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Abstract: Microcolumns have a stacked structure composed of an electron emitter, electron lens
(source lens), einzel lens, and a deflector manufactured using a micro electro-mechanical system
process. The electrons emitted from the tungsten field emitter mostly pass through the aperture holes.
However, other electrons fail to pass through because of collisions around the aperture hole. We used
Raman scattering measurements and X-ray photoelectron spectroscopy analyses to investigate the
influence of electron beam bombardment on a Si electron lens irradiated by acceleration voltages of 0,
20, and 30 keV. We confirmed that the crystallinity was degraded, and carbon-related contamination
was detected at the surface and edge of the aperture hole of the Si electron lens after electron
bombardment for 24 h. Carbon-related contamination on the surface of the Si electron lens was
verified by analyzing the Raman spectra of the carbon-deposited Si substrate using DC sputtering and
a carbon rod sample. We report the crystallinity and the origin of the carbon-related contamination
of electron Si lenses after electron beam bombardment by non-destructive Raman scattering and XPS
analysis methods.

Keywords: microcolumns; MEMS; silicon; carbon; contamination; Raman spectrum; e-beam; XPS

1. Introduction

Microcolumns, which are stacked structures containing an electron emission source,
an electron lens (source lens and einzel lens), and a deflector, have many advantages
owing to their size (1/100) compared to existing electron columns [1–3]. In particular, the
advanced micro electro-mechanical system (MEMS) process enables the development of
a miniaturized structure and the mass production of microcolumns, and it can create a
multi-beam structure using n × n array microcolumns [4].

Accelerated electrons, through the electron emission source, pass through the aperture
hole of the first electrode, which is the extractor, thereby causing collisions around the
aperture hole. Consequently, various types of defects are formed on the silicon surface.
Carbon is simultaneously deposited around the aperture hole to generate contamination,
which occurs when the source generated during sample measurement in scanning electron
microscope (SEM) analysis is deposited onto the sample surface. Carbon-related contami-
nation can be generated from carbon molecules generated during the preparation of the
SEM sample, the use of carbon tape, the vacuum level of the chamber of the SEM system,
and the use of vacuum grease. Additionally, carbon-related contamination is generated
based on external environmental factors [5–7]. As the sources of carbon-related contami-
nation generated by accelerated electrons degrade the precision of sample analysis, many
researchers have attempted to minimize contamination [8]. This phenomenon has been
incorporated into the electron beam-induced deposition process and further utilized as a
fine compound deposition technology [9].
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All components of the fabricated silicon electron lens were assembled in the micro-
column between the silicon electron lens gap, which is very narrow so that a high electric
field can be generated between the lenses. The emitted electrons continuously collided
around the aperture hole owing to the high electric field of the electronic lens and the
crystallinity of silicon degrades, thereby shortening their lifetime. Several methods, such
as scanning electron microscopy (SEM) and transmission electron microscopy (TEM), have
been proposed for the structural analysis of the sample surface. However, these are destruc-
tive methods for the analysis of raw samples. Pre-treatment is time-consuming and very
expensive for measuring the sample. As carbon-related contamination is deposited near
the aperture hole during electron beam irradiation, it adversely affects the final product.
Therefore, monitoring and analyzing the crystallographic changes in the silicon electron
lens is challenging. In this study, the generated carbon and the change in silicon crystallinity
caused by the collision of electrons with several acceleration voltages around the aperture
hole of the electron lens were verified using Raman scattering analysis. Furthermore, the
carbon deposited on a bare silicon wafer with a DC sputter, carbon rod, and carbon isotope
were compared using Raman scattering to analyze the effects of electron bombardment.
The Raman scattering method is non-destructive and has the advantage of a relatively
short analysis time because it can obtain the electron structure in any phase material,
chemical composition, and structural information without pretreatment or damage to the
samples [10]. The non-destructive Raman scattering method can positively influence an
industrial economy by predicting the lifetime of silicon electron lens using continuous
electron bombardment.

2. Results
2.1. Raman Spectra of MEMS Si Electron Lens Irradiated with Electron Beam

A Si electron lens was manufactured using the MEMS process. Silicon wafer with a
thickness of 400 µm was coated with a photoresist (PR) and the aperture hole was patterned.
Deep reactive ion etching (DRIE) was used to develop the aperture hole. The silicon oxide
film layer was formed by thermal oxidation to protect the aperture hole. PR patterning, the
oxide film, and etching were performed on the opposite side, and the PR was removed.
To prepare a membrane layer, the opposite side was etched until the oxide film fabricated
on the aperture hole was exposed. The oxide film was removed, resulting in a silicon
membrane layer with a thickness of at least 20 µm and a diameter of 10 µm to 200 µm,
depending on the pattern type. The Si electron lens sample was fabricated using the MEMS
process. After the electron beam was irradiated with an acceleration voltage of 0 eV, 20 keV,
and 30 keV around the aperture hole of the etched Si electron lens sample for 24 h, the
surface of the silicon near the aperture hole was irradiated using Raman scattering.

Single-crystal silicon is a semiconductor with a diamond structure. Typically, silicon
(100) can be easily used to form oxides in semiconductor devices and MEMS processes. The
first-order Raman spectrum (Γ point, k~0) of stress-free single-crystal silicon at room tem-
perature (300 K) is primarily observed at 520.3 cm−1 in Raman scattering measurement [11].
The peak around 520 cm−1 (longitudinal optic: LO) that we addressed is the peak of the
first-order phonon, and the band around ~1000 cm−1 is the second-order phonon band
of silicon. As the concentration of crystal defects inside the silicon crystal increases, the
intensity of the Raman spectrum decreases, the full width at half maximum (FWHM) of the
spectrum increases, and the shape of the Raman spectrum changes asymmetrically [12].

Figure 1 shows the Raman spectra of the Si electron lens samples (fabricated by the
MEMS process) irradiated with electron beams with acceleration voltages of 0 eV, 20 keV,
and 30 keV around the aperture hole for 24 h. The Raman spectrum of the 0 eV acceleration
voltage sample shown in Figure 1a is the same as the stress-free single-crystal silicon. As
shown in Figure 1b,c, as the electron beam energy increased to 20 keV and 30 keV, the peak
intensity at 520 cm−1 decreased, and the FWHM increased.
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acceleration voltages of 0 eV, 20 keV, and 30 keV around the aperture hole of a Si electron lens 
fabricated using the MEMS process for 24 h.  

Figure 3 shows the Raman spectra from 1200 cm−1 to 2000 cm−1, as shown in Figure 1. 
The carbon-related bands, D-band and G-band, were weakly observed in the Si electron 
lens sample irradiated to an electron beam acceleration voltage of 20 keV. This result in-

Figure 1. Raman spectra after the irradiation of electron beams with acceleration voltages of (a) 0 eV,
(b) 20 keV, and (c) 30 keV for 24 h around the aperture hole of the Si electron lens fabricated using
the micro electro-mechanical system (MEMS) process.

Figure 2 shows the Raman spectrum of silicon corresponding to the range between
490 cm−1 and 550 cm−1, as shown in Figure 1. The average center wavenumbers obtained
by measuring the four points around the aperture hole of the Si electron lens were 520 cm−1,
519 cm−1, and 515 cm−1, respectively. The spectrum was shifted to a lower wavenumber as
the acceleration voltage increased. This indicates that as the acceleration voltage increases,
electron beam bombardment is applied intensively to the aperture hole, thereby weakening
the bonding of silicon atoms in the Si electron lens. As the acceleration voltages of 0 eV,
20 keV, and 30 keV increased, the average FWHM increased to 9 cm−1, 19 cm−1, and
29 cm−1, respectively. This indicates the formation of the amorphous phase of the Si
electron lens after irradiation with electron beams.
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Figure 2. Raman spectrum waveband (490 cm−1–550 cm−1) after irradiating electron beams with
acceleration voltages of 0 eV, 20 keV, and 30 keV around the aperture hole of a Si electron lens
fabricated using the MEMS process for 24 h.

Figure 3 shows the Raman spectra from 1200 cm−1 to 2000 cm−1, as shown in Figure 1.
The carbon-related bands, D-band and G-band, were weakly observed in the Si electron lens
sample irradiated to an electron beam acceleration voltage of 20 keV. This result indicates
that the electron beam is continuously bombarded around the aperture hole, resulting in
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the degradation of the crystallinity of the silicon near the aperture hole. The carbon-related
contamination was simultaneously deposited near the aperture hole.
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Figure 3. Raman spectrum waveband (1200 cm−1 to 2000 cm−1) after irradiating electron beams
with acceleration voltages of 0 eV, 20 keV, and 30 keV around the aperture hole of a Si electron lens
fabricated using the MEMS process for 24 h.

Three Raman bands were observed in highly oriented pyrolytic graphite (HOPG). The
D-band and G-band were observed at ~1350 cm−1 and ~1590 cm−1, respectively. The D-
band is the peak associated with a defect. The G-band is a common peak in graphite-related
substances [13].

The carbon-related peak was weakly observed in the Si electron lens sample irradiated
to an electron beam acceleration voltage of 20 keV. However, the D-band and the G-band
disappeared in the sample with an acceleration voltage of 30 keV. This indicated that the
bond between the deposited carbon atoms and Si weaken due to continuous bombardment
irradiated by a relatively strong electron beam.

2.2. Raman Spectra of Carbon Rod and Carbon Deposited Si

The carbon-related band additionally observed in the Si electron lens irradiated with
an acceleration voltage of 20 keV electron beam for 24 h was confirmed by analyzing
the Raman spectra based on the sample deposited by sputtering carbon on the surface
of the carbon rod (Cressington, Watford, UK) and the Si electron lens. In this case, car-
bon allotropes, such as carbon rods and carbon nanotubes (CNTs), as well as phonon
peaks corresponding to the D-band, G-band, and 2D-band, were identified and commonly
observed [14–21].

Figure 4 shows the Raman spectra of the carbon-related material prepared using
various methods. Figure 4a shows the Raman spectrum of a typical carbon rod. The
G-band, D-band, and 2D-band were observed at 1581 cm−1, 1355 cm−1, and 2718 cm−1,
respectively. Figure 4b shows the Raman spectrum of the carbon deposited Si electron lens
using a DC sputter. The thickness of the deposited carbon layer was approximately 750 nm
(KLA Tencor, Milpitas, CA, USA).



Molecules 2021, 26, 2766 5 of 10

Molecules 2021, 26, x  5 of 10 
 

 

cm−1 at a low wavenumber, which is shifted by approximately 4 cm−1. This result suggests 
that the silicon crystal is subject to relative tensile stress induced by the carbon layer 
deposited on the Si electron lens substrate.  

The probing depth (δ = 1/2α) of the silicon single-crystal for the 532 nm excitation 
light source is determined by the absorption coefficient (α) of the silicon crystal for the 
excitation light source, which is approximately 800 nm from the surface [11]. Thus, the 
observed Raman spectrum contains the average information of all phonons ranging from 
the carbon layer deposited onto the surface of the Si electron lens to the surface of the Si 
electron lens below. 

Figure 4c shows the Raman spectrum measured at four points: the top, bottom, left, 
and right of the center of the aperture hole of the Si electron lens irradiated with an elec-
tron beam of 20 keV for 24 h. At the four measured points, a sharp peak for the LO pho-
non of silicon (520 cm−1) and weak peaks for the D-band and G-band (1372 cm−1 and 1567 
cm−1) were observed. As previously described, this result indicates that the electron beam 
is focused on the aperture hole of the Si electron lens, and the significant degradation of 
the crystallinity of Si occurs near the aperture edge with a relatively high surface area. 
The degradation creates an energetically unstable area around the edges, indicating that 
carbon-related contamination around the site is intensively adsorbed. As a result, the 
amorphization of the silicon crystal proceeds owing to the degradation of the crystallinity 
as continuous damage is applied around the aperture edge. 

 
Figure 4. Raman spectra of carbon-related materials. (a) Carbon rod; (b) amorphous carbon de-
posited by D.C sputtering on a Si electron lens; (c) Si electron lens irradiated with 20 keV (inset: 
1200 cm−1–3000 cm−1). 

Figure 4. Raman spectra of carbon-related materials. (a) Carbon rod; (b) amorphous carbon deposited
by D.C sputtering on a Si electron lens; (c) Si electron lens irradiated with 20 keV (inset: 1200 cm−1–
3000 cm−1).

The G-band, shown in Figure 4b, was observed at approximately 1500 cm−1, which
was significantly shifted to the low-frequency side compared to the G-band of the carbon
rod shown in Figure 4a. This indicates the weak bonding of carbon atoms on the Si surface.
A band near 520 cm−1 for the LO phonon of silicon was weakly observed. Compared to
the center wave of stress-free single-crystal silicon at 520 cm−1, this band is near 516 cm−1

at a low wavenumber, which is shifted by approximately 4 cm−1. This result suggests that
the silicon crystal is subject to relative tensile stress induced by the carbon layer deposited
on the Si electron lens substrate.

The probing depth (δ = 1/2α) of the silicon single-crystal for the 532 nm excitation
light source is determined by the absorption coefficient (α) of the silicon crystal for the
excitation light source, which is approximately 800 nm from the surface [11]. Thus, the
observed Raman spectrum contains the average information of all phonons ranging from
the carbon layer deposited onto the surface of the Si electron lens to the surface of the Si
electron lens below.

Figure 4c shows the Raman spectrum measured at four points: the top, bottom, left,
and right of the center of the aperture hole of the Si electron lens irradiated with an electron
beam of 20 keV for 24 h. At the four measured points, a sharp peak for the LO phonon of
silicon (520 cm−1) and weak peaks for the D-band and G-band (1372 cm−1 and 1567 cm−1)
were observed. As previously described, this result indicates that the electron beam is
focused on the aperture hole of the Si electron lens, and the significant degradation of
the crystallinity of Si occurs near the aperture edge with a relatively high surface area.
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The degradation creates an energetically unstable area around the edges, indicating that
carbon-related contamination around the site is intensively adsorbed. As a result, the
amorphization of the silicon crystal proceeds owing to the degradation of the crystallinity
as continuous damage is applied around the aperture edge.

2.3. XPS Analysis of MEMS Si Electron Lens Irradiated with Electron Beam

X-ray photoelectron spectroscopy (XPS) is a non-destructive analysis method that is
widely used for the analysis of materials [22]. The origin of the carbon was analyzed using
XPS measurements. The electron beams were irradiated with acceleration voltages of 0 eV,
20 keV, and 30 keV to three Si electron lenses. Monochromated Al-Kα (hν = 1486.6 eV) was
used as the X-ray source. The X-ray probing depth was approximately 10 nm from the
sample surface. Figure 5 shows the XPS spectra of the Si 2p and C 1s states according to
acceleration voltages of 0 eV, 20 keV, and 30 keV (all C-C peaks were calibrated at 284.8 eV
in the C 1s XPS spectra).
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In the case of the Si 2p state, SiO2, Si 2p1, and Si 2p3 bands in the 0 eV sample
(Figure 5a) are clearly observed, while the band intensity relatively weakened in the 20 keV
sample. All Si-related bands in the 30 keV sample finally disappeared. These results imply
that the crystallinity of the Si electron lens of the 30 keV sample is defective, as shown in
Figure 2 (Raman spectra).

In the case of state C, the amount of carbon-related contamination around the aperture
hole increased as the acceleration voltage increased to 30 keV due to the shortening of the
probing depth by carbon.

Table 1 lists the elemental composition of the Si electron lens samples. XPS analysis
showed that the silicon contents of the 0 eV, 20 keV, and 30 keV samples were 31.4%, 1.5%,
and 0%, respectively.

The carbon contents of the 0 eV, 20 keV, and 30 keV samples were 36.7%, 88.9%, and
78.0%, respectively. The C-C bond and C-O bond contents at C 1s states of 0 eV, 20 keV,
and 30 keV were 24.4%, 76.2%, and 52.4% and 4.5%, 12.5%, and 17.7%, respectively. The
C=O and C-O bond contents in the C 1s band at 30 keV (7.9% and 17.7%, respectively)
were higher than those of the 20 keV sample (0% and 12.5%, respectively). The C-C bond
content of the 20 keV sample was higher than that of the 30 keV sample. These results are
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in accordance with the appearance of a carbon-related D-band and G-band in the 20 keV
sample during Raman measurement.

Table 1. Elemental composition (%) of the Si electron lens samples.

XPS
Sample

Elemental Composition (%) C 1s Si 2p O 1s Na 1s

Si C O Na C-C C-O C=O SiO2 Si 2p1 Si 2p3 C-O C=O SiO2 Na 1s

0 eV 31.4 36.7 29.4 2.5 24.4 4.5 - 14.3 0 17.6 5.2 - 31.6 4.1
20 keV 1.5 88.9 9.6 - 76.2 12.5 - 0.9 0 0.6 1.7 - 8.1 -
30 keV - 78.0 22.0 - 52.4 17.7 7.9 - - - 11.6 10.4 - -

3. Discussion

Most electrons emitted from the electron emission source, comprising the microcol-
umn, pass through the aperture hole of the Si electron lens. The electrons that fail to pass
through hit the area around the aperture hole, causing electron bombardment. Therefore,
electron bombardment can affect the lifetime of the electronic lens inside the microcolumn.
This study analyzed impacts on the crystallinity of Si electron lenses, which were fabricated
using the MEMS process, by irradiation to an electron beam for 24 h with various accel-
eration voltages using the Raman spectrum. We observed that the crystallinity of silicon
deteriorated around the aperture hole of the electron lens due to the bombardment of a
continuous electron beam of approximately 20 keV, where carbon atoms were deposited on
the surface. Moreover, the silicon crystallinity severely deteriorated on the surface of the
Si electron lens bombarded by an electron beam of 30 keV or more. These results confirm
that the crystallinity of silicon is degraded by continuous bombardment of electron beams
around the aperture hole of the MEMS Si electron lens. Furthermore, a change observed in
the Raman spectrum indicates that the amorphization of the silicon crystal occurred due to
deterioration. The overall results suggest that surrounding carbon-related contamination
is deposited around the atoms near the edge of the relatively high-surface-area aperture
hole. XPS analysis indicated that the carbon content and carbon-related bonds in the C
state increased with increasing acceleration voltage. This trend was in accordance with the
Raman spectra analysis. In the future, additional studies will be conducted to suppress or
reduce the progression of the carbon-related contamination of MEMS Si electron lenses.

4. Materials and Methods
4.1. Microcolumn Lens Electrode Fabrication Process

Si electron lenses used in microcolumns use a piece of silicon, which is fabricated by
processing a silicon wafer as an electrode. Silicon wafers are highly doped with boron to
improve electrode efficiency and serve as an etch-stop.

Figure 6 shows the fabrication process of the Si electron lens, the processed Si wafer,
and a piece of the Si electron lens. Figure 6a shows the entire manufacturing process,
which is divided into two parts: forming the aperture of the electrode and membrane of
the electrode.

The 12 steps of the fabrication process are shown in Figure 6a. First, hexamethyldisi-
lazane (HMDS) and a photoresist (PR) were coated during processes 1 to 3 onto a silicon
wafer with a thickness of approximately 400 µm, and the aperture shape was patterned.
The aperture was prepared in various sizes ranging from 1 µm to 200 µm, based on the role
of each part of the electronic lens. Next, using DRIE, an aperture hole of approximately
30 µm or more was prepared in the silicon wafer according to the PR pattern. To fabricate a
hole with a uniform shape, the hole depth must be greater than the membrane thickness of
the electrode to be fabricated. In the next process, the PR was removed, and a silicon oxide
layer was formed by thermal oxidation to protect the aperture and pattern formation for
membrane development. Next, in processes 7 to 11, the PR was coated onto the opposite
side of the silicon wafer where the aperture was formed, and the PR was removed after PR
patterning. Oxide film etching was then performed. Finally, if the oxide film was removed
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in process 12 to form a silicon membrane layer, after etching the opposite side until the
oxide film prepared on the aperture hole was exposed (process 11), a silicon membrane
layer with a thickness of at least 20 µm and a diameter of 10 µm to 200 µm was fabricated
based on the PR pattern.
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the MEMS process.

Figure 6b shows the 32 electron lenses obtained through the MEMS process on a
4-inch Si wafer. As shown in Figure 6c, the length of the electronic lens was approximately
10 mm × 10 mm.

4.2. Raman Spectroscopy

In this experiment, we obtained measurements at room temperature using a Raman
spectrometer (Horiba, Kyoto, Japan). A solid-state laser with a wavelength of 532 nm and
an output of 500 mW was utilized as an excitation light source. The Raman scattering
measurement method uses a back-scattering configuration, in which a laser is irradiated
onto the crystal surface (in the crystal axis direction) of the silicon and the scattered light is
focused back on the detector. The size of the laser focal point focused on the sample was
approximately 100 µm in diameter, and a 50× objective lens with a numerical aperture
(NA) of 0.75 was used. The detector applied a charge-coupled device (CCD) and diffraction
grating of 1800 grooves/mm. In this case, the wavenumber resolution was calculated as
0.4 cm−1. The Raman spectrum measurement range was 100 cm−1 to 3000 cm−1.

4.3. Electron Beam Irradiation to Silicon Electron Lens through EPMA

Si electron lenses irradiated with electron beams were fabricated by scanning electron
beams for 24 h at 20 keV and 30 keV, using an electron probe micro-analyzer (EPMA) (JEOL,
Japan). The scan region was a 1 mm2 area centered on the aperture hole of the silicon
electron lens, with a probe current of 1 µA emitted from the tungsten field emitter and
irradiated to the sample. Raman analysis was conducted using the same method as for the
prepared sample, and the results were compared with those of the non-irradiated sample.
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Figure 7a shows the SEM image (red box: 1 mm2 area irradiated with an electron
beam) of the aperture hole of the Si electron lens magnified ×100. The size of the aperture
hole was measured using image analysis software (WaferMasters, Dublin, CA, USA). Both
the horizontal and vertical diameters were 101.9 µm, and the aperture hole of the area
was 8086 µm2 [23,24]. Figure 7b shows a cross-sectional schematic of the electron beam
irradiated onto the aperture hole of the Si electron lens.
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Figure 7. (a) SEM image showing a ×100 magnification of the aperture hole of an electron lens (red
box: 1 mm × 1 mm area irradiated with an electron beam). (b) Cross-sectional schematic diagram of
an electron beam irradiated onto the aperture hole of the Si electron lens.

5. Conclusions

This study evaluated irradiated electron beams of various acceleration voltages near
the aperture hole of a Si electron lens fabricated using the MEMS process and further
analyzed the crystallinity change by a non-destructive method using Raman scattering.
According to the results, as the acceleration voltage of the electron beam increased, the
intensity of the LO phonon peak of silicon at 520 cm−1 decreased and the FWHM increased,
corresponding to a shift to a low-wave band. These results indicate that the higher the
acceleration voltage, the greater the number of electron bombardments near the aperture
edge with a high surface area, resulting in defective silicon crystals. Furthermore, the
results show that the amorphization of silicon crystals progresses due to deterioration. In
addition, the results confirmed that the surrounding carbon-related contamination was
adsorbed near the aperture edge of the Si electron lens with a relatively high surface area,
owing to the electron bombardment caused by a relatively high acceleration voltage. The
method utilized in this study will have a positive economic effect on the semiconductor
industry owing to the use of Raman scattering and XPS analysis for predicting the lifetime
of Si electron lenses fabricated by MEMS. An additional advantage is the long-term and
non-destructive analysis of the deposition of carbon-related contamination onto the surface
of Si electron lenses under a specific acceleration voltage.
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