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Fig. 4 Optimized objective structure and simulation results of magnetic field on axis. (a) Diagram of optimized objective structure;

(b) field distribution of objective lens axis corresponding to excitation of 936 ampere-turns (1 A)
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Fig. 5 Simulation diagram of a single deflection coil in upper deflection. (a) Simulation model; (b) magnetic field distribution on axis
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Table 1 Performance parameters of beam spot at different working distances when only considering focusing field
Working Coefficient of spherical Coefficient of chromatic Aperture Beam spot

Excitation /AT

distance /mm aberration /cm

aberration /cm angle /mrad diameter /nm

1 1627.84 0.80 0.68 6.7 0.86
3 1429.25 1.42 0.87 5.8 1.00
5 1287.88 2.39 1.06 5.1 1.15
10 1129.62 6.97 1.58 5.0 2.05
15 985.93 15.79 2.12 4.9 3.87
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Fig. 6 Beam spot sizes corresponding to different scanning

fields when focusing field and deflection field are

considered simultaneously (Working distance is 15 mm)
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Fig. 7 Simulation results of electron beam spot and aberration
spot. (a) Electron beam spots at various locations of
deflection field; (b) aberration spots at various locations
of deflection field
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Fig. 10 Magnetic field test results of objective lens. (a) Corresponding on-axis magnetic field distributions at different currents; (b) on-

axis magnetic field distributions at different angles of rotation of rotary table when coil is energized with 1 A current
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Table 2 Maximum magnetic field values on axis corresponding to object lens at different currents

Category B(0.5A) /mT B(1A)/mT B(1.5A) /mT B(2A)/mT
Simulation 49.03 98.00 147.03 174.15
Experiment 47.38 97.02 122.45 133.78

3 L e 2 B TE A [ R AT T L 4l L e 0 e R A
Table 3 Maximum magnetic field values on axis corresponding to upper deflection coil at different currents
Current /A 0.3 0.4 0.5 0.6 0.7 0.8
B(x) /Gs 1 2 3 3 3 4
B(y) /Gs 1 2 2 3 3 4
A T e e 2k BB TE AN [R) H VAL T 0T L 4l I il e R A
Table 4 Maximum magnetic field values on axis corresponding to lower deflection coil at different currents
Current /A 0.3 0.4 0.5 0.6 0.7 0.8
B(z) /Gs 3 4 5 7 8 9
B(y) /Gs 1 2 3 4 5 6
5 VPRET ELAS LAY BRI (R S 56 0 3K
Table 5 Theoretical and experimental test values of vacuum level under VP mode
Position Theoretical value /Pa Experimental test value /Pa
Specimen chamber 10-133 10 37 57 76 94 110 130
Transition space <107 1.7<107"  6.5x107" 1.1 1.5 1.8 2.2 2.6
Electron beam channel <107° 9.5<107"  2.6X107"  4.7x107°  6.5X<107°  8.5X107° 1.1X1077 1.4X107°
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Fig. 11 Experimental platform and test sample. (a) ESEM experimental platform; (b) physical object of objective lens with a variable

vacuum structure; (¢) imaging results of target grid samples under high vacuum by ZEISS Gemini SEM
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Abstract

Objective Environmental scanning electron microscopes (ESEMs) are widely employed for high-resolution observation of
water containing, oil containing, and biological samples in low vacuum environments. However, at present, the
development of ESEMs in China is almost blank, and most of them need to rely on imports. Therefore, the research on
ESEMSs can help improve China’s independent development capability in this field, and provide a theoretical and
experimental basis for the development of ESEMs in the future. Compared with conventional electron microscopy, the
sample chamber of ESEMs should be in a low vacuum or ambient state. The vacuum value is generally on the order of
100 Pa, while that of the electron beam channel and the electron gun needs to be less than 1X107* Pa and 1X107" Pa
respectively. The pressure difference between the electron beam channel and the sample chamber is much larger than that
between the electron gun and the electron beam channel. The conventional method is to add a throttle tube between the
electron beam channel and the sample chamber. Meanwhile, since the large pressure difference remains much greater than
that between the electron gun and the electron beam channel, the conventional method is to add a throttle tube between the
electron beam channel and the sample chamber, but the large pressure difference will result in a long throttle tube with a
small aperture. This will bring practical problems in imaging, such as the longer throttle tube leading to an increase in the
working distance of the objective lens. As a result, it increases the spherical aberration, reduces the imaging resolution,
and causes a smaller deflection range to a certain extent. Additionally, the long throttle tube will lead to the presence of
residual gas inside the tube, the electron beam will drift in a section of the gas space where there is low gas pressure, and
the probability of collision between the electron beam and the gas is high, which will have a greater effect on the resolution
at low accelerating voltages. Therefore, the comprehensive design of ESEMs, which plays a key role in the system

resolution of the objective lens and vacuum differential structure, is the study focus and difficulty.

Methods Starting from the theory of electron optics, we consider the structure of the objective lens and the vacuum
differential structure in the ESEM comprehensively. Firstly, two throttle tubes are designed between the sample chamber
and the electron beam channel (near the lower pole shoe of the objective lens), and a transition zone is added inside the
objective lens to form a three-level vacuum differential structure of the sample chamber, the transition zone and the
electron beam channel. The vacuum in the transition zone should be two orders of magnitude higher than that in the sample
chamber, and that in the electron beam channel should be two to three orders of magnitude higher than that in the transition
zone. Considering the processing cost and difficulty of the elongated throttle tube, we adopt the combination of multiple
diaphragms, which can more conveniently change the vacuum level by adjusting the aperture and number of diaphragm
sheets in the diaphragm groove to achieve the required differential pressure difference. Then, the optimized design of a
high-resolution ESEM objective lens and deflector is carried out based on a double-throttle vacuum resistance structure.
Finally, an experimental platform is set up, and the objective magnetic field test, vacuum differential pressure test, and

resolution test are carried out for validation.

Results and Discussions Considering the objective structure and vacuum differential structure in the ESEM, a double
throttle tube vacuum resistance structure as shown in Fig. 2 is designed to form a three-stage differential test structure
(Fig. 10). This design can reduce the length of the throttle tube as a whole, which lowers the requirements for the aperture
and length of the throttle tube to a certain extent, and thus reduces the influence on the working distance and the deflection
field. Meanwhile, it can also reduce the gas residual situation in the narrow throttle tube, and reduce the influence of the

electron beam drift in the narrow gas space in the throttle tube. The results of the vacuum differential pressure test show
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that the vacuum in the transition vacuum zone is two orders of magnitude higher than that in the sample chamber, and the

vacuum in the electron beam channel is two to three orders of magnitude higher than that in the transition vacuum zone,
which can meet the design requirements. The resolution test results show that in the current experimental conditions and
the low vacuum environment mode of 133 Pa, the imaging resolution corresponding to the 20 pm X 20 pm scanning field is
better than 50 nm, and that corresponding to the 80 pm X80 pm scanning field is better than 100 nm when the working

distance is 15 mm (Fig. 13).

Conclusions  Starting from the electron optics theory, we consider the objective lens structure and vacuum differential
structure in the ESEM comprehensively, and the two are combined for the optimal design to provide a design method for
the objective lens with variable vacuum structures. Systematic analyses, calculations, and simulations are carried out.
Based on the theoretical analysis and simulation results, a magnetic field test platform and an ESEM experimental test
platform are built for experiments, and the results show that in the current experimental conditions and low vacuum
environment mode, the imaging resolution of 20 pmX20 pm scanning field corresponds to a resolution of better than
50 nm when the working distance is 15 mm. The overall closed-loop design and test of the objective lens with variable

vacuum structures provide a theoretical and experimental basis for the development of ESEM.

Key words electron optics; objective lens; variable vacuum structure; aperture of pressure difference; throttle tube
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