Measurements of Secondary Electron Yield for Validation of Scanning Electron Microscopy Models
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The miniaturization of transistor features requires accurate dimensional measurements to enable manufacturing process control. In microelectronics production and development, scanning electron microscopy (SEM) is commonly used to measure critical dimensions, contours, and surface roughness and to analyze defects. Achieving subnanometer measurement uncertainty presents significant challenges. Reliable models of electron-solid interactions are essential to accurately infer geometrical dimensions from the intensity line scan of SEM images. Secondary electrons (SE) generated during the electron beam's interaction with the sample are primarily responsible for the contrast observed in SEM images. Most SEs have energies ranging from 0 eV to 25 eV, making it crucial to understand their interaction with solids, a task complicated by uncertainties in low-energy electron physics. Most models rely on statistical Monte Carlo simulations to simulate electron-solid interactions, but they require numerous parameters that frequently have large uncertainties, such as electron scattering cross sections. Refining existing models is further complicated by the lack of benchmark experiments; the available measurement results on secondary electron yield (SEY) differ among laboratories by a factor of two or more. Our yield metrology project aims to develop a measurement instrument that produces reliable, consistent electron yield data to support model validation.
The instrument is an ultra-high vacuum (UHV) system equipped with sample cleaning capabilities in a dedicated sample preparation chamber and a spherical retarding field analyzer (RFA) for electron yield measurements [1]. The sample cleaning capabilities include sputtering, the removal of contaminants via reactive gas chemistry, and annealing and flashing at high temperatures. The RFA (Fig. 1) is the essential component of this instrument, designed to measure electron yields and energy spectra with varying beam energy and angles of incidence. The RFA consists of five concentric spherical shells: two unbroken metal shells and three high-transparency wire mesh grids made of tungsten. The outermost shell (shell 5) acts as a grounded outer shield, effectively preventing stray external charges from entering the interior, while shell 4 serves as the collector. Both are constructed from high-permeability metal, providing magnetic shielding. The upper hemispherical shells (shells 4 and 5) can be elevated using a stepper motor to facilitate sample exchange. The two outer wire mesh grids (shells 2 and 3) function as retarding grids biased between  kV and 0 V relative to the sample, creating a high-pass filter that allows only electrons with energies exceeding the retarding potential energy to reach the collector. The energy resolution of the analyzer is influenced by the uniformity of the retarding field; the use of two retarding grids at the same potential significantly enhances this uniformity. The innermost wire mesh grid (shell 1) acts as a space-charge grid. It can be positively biased relative to the sample, effectively pulling emerging electrons away from the sample to limit space-charge buildup. Additionally, the space-charge grid provides a shielding effect, allowing the retarding grids to be operated at high potentials for energy loss spectrum measurements.
[image: ]To reduce the emission of tertiary electrons, the inner surface of the collector, drift tube, sample support rod, and all three wire mesh grids are coated with graphite. The electron beam enters through the shield, collector, and grids via a grounded drift tube that extends from the back of the analyzer to a point just outside the space-charge grid, ensuring that the electron beam remains unaffected by the retarding potentials. The electron gun’s beam energy can be adjusted from 100 eV to 10 keV. A sample bias technique can be utilized to enable measurements from 0 eV to 100 eV. When the electron beam strikes the sample, located at the center of the RFA and supported by a sample support rod, almost all scattered electrons must either reach the collector or one of the three wire mesh grids (with approximately 1 % escaping through the beam entrance aperture). A stepper motor rotates the sample, varying the angle of incidence up to 90°. Calibration of the RFA’s sample angle positioning system was performed using the approach described in Ref. [2]. The sample, sample support rod, collector, and three wire mesh grids can be biased independently. Seven picoammeters measure currents flowing to or from the sample, sample support rod, three wire mesh grids, collector, and drift tube. The system is nearly fully assembled, with only additional pumps and an Auger electron spectrometer (AES) remaining to be installed. Fig. 1 The retarding field analyzer (RFA).

To measure secondary electron yield (SEY) using the retarding field approach, it is necessary to measure both the total electron yield (TEY) and the backscattered electron yield (BSEY). The electron yield, in general, is defined as the ratio of the collected current (as a sum of the currents on the collector current and the retarding grids) and the incoming beam current. The TEY is obtained by applying zero bias to the retarding grids allowing all electrons to reach the collector. The BSEY is measured when a potential of  V is applied to the retarding grids, thereby permitting only electrons with energies greater than 50 eV to reach the collector. The SEY is obtained by subtracting the BSEY from the TEY. The collector is held at a bias 50 V higher than the retarding grids to collect all electrons passing through the grids and ensure the return of any SEs emitted by the collector. A positive voltage of 20 V is applied to the space-charge grid. 
We performed a test measurement on an oxygen-free high thermal conductivity (OFHC) copper sample, which was sputtered with 3 keV argon ions to remove major contaminants. Without the AES, the final cleanliness of this sample could not be verified. The measurements were conducted at a pressure of  (). The SEY results measured in the present study are compared in Fig. 2 with data from two of the more careful studies in the literature [3, 4]. The RFA SEY results differ from Bronstein’s by approximately 3.5 % and from Koshikawa’s by approximately 45 %. The vertical bars show only the repeatability component of total uncertainty but exclude, for now, errors due to residual surface contamination or instrumental measurement artifacts. These will be considered in future work.
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Fig. 2 Comparison of the secondary electron yield of Cu measured in the present study (red with repeatability indicators) and data from the literature [3, 4] (uncertainties unstated). The vertical bars are ±4.3 standard deviations from three consecutive measurements to represent 95 % confidence intervals of repeatability.
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