we found that
all the cantilevers were bent upwards, and the magnitude of
the deﬂection increased with increasing the number of beam
scan cycles. Additionally, the tendency of deformation of the
cantilevers signiﬁcantly depended on the applied accelerating
voltage.

Fig. 3. SEM photographs of bent cantilevers by FIB with the accelerating voltage of 2 to 40 kV. The bend angles are found to strongly depend on the
accelerating voltage in FIB implantation.
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Fig. 4. Relationship between the number of line scan cycles for cantilever
bending and the bend angle.

Fig. 5. (Color online) Relationship between FIB irradiation angle and the
bend angle.

3.

Deformation angle and mechanism

Figure 4 presents the relationship between the number of
scan cycles and the bend angle of the 40-kV-formed
cantilevers. At the accelerating voltage of 2 kV, the cantilevers did not deform so much. Even after 200 cycles, the
angle was approximately 10° at the maximum. At 5 kV, when
scan cycles were less than 100 kV, the maximum bent angle
was around 10°. However, after 120 cycles, the cantilevers
were abruptly bent to 90°. At 10 kV, the bend angle of
cantilevers increased to 40° with increasing the number of
scan cycles to 50 cycles. The angle increasing rate can be
estimated to be 0.77°=cycle, which is 17.5 and 3.85 times
faster than those at 2 and 5 kV. Over 50 cycles, however, the
bend angle was stayed constant at around 40°. In the case of
the voltage over 20 kV, a similar trend can be seen. The angle
increasing rate was 1.36°=cycle, which is 1.77 times faster
than that at 10 kV. At around 50 cycles, the angle reached the
maximum angle of 90°.
Figure 5 shows the relationship between the number of line
scan angles and bent angle when Ga ion beam was irradiated
from diﬀerent angles. The beam angles were set to be 0, 30,
and 60° from the normal direction of the cantilevers. All
the cantilevers were formed at 40 kV and were bent at 10 kV.

At the irradiation angle of 0°, the cantilever was bent upward.
The relation between the scan cycles and bent angle is almost
linear below 50 cycles. The deformation rate was 0.7°=cycle.
In greater cycles, the angle was saturated at around 40°.
With increasing the irradiation angle, the deformation rate
decreases. At 60°, the deformation rate was 0.1°=cycle. The
maximum deformation angles were approximately 26 and 8°
at the irradiation angles of 30 and 60°, respectively. Since
the penetration depth of Ga ions is known to depend on the
irradiation angle, it is found that the deformation of the
cantilevers is related to the penetration depth.
We analyzed the distribution of 10,000 Ga ions vertically
irradiated at 40 kV to the Si surface by using ion impact
analysis software with the Monte Carlo simulation, the
SRIM.27) By using the results, the bending mechanism is
illustrated in Fig. 6. Although the SRIM data are not
presented here, the analyses implied that the density of
doped Ga ions in the Si cantilever is nonuniform along the
thickness direction. The compressive stress is known to be
generated in an ion doped material,28,29) which indicates that
the cantilever is deformed by the slope of compression stress
originating from ion distribution. The implanted depth of Ga
ions depended on the accelerating voltage.30) When the
voltage was 5 kV, the maximum penetration depth and Ga
ions density peak position from the surface can be estimated
to be 20 and 9 nm, respectively, in the case of single crystal
Si. Although the peak position of doped Ga ions was closer to
the top surface from the neutral axis of the cantilever, the
cantilever was bent upward slightly. This would be caused
by the diﬀerence between single crystal Si and amorphous Si
used in the SRIM analysis and the experiments, respectively.
Since amorphous Si is softer than single crystal Si, Ga ions
would have been penetrated into deeper portion than
expected. From the fact that the bend angle was very small,
the peak position is supposed to be in the vicinity of the
neutral axis. When the voltage increased to 40 kV, the peak
position of implanted Ga ions was approximately 35 nm from
the top surface. This value was obtained based on the
assumption that the sample was single crystal Si, so the actual
peak position can be estimated to be closer to the backside of
the cantilever; consequently the cantilever was bent upward
rapidly due to strong compressive stress generated in the
vicinity of the backside of the cantilever. However, even at
5 kV, the long time Ga ions irradiation provides a large
upward bending with the cantilever. By successive Ga ions
irradiation, Ga ions were accumulated in the middle of the
cantilever. At the same time, Si atoms around the top surface
were sputtered gradually; consequently, the irradiated portion
was thinned and deformed as shown in the SEM image in
Fig. 6. Therefore, the Ga ions accumulation and Si sputtering
would have caused a large deformation of Si cantilevers.
4.

Application

To demonstrate the availability of the experimental data
indicating the relationship between the number of scan cycles
and bent angle, a chute-like structure was fabricated as shown
in Fig. 7. First, a development elevation pattern of a chute
made of amorphous Si was fabricated by the combination of
FIB implantation and selective wet etching techniques. Then,
the guardrails were bent by irradiating FIB under the
accelerating voltage and the number of scan cycles of
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Fig. 6. (Color online) Schematic of the deformation mechanism of Si nano cantilevers by FIB.

results showed that the bend angle of standing cantilevers
remarkable depended on the acceleration voltage. Under low
acceleration voltages of below 10 kV, the bend angle reached
a saturated value of below 40° even when increasing the scan
cycles; however under higher voltage (e.g., 40 kV), cantilevers could be bent upward at an angle of approximately
90°. We assumed that the stress induced by the penetration
of Ga ions into the deep portion of Si cantilevers was the
origin of this bending phenomenon. We successfully fabricated 3D mechanical structure like a chute by using
adequate accelerating voltage and line scan cycles in FIB
irradiation. The bending technique proposed in this work
would be expected to be applicable in fabricating more
complex 3D structures.
Fig. 7. SEM images of produced Si chute by local FIB irradiation
technique.

40 kV and 60 cycles, respectively. After that, the ﬁxed end of
the chute was bent at 40 kV and 20 cycles. The bent angle
was approximately 30°, which was identical to the experimental data base shown in Fig. 4. With increasing the cycles
to 40 and 60 cycles, the angle increased to 70 and 90°. By
using the local FIB irradiation technique, we demonstrated
that 3D arbitral mechanical structures made of amorphous Si
can be made.
5.

Conclusions

We proposed a method for manufacturing 3D Si structures
using FIB. Si nano cantilevers were fabricated by means of
Ga ion implantation by FIB and wet etching by TMAH. Si
thin ﬁlm was locally amorphized using Ga ion implantation,
which enabled us to fabricate released nanometer-thick
cantilevers due to selective Si etching. By irradiating Ga
ion beam into the ﬁxed end only, the cantilever could be bent
in response to the irradiation condition. The experimental
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