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Abstract


Charge accumulation often occurs in electron optics equipment and interferes with their operation. The trouble can be handled by using the electron flood gun. However, there are still some scenarios where neutralization is not as desired. To achieve a better charge neutralization effect and to facilitate work in confined spaces, a small size, low-energy electron flood gun providing a large area and uniform electron beam has been required. This article employs Munro’s Electron Beam Software (MEBS) to simulate the effect of the structure parameters on the performance of the beam. Based on the simulation results, the electron flood gun is processed and assembled. To verify the performance of the electron flood gun, this paper proposes a new “pinhole scanning method”. By using the method, we have achieved in-situ measurements of beam current and beam spot. The experimental results generally match the simulation results, which demonstrates that the electron flood gun has good performance and is likely to have many applications.
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1. Introduction


When charged particles irradiate poor electrical conductivity materials such as insulators and semiconductors, the accumulation of charge is generated on the materials, this scenario is known as the charge phenomena [1,2,3,4]. The phenomena will form an electric field on the surface of the sample, which will then change the trajectory of incident electrons and ejected electrons, causing a serious impact on the use of electron optics equipment. This can be seen in the use of electron scanning microscopes [5,6] (SEM), where the image resolution is reduced due to charge phenomena, making it difficult to determine the topography of the surface. In addition, the charge phenomena affect other modes of operations such as EBSD, EDS, and so on.



In addition, charge phenomena can also affect surface composition analysis equipment such as X-ray photoelectron spectroscopy [7,8,9] (XPS), Auger electron spectroscopy [10] (AES), secondary ion mass spectrometry [11,12] (SIMS), and so on. The phenomena alter the potential of the sample surface, making it difficult to accurately determine the binding energy to identify the element. In electron-beam processing equipment such as electron-beam lithography [13], resist discharge and line distortion can occur. During ion implantation [14], the charge phenomena affect the effectiveness of ion implantation.



The charge phenomena are thought to result from an unequal number of incident electrons and emitted electrons [1,2,3,4]. Several methods have been developed to minimize the effect caused by the charge phenomena, such as reducing the resistivity of the sample [15,16], varying the environmental pressure [13,17], and neutralizing the residual charge on the sample [7,8,9,10,11,12]. Electron neutralization has significant advantages over other methods, mainly in the precise control of the amount of charge injected to achieve a good neutralization effect, while maintaining the original experimental conditions and not causing sample contamination and damage. Therefore, this method is used in XPS [7,8,9], AES [10], and SIMS [11,12].



Using the electron flood gun is a common way in charge neutralization [7,8,9,10,11,12]. The neutralization effect depends on the performance of the electron flood gun; special attention should be paid to possible insufficient neutralization, over-neutralization [8,10], and damage to the sample [12]. The basic requirements are as follows. Low-energy is necessary to avoid negative charge build-up and sample damage. The beam spot should be as large as possible according to the application conditions in order to improve neutralization efficiency. Considering that flood guns are mostly used for integration instead of used alone, they are required to work in confined environments, so miniaturization is important to them. Based on these considerations, our research group decided to design a low-energy, large beam spot, miniaturized electron flood gun.



Our work on the electron flood gun will be presented by both design and performance in this article. In the design aspects, the traditional three-electrodes structure of a cathode, an anode, and a gird was used. Further numerical simulations were used to determine the size of the three electrodes and the distance between them. Based on the simulation results, the electron flood gun has been manufactured and assembled. To validate the performance of the electron flood, a new method—the “pinhole scanning method”—was proposed by our group. Based on this, a test system was established and in-situ measurements of the electron beam current and the beam spot were achieved. Through the comparison between simulation and experimental results, our design is believed to have good performance; it meets the design requirements of miniaturization, low energy, and a large beam spot.




2. Design Aspects


Considering the design requirements of miniaturization, low-energy, and large spot, the structure of the electron flood gun should be as simple as possible. As a result, the focusing elements have been omitted in the design, and the three-electrodes structure composed of a cathode, a grid, and an anode has been adopted. In view of that, the structures of low-energy electron guns are mostly rotational-axis symmetry [18,19], the electron gun designed by our research group follows this structure, as shown in Figure 1, where the r-direction is the radial direction and the z-direction is the axial direction, the point O is the center of the cathode. The distance from the cathode and the grid and the distance from the grid to the anode are represented by dcg and dga, respectively.



The specific parameters of each electrode in the electron gun have been determined based on the calculation results of Munro’s Electron Beam Software (MEBS) which is used worldwide by numerous electron microscope manufacturers and by manufacturers of charged particle optical equipment for the semiconductor industry. The MEBS was used to determine the geometric parameters and potentials of each electrode.



Taking into account the performance requirements for large beam spots and based on simulation results, a disk cathode with a diameter of 1 mm was applied in the electron gun. Important structural parameters such as the size of the grid, the size of anode, the distance between grid and cathode, and the distance between grid and anode are determined with reference to the simulation results calculated by the MEBS. In addition, it is necessary to ensure the insulation between each electrode during the design. After determining the approximate value of each important parameter, considering the effect of space charge, the electron beam trajectory (red line) is shown in Figure 2, and the green line represents the electric field distribution.



The electron flood gun is designed as the detachable structure to the analysis of the influence of structural parameters on the performance of the electron beam and to facilitate adjusting the performance of the electron beam. The detachable structure is mainly composed of a cathode, a grid, an anode, and insulating ceramics, as demonstrated in Figure 3a. The cathode is a LaB6 disk emitter which gives a high emission current at low temperatures compared to tungsten filaments and a lifetime of over 500 h. From Figure 3b, it can be seen that the assembled electron flood gun body is approximately 2 cm long, which has the superiority of small size.



The detachable structure makes installation extremely important. The detailed installation procedures are based on the cathode. After the position of the cathode is determined, the position of the grid and anode is determined successively according to it. The accuracy of the position of the cathode center is a significant parameter. If the elements of the electron gun are poorly aligned, it will result in an asymmetrical profile of the electron beam and even astigmatism. When the grid voltage is adjusted, the electron beam will change irregularly, instead of being concentrically larger or smaller which may cause an extremely inconvenient operation or even serious damages to the samples in the process of neutralization. In addition to the removable structure for easy adjustment to facilitate center alignment, four additional adjustment screws are designed to ensure the accuracy of the center alignment.




3. Method


After the design and assembly, evaluating the performance of the electron gun according to the design requirements is our main task. Miniaturization is directly reflected in the appearance, as shown in Figure 3b. While other design requirements need to be verified by measuring the beam current and beam spot of the electron beam.



In order to measure the beam current, our group adopted a maneuverable, efficient, and common method—the Faraday cup method [20].



There are some difficulties in measuring beam spots compared to beam currents. CCD observation method [21] and the occlusion scan method [22] are usually used for beam spot measurement. The CCD observation method depends on the fluorescence generated by the electrons irradiated on the fluorescence screen. This method has some difficulties in quantitatively calculating the beam spot size and is limited by the range of incident electrons energy, especially when the incident energy is low and the fluorescence cannot be excited. The principle of the occlusion scan method is to analyze the electrons received in the Faraday cup. Nevertheless, on account of the interaction between the electron beam and the solid, an interference signal mainly composed of secondary electrons is generated in this process, which greatly affects the accuracy during the measurement.



A new method called the “pinhole scanning method” is proposed to solve the above problem. The method is also intended for in-situ measurement of beam current and beam spot, an illustration is shown in Figure 4. Two Faraday cups are fixed side by side on the stage, the one with a larger hole is termed “holey Faraday cup”, the other with a pinhole is named “apertured Faraday cup”. The holey Faraday cup is used to measure the current of the beam, while the apertured Faraday cup is applied for measuring the diameter and uniformity of the beam spot. Owing to the grounded metal shield fixed above the apertured Faraday cup, the method is free of the influence of secondary electrons.



According to the proposed principle of the pinhole scanning method, the electron beam performance test system has been built up. The system is mainly composed of a vacuum subsystem, electron gun, and its control subsystem, stage subsystem, and data acquisition subsystem which includes “apertured Faraday cup”, “holey Faraday cup”, dual-channel picoammeter (model 6482 by Keithley Instruments Company), and computer as shown in Figure 4.



The steps for using the pinhole scanning method are described in detail below. Initially, move the “holey Faraday cup” under the electron gun and ensure that the electrons emitted from the gun fully enter it. Meanwhile, the beam current is measured by a dual-channel picoammeter. Then, the “apertured Faraday cup” is placed under the electron gun for receiving electrons. What calls for special attention is that the diameter of the aperture must be smaller than the diameter of the beam spot. Next, the aperture will move with the stage at a constant speed to achieve a relative movement of the beam spot. The trajectory of the aperture is indicated in Figure 5, where the continuous dash line represents the path of the aperture. It is necessary to guarantee the moving range of the aperture completely covers the beam spot area. During the moving process, the electrons received by the apertured Faraday cup flow into model 6482, the current measured by the instrument are displayed in the computer. The diameter and uniformity of the beam spot are acquired through further comparison and analysis. The method realizes the measurement of beam current and beam spot under in situ conditions. The following section will provide specific results.




4. Results


The electron beam performance experimental results are presented below. The relationship between the beam current and beam energy obtained by the holey Faraday cup is demonstrated in Figure 6; the beam current is proportional to the beam energy under the condition that the grid voltage and the cathode current have been kept constant.



Since the structure we adopted is composed of a cathode, a grid, and an anode, the impact of the grid voltage on the performance of the electron beam, especially on the beam current and beam spot, constitutes the main factor to be concerned about. Simulation and experimental results of the beam current basically matched well as demonstrated in Figure 7. It can be inferred that the electron beam is completely suppressed with the grid voltage less than −6 V. In addition, given the designed maximum value of the beam current (200 μA), the voltage of the grid is recommended below 10 V. Within a certain range of −6 V to 10 V, the beam current is continuously increasing when the grid voltage augments.



After measuring the electron beam current by the holey Faraday cup, the beam spot diameter can be measured by using the apertured Faraday cup under in-situ conditions. Taking the working distance of 10 mm as an example, the simulation and experimental results are slightly different as shown in Figure 8. When the grid voltage is negative, the experimental result is higher than the simulation value. However, when the voltage turns positive, the opposite tendency appears: the experimental result becomes lower than the simulation value. Specifically, compared with the data in the simulation, whether the grid voltage is negative or positive, the corresponding desired effect is not achieved. The reason for the phenomena is probably that compared with the circumstances in the simulation, the insufficient electric field during experiments leads to the inefficiency of the grid control capability.



The above performance tests illustrate that the electron gun we designed has two working modes—“focus mode” and “expansion mode” although the control capability is not as good as the designed one. In the focus mode, the negative grid voltage leads to the convergence of the electron beam, the beam current decreases and the beam spot area reduces. In the expansion mode which is often happened in charge neutralization, on the contrary, the positive grid voltage expands the beam spot area and increases the beam current.



The uniformity of the electron beam determines the effect of neutralization.The uniformity can be characterized by the results of the beam current density at all sampling points when using the pinhole scanning method. The value of beam current density is equal to the current collected by the aperture of the apertured Faraday cup divides the area of the aperture. The beam current density distribution map is generated after the density is calculated at all sampling points as shown in Figure 9a. The contour at the intersection of the purple and the black represents the outline of the beam spots. It indicates that the closer to the beam spot center, the higher the beam current density. The maximum value is 172.3 μA/cm2 in the red at the top. As can be seen in Figure 9b, the beam spot is roughly a Gaussian spot, from which can be inferred that the uniformity of the electron beam is good.



After the beam current and beam spot are measured, the stability of the electron flood gun is further evaluated. The stability of the beam current is below 1% after warming up as shown in Figure 10 under the conditions that the acceleration voltage and cathode current are constant.




5. Summary and Conclusions


In this paper, we proposed a miniaturized, low-energy, large beam spot electron flood gun structure. The structural parameters of each electrode were determined by the simulation of Munro’s Electron Beam Software. The electron flood gun was processed and assembled with the function of centering alignment. To measure the performances of the electron flood gun accurately and comprehensively, a new method—the pinhole scanning method—had been proposed. A test system had been built based on it. The system enables in-situ measurement of beam current and bean spot and simultaneous acquires of large amounts of data.



Experimental results and their agreement with simulation means the electron flood gun we built has the characteristic of a miniaturized, low-energy, large and uniform beam spot. These properties are sufficient to support its operation in different environments of charge neutralization. The in-depth analysis of the data of the beam performance has a guiding function to optimize the structural design and installation of the electron flood gun. We plan to integrate it into the objective lens of SEM in future work benefits from its miniaturized structure.
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Figure 1. Design outline of the electron flood gun. 
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Figure 2. Electron trajectory calculated by MEBS. 
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Figure 3. (a) Schematic diagram of the electron flood gun; (b) picture of the electron flood gun. 
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Figure 4. Schematic diagram of the pinhole scanning method. 
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Figure 5. Diagram of the movement of the aperture. 
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Figure 6. Beam current varies as beam energy changes. (grid voltage = 10 V, cathode current = 1.7 A). 
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Figure 7. Effect of the grid voltage on the electron beam current. (beam energy = 1000 eV, cathode current = 1.7 A). 
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Figure 8. Effect of grid voltage on electron beam spot. (beam energy = 1000 eV, cathode current = 1.7 A). 
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Figure 9. (a) Distribution map of beam current density; (b) the contour of beam current density. 
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Figure 10. Stability of beam current after warming up. (beam energy = 1000 eV, cathode current = 1.7 A). 
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