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1-100 Hz, and the duty cycle is 0-100%. For monocrystalline silicon, the pulse frequency and duty
cycle are set to 100 Hz and 1%, respectively; thus, the single-shot pulse depth removal resolution

of material is 6.7 x 10~* nm, which means every 21 pulses can remove one silicon atom layer.
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between the removal efficiency of the pulsed ion beam removal function and the pulse duty ratio.
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1. Introduction

To obtain the desired ultra-high precision or special physical and chemical properties,

researchers must use various precision material removal technologies to explore the nano
world. They can accurately obtain the required precision and mass distribution on various
spatial scales [1-4]. The tool foundation and technical premise of material and manufac-
turing technology’s progress is advanced precision processing technology. Based on the
non-contact removal mechanism and controllability of material sputtering, low-energy ion
beams (single ion energy of less than 2 keV [5]) have been widely used in ultra-precision
manufacturing and in the preparation of special physical and chemical states [6-11]. For
example, the focused ion beam (FIB) has become a necessary tool to explore the atomic
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world by accurately removing atomic materials [12,13]. In addition, IBF is used to fabricate
optical surfaces, and has sub-nanometer precision [14-18].

However, FIB can only process micro zones as its beam diameter is in the micrometer
level, and its volume removal efficiency is correspondingly low [19]. The removal efficiency
of IBF is non-adjustable in real time. Due to the removal resolution of IBF being insufficient,
an additional removal layer is necessary during processing. For normal continuous ion
beam technologies, researchers have tried to achieve higher removal resolution using a
smaller beam diameter and shorter sputtering time. However, this method is limited: a
smaller diameter directly reduces the removal speed. A shorter sputtering time needs
better dynamic performance of motion parts, preventing its further application.

For normal IBF technology, we obtained depth removal resolution through experi-
ments. The time resolution of the machine tool used in the experiment was about 0.02 s.
We carried out a fixed-point material removal experiment on a single-crystal silicon sample
to obtain the removal function, as shown in Figure 1.
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Figure 1. Material removal resolution of IBF: (a) the initial surface; (b) removed surface; (c) surface
subtraction; (d) 3.3 mm removal function.

We used a wave interferometer to measure the surface data before and after processing.
The material removal amount can be determined by subtracting the surface data before and
after processing. Figure 1 shows the experimental process of determining the IBF removal
resolution. Figure 1a shows the surface data before processing, Figure 1b shows the surface
after processing, and Figure 1c shows the surface after subtraction. The removal function
was obtained by calculating the material removal amount and dwell time. Figure 1d shows
a 3.3 mm removal function achieved with a corresponding material peak removal rate
(PRR) of 0.041 um/min. PRR represents the maximum removal depth in per unit time. So,
IBF depth removal resolution can be obtained from Equation (1):

Rev = PRR - At 1)

where the Rev is the depth removal resolution, PRR is the peak removal rate, and the At
is the time resolution of the machine tool. So, the removal resolution of the depth was
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about 0.01 nm on the monocrystalline silicon by controlling the acceleration and local
dwell time. Furthermore, the removal rate must remain stable and cannot be adjusted in
real time. Therefore, a removal function with higher resolution cannot be used in actual
processing processes due to its extremely low removal efficiency. It does not seem as
if there is a direct removal and non-contact surface material treatment method that can
simultaneously achieve micro ultra-high controllable removal resolution and adjustable
removal efficiency [20].

Combining the advantages of the laser pulse’s precise control and the non-contact
removal of the low-energy ion beam figuring, this paper proposes a low-energy pulsed ion
beam (LPIB) removal method. The continuous ion beam is transferred into a pulsed beam,
and a single pulsed ion beam can be obtained by controlling the frequency and duty cycle
to accurately obtain different material removal rates. The pulse duty cycle is continuously
adjustable from 0% to 100%, and the pulse frequency is continuously adjustable from 1
to 100 Hz. By reducing the pulse duty cycle and increasing the pulse frequency, a single
pulse with ultra-high material removal resolution can be obtained. Simultaneously, a single
pulsed ion beam with higher material removal efficiency can also be obtained by increasing
the pulse duty cycle.

In Section 2, according to the theory of ion beam sputtering, this paper presents using
pulse voltage to extract the ion beam and establish the removal model after introducing
pulse voltage. In Section 3, the experiments on the depth removal resolution of LPIB and
the relationship between the removal rate and duty cycle are completed. Furthermore, the
stability of LPIB is verified.

The results indicate that LPIB has good stability, predictability, and linearity. The
depth removal resolution is 6.7 x 10~# nm, which is one to two orders of magnitude higher
than that of IBF. The removal rate varies linearly with the duty cycle.

Overall, LPIB is a material processing technology with ultra-high removal resolution
and wide adjustable removal efficiency. It has various applications in the fields of iner-
tial resonance device quality modification, sub-nanometer precision surface modification,
micro-nano electromechanical systems, special surface preparation, and so on. It will
promote the progress of material processing technology and ultra-precision manufactur-
ing technology.

2. Theoretical Background

LPIB removes material by ion sputtering, just like FIB. LPIB inherits all the advantages
from IBF. Its removal efficiency can be expressed by sputtering yield, which is the ratio of
sputtered material atoms and incident ions. The sputtering yield is given as:

)
n;

Y= @)
where the 7, is the number of atoms sputtered from the element and #; is the number
of incident ions. According to Sigmund sputtering theory [21,22], the number of ma-
terial atoms sputtered out can be controlled by proportionally changing the number of
incident ions [23].

For the same material, keeping the other parameters constant, the etching rate has a
linear relationship with the ion density. By precisely controlling the amount of incident
ions, the corresponding amount of material removal can be obtained.

This paper introduces using pulse voltage to extract the ion beam, and the continuous
ion beam is converted into a pulsed ion beam. As long as the pulse voltage is precisely
controlled, we can produce a controllable pulsed ion beam.

As shown in Figure 2, using pulse voltage to extract the ion beam, the continuous
ion beam is transferred into a pulsed beam. We define the ratio of beam extraction in a
cycle as the duty cycle. The duty cycle and frequency of the pulsed ion beam are related to
the pulse voltage. LPIB controls the removal material of a single pulse by controlling the
pulse frequency and duty cycle. This makes it easier to achieve higher material removal
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resolution and improve removal efficiency. As long as the pulse voltage can be accurately
controlled, the corresponding pulsed ion beam can be obtained.
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Figure 2. Principle diagram of pulsed ion beam extraction.

3. Experiment Details and Data Analysis
3.1. Ultra-High Material Removal Resolution

By changing the structure and control mode of an ion optics system, an LPIB polishing
tool was obtained, which has adjustable frequency and duty cycle. The related pulse
phenomena are presented in Figure 3.
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Figure 3. Principle diagram and experimental pictures of the LPIB.
As shown in Figure 3, the 100 Hz pulse processing was recorded by a high-speed
camera called FASTCAM Nova 512 (Photron, Tokyo, Japan). The pulsed ion beam changed

with the pulse voltage. When the pulse voltage was at low potential, the ion beam was not
extracted. The common equipment parameters are presented in Table 1.

Table 1. Experimental parameters.

Parameter Value Parameter Value
Ion energy 600 eV Workpiece diameter @100 mm
Humidity 25% Temperature 18 (£0.2 °C)

Measurement repeatability RMS < 0.05 nm




Micromachines 2021, 12, 1370

50f9

In this study, the pulse voltage was changed to dynamically control the ion beam
extraction. By precisely controlling the number of ion pulses, ultra-high material removal
resolution was achieved. During the experiment, the duty cycle of the pulse was kept at
1%, and the pulse frequency was kept at 100 Hz. The pulse numbers increased linearly
from 12,000 to 48,000.

Figure 4a shows the processing equipment: KDIBF 700-5V (National University of
Defense Technology, Changsha, China). As shown in Figure 4b, the surface data were
measured by a Zygo VeriFire Asphere (Zygo, Middlefield, CT, USA). The removal depth
and the spatial distribution of material removal were obtained by subtracting the surface
data before and after pulsed ion beam figuring.

Figure 4. Experimental equipment: (a) processing equipment; (b) measuring equipment.

Figure 5a shows the data extraction process: we obtained the material removal amount
by subtracting the shape after processing from that beforehand. According to the material
removal amount and the dwell time, the removal function was obtained. The removal depth
can be obtained by the multiplying peak removal rate and dwell time. The results show
that the peak removal rate of the corresponding materials was 0.0040 um /min. Figure 5b
shows that the removal depth changed linearly with the number of pulses, and the linear
correlation coefficient (R?) reached 0.9989. By calculating the experimental results, the
obtained depth resolution of the single-pulse removal of monocrystalline silicon material
was 6.7 x 1074 nm. Compared to IBF, a higher order of magnitude material removal
resolution was achieved by using pulse control instead of motion axis parameter control.
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Figure 5. Material removal resolution: (a) extraction process of removal amount; (b) linearity between
the material removal and pulse number.

3.2. Verification of the Linear Relationship between Duty Cycle and Material Removal

To verify the linear relationship between the pulse duty cycle and material removal,
fixed-point material removal was conducted for 6 min using different duty cycles, and the
material removal was measured.

Figure 6a shows the experimental model of the material removed with different duty
cycles. Figure 6b shows that the material removal depth increased linearly with the increase
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in the duty cycle, and the removal depth doubled by adjusting the duty cycle from 30% to
60%. Concurrently, the spatial distribution of the material removed under different duty
cycles was calculated, and the linear relationship between removal efficiency and duty
cycles was obtained.
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Figure 6. Removal models for different duty cycles: (a) material removal model; (b) removal depth

curves of different duty cycles.

As shown in Figure 7, the peak removal rate increased linearly with the increase in
the duty cycle, with a correlation coefficient (R?) between the removal efficiency and duty
cycle of close to one. Thus, the removal efficiency of the removal function can be controlled
by adjusting the pulse duty cycle.
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Figure 7. Linear relationship between duty cycle and removal efficiency.

3.3. Stability Verification of the LPIB

In order to verify the application of pulsed ion beams in practical processing, it was
necessary to verify the stability of the pulse. To verify the time stability of the LPIB, the
material removal was measured in four consecutive 12 min segments. A 15 mm grid
was selected in the experiment, the ion pulse duty cycle was kept at 25%, and the pulse
frequency was kept at 100 Hz.

Z in Figure 8a represents the removal depth. Figure 8b shows the maximum fluctuation
of depth removal was 2.4% and the volume removal was 0.6%. Considering that the
removal fluctuation of the ion source is generally within 5% [24], the experiment results
show that the fluctuation of each parameter was within this range, which indicates that the
time stability of the LPIB is similar to that of the normal ion beam.
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Figure 8. Time stability of the LPIB: (a) removal depth; (b) removal depth curve of each period.

4. Discussion

In this study, we obtained the results of the use of a pulsed ion beam by introducing
a control pulsed ion beam derivation. By adjusting the pulse duty ratio and frequency; it
was found to have a high material removal resolution of a single pulse, which realized a
single-pulse removal depth 6.7 x 10~ nm. Ultra-high resolution material-type pulsed ion
beams are expected to achieve atomic-level ion beam machining material removal, which
improves the accuracy when machining components.

The duty cycle of the pulse can be dynamically adjusted by the removal function.
The linear relationship between the removal efficiency of the removal function and the
duty cycle of the pulse was verified. Taking advantage of this nature during processing
for the removal of a larger volume of materials over a larger area can remove the function
of the ion beam duty ratio, increase efficiency, shorten processing time, and improve
processing efficiency. At the same time, to meet the standard requirements of the desired
form, it decreases the pulse duty ratio to zero, stopping the material removal and avoiding
introducing residual material, which can influence surface quality. Finally, the experiment
proved that LPIB has good stability and can be used in practical engineering processing.

Simultaneously, as LPIB is limited to the resolution of the measuring equipment, we
adopted the method of analogical reasoning when obtaining ultra-high material removal
resolution, which failed to directly measure the material removed by a single pulse. This
aspect needs further improvement. In conclusion, a pulsed ion beam processing tool was
proposed that can improve the removal resolution of ion beam precision materials by one
to two orders of magnitude and realize the dynamic control of the removal function in the
process of red ion beam processing. The innovation of the ion beam machining method is
of great significance to promote the development of ultra-precision machining technology.

5. Conclusions

LPIB technology achieves ultra-high material thickness removal resolution at the micro
scale with high macro removal efficiency. In this paper, an ion pulse output with a frequency
of 100 Hz and a pulse width of 0.01 ms was stably produced through the precise control of
the pulsed beam. The controllable resolution of the LPIB is 6.7 x 10~% nm, which is at least
one order of magnitude higher than the current low-energy ion beam. Meanwhile, LPIB
has a good removal stability, and an ideal linear relationship exists between the removal
rate and the pulse duty cycle. Moreover, the maximum removal resolution can be adjusted
within a wide spectrum, and the removal efficiency can be dynamically adjusted. LPIB
technology can be used as a new stable and predictable removal tool in cross-scale material
surface treatment owing to its precise thickness and quality control. Moreover, it has
various potential applications in special surface processing, ultra-precision manufacturing,
adjustment of inertial device quality, ion beam sputtering deposition, and so on. It can
promote the progress of ultra-precision machining technology.
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