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aberration. This discussion with regard to the results shown in Fig. 4-3 clearly determines the beam diameter 

dependencies on the probe currents based on the effects of the use of the MC. 

 

Fig. 4-3 Beam diameter dependence on the probe current when operating (a) with and (b) without the MC. The 

dependences of the optimum acceptance angle and the magnification are shown in (c). 

 

Next, we evaluate the SEM performance for various landing energies. Figure 4-4 shows the beam diameter 

dependence on the probe current with or without the MC, for landing energies of 10, 100, 1000, and 5000 eV. The 

graph clearly shows the prominent effect of the MC at lower landing energies, at which the chromatic aberrations 

have a greater influence on the beam diameter. In addition, the effective current range of the MC expands at lower 
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As method No. 1 adopted in chapter 5, energy resolutions are evaluated through comparing energy 

distributions of the SE between experiment and theory. Scanning a mean energy level of the emitter through 

measuring the total output signal of the energy-filtered EBs gives an energy distribution, which is a convolution form 

of the intrinsic energy distribution of the SE and the energy resolution of the MC. The intrinsic energy distribution 

can be estimated from the theory of electron emission process of the emitter. Therefore, a comparison of energy 

distributions between experiment and theory gives the energy resolution. In the evaluation, the power-means method 

is adopted to estimate the energy resolution. In method No. 1, the MC is considered to be an EA, which gives energy 

distribution of the SE. 

 

Fig. 5-3 Two evaluation methods of energy resolutions of the MC. 

 

As method No. 2 adopted in chapter 6, the energy resolution of the MC is directly evaluated. Energy widths 

narrowed by the MC are measured with the additional EA at the downside. The difference of two energy widths, 

which is measured with and without the MC, clearly shows the effect of the MC. The RFA is adopted as the EA and 
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Fig. 5-9 Total energy distributions for SE No. 1 and 2. 

 

Table 5-3 Energy spread parameters and emission currents for SE No. 1 and 2. 

Emitter FWHM RE FE IEMI 
 meV meV meV µA 

SE No. 1 449 108 287 0.047 
SE No. 2 599 217 325 144 

 

For SE No. 1 with the lower EXT field, the TED was asymmetric. For SE No. 2 with the higher EXT field, 

the TED became more symmetric. The difference between RE and FE in Table 5-3 represents the degree of 

asymmetry of the TED for the two emitters more specifically. This result can be explained as follows; in the emission 

process of SEs, a higher EXT field narrows the width of the Schottky barrier at the interface between the emitter and 

vacuum, which increases the numbers of electrons tunneling through into the vacuum. Therefore, the RE of the TED 

in the low energy side becomes broad for the higher field condition. The parameter q in Eq. (5-2e) shows the ratio of 

the tunneling process into the total emission. The estimated values of q are 0.21 and 0.34 for No. 1 and 2, respectively, 

which shows the larger contribution of the tunneling process in SE No.2 than No 1. The result is consistent with prior 

studies of TEDs for SEs with various EXT fields using HSAs [3, 4]. The operational condition of SE No. 2 was 

considered as conventional conditions in their application to EMs. The FWHM was consistent with the widely 

accepted values of 600 meV for SEs, which guaranteed the results of the energy analysis with this optics. 

Figure 5-10 shows energy spreads dependences on emission currents for SE No. 1 and 2. Here, the TEDs were 
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was turned on or off. In Fig. 6-2, both signals in the vertical axis were normalized and their peak positions were 

adjusted to be zero in the horizontal energy axis. The RFA provided the original signals as integrated forms of energy 

distributions in Fig. 6-2a. Therefore, the differential signals, which were acquired by a numerical method after 

smoothing the data, gave the energy distributions in Fig. 6-2b. When the case that the MC is turned on, Fig. 6-2a 

shows steeper decay and Fig. 6-2b does a narrower width. The results confirm that this new MC can reduce energy 

spreads of the EBs. In Fig. 6-2b, the data plot of the MC ON revels small peaks around the zero level in the lower 

energy side. These features were not reproducible for repeated measurements. It was caused by emphasized 

fluctuations or noises of the signals with the differentiation. Table 6-1 summarizes FWHM energy spreads. Here, the 

energy spectra were acquired five times and averaged (AVG) values and standard deviations (SD) were derived. 

 

 

Fig. 6-2 (a) Original and (b) differential signals dependences on the beam energy when the MC is turned on or off. 

 

Table 6-1 Energy spreads when the MC is ON and OFF. 

 

 

 

 

Table 6-1 shows that this MC achieves the FWHM energy resolution of 73 meV, which corresponds to 10% of the 

 Energy spread 
[meV] 

 AVG SD 
MC OFF 676 13 
MC ON 73 1 
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[5-7]. However, considering the cross-sections of the phonon excitations and the knock-on beam damage, electron 

beams at extra-low energy levels of approximately 100 eV are favorable. For such applications, the author has a plan 

to develop a surface electron microscope with analytical functions, which integrates the MC and a high-resolution 

EA into an SEM in a UHV condition. The schematic on the right side of Fig. 6-4 presents the surface microscope. 

The microscope enables to study specimen surface with phonon and vibration spectroscopy in nanometer scales. 

 

 

Fig. 6-4 Future perspectives. 

 

A measurement with HREELS revealed edge phonon states of graphene nano-ribbons [8]. However, the 

signals were almost buried under other peaks. With the surface microscope, direct observation of the edge phonon 

states at specific positions would be possible. Similarly with the study with FTIR-SNOM [3], mapping of surface 

phonon polaritons of h-BN films would also be realized. This result could bring new knowledge on surface physics 

and nanoscience. In addition, gas-solid interactions are also an interesting research theme. Many studies with 
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dispersion are cancelled on the exit image plane. This is attributed to the symmetric optics and the optical axis, and 

to symmetric and asymmetric first-order trajectories. Based on the aberration coefficients, the dependencies of the 

MC performance, such as the beam width, energy resolution, and brightness, on the beam current were clarified. The 

energy resolution is limited by the second-order aperture aberration on the midplane, and the brightness is limited by 

the third-order aperture aberration on the exit plane. The MC performance was estimated for various source 

conditions, such as the types of emitters, the extraction voltages, and the tip radiuses. The optimum conditions of the 

MC are clarified for these conditions. The quantified characteristics are essential for the practical design of the MC 

and its application to microscopes. 

 

In chapter 4, applications of the MC to an SEM at extra-low energies of less than 1 keV were investigated. 

Assuming the use of ideal and high-performance SEM optics with Cs and Cc values of 1 mm, FW50 beam diameters 

were calculated at the positions of specimens. Use of the MC improves dramatically the beam diameter to 4.4 nm, as 

compared to the diameter of 19.7 nm for the SEM without the MC, at a landing energy of 100 eV and a probe current 

of 1 pA. The contribution of the chromatic aberration becomes negligible because of the MC. The beneficial effects 

of the MC for the beam diameter become more prominent at lower landing energies ranging down to 10 eV. In 

addition, the effective current ranges of the MC expand at lower energies. Additionally, the SEM performance was 

surveyed under various emitter conditions, finding the optimum current ranges for the SEM with the sources. From 

the estimation, the author concludes that this MC can effectively improve the SEM performance in extra-low energy 

regions. 

 

In two chapters, chapter 5 and 6, experimental evaluation results of the MC optics are presented. The MC 

prototype was designed in detail based on the theoretical studies. Then, the MC prototype has been manufactured in 

the test bench with a high mechanical accuracy at the micrometer level and been combined with electronics with low 

noise and high stability. The energy resolution of the MC prototype, which is one of the most important factors, is 

evaluated with two methods in chapter 5 and 6. 

 

In chapter 5, the first half of the MC optics, which mainly determines the energy resolving performance, was 

evaluated. The electron optics includes the offset CL and the TL. The optics can serve also as an EA. Through 

comparing TEDs from the experiment and theory, the energy resolution dE is estimated to be 88 meV in FWHM and 
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The author also has another plan to develop a surface microscope combining this MC and a high-resolution energy 

analyzer. This could be useful for studies on the localized status of phonons and absorption process of the gases on 

solid surfaces and be applicable to the observation of bio and organic materials with high special resolutions. In 

future, the author expects that new knowledge and insight on physics related with phonon and vibration spectroscopy 

in nanoscale could be acquired using this instrument. 

Historically, innovative instruments including CPO have achieved quantum leaps for science and technologies 

in various academic and industrial fields. Through the series of studies on instrumentation, the author hopes to 

contribute to progress in science and technologies. 
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