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ABSTRACT The versatility of the scanning electron microscope (SEM) for the study of solids is derived mostly from the variety of interactions wich the beam electrons undergo within the specimen. The interactions can be divided into two classes: a) elastic events, which affect the trajectories of the beam electrons within the specimen without significantly altering the energy, and b) inelastic events, which result in a transfer of energy to the solid, leading to the generation of secondary electrons, Auger electrons... All these interactions can be used to derive information about the nature of the specimen. This paper attemps to provide an overview necessary for the analysis of SEM images and compositionally related signals. 1. INTRODUCTION A SEM is a very useful tool to acquire high magnitude images and to make quantitative x-ray analysis. The sample is bombarded by electrons from an electron beam. In order to get information from the SEM, different detectors are used. The detectors used to get image information collect electrons from the target. The beam electrons are given an initial energy of 2-20keV. Depending on the energy, the electron interaction volume is different (Figure 1.). In order to acquire good images, a number of parameters have to be considered, and some understanding of the microscope is necessary.



Figure 1. The electron interaction volume for different accelerating voltages.



Figure 2. Inelastic vs. elastic scattering.



2. ELASTIC SCATTERING The SEM image is due to scattered electrons hitting a detector. There are two categories of scattering, elastic and inelastic. When elastic scattering occurs, the direction of the electron’s velocity is changed, but the kinetic energy (speed) is unchanged (Figure 2.). Less
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than 1eV of energy is transferred from the beam electron to the specimen; this is negligible compared to the initial energy, which is typically 10keV or more. Elastic scattering results from collision of the energetic electrons with the nuclei of the atoms, partially screened by the bound electrons. Elastic scattering is more probable in high-atomic-number materials, due to their bigger nuclei, and at low beam energy. 2.1. Backscattered electrons It is found experimentally that a significant fraction of the beam electrons, which strike a target subsequently escape. The target absorbs only approximately 70% of the beam electrons; the remaining 30% are scattered (elastically) out of the specimen. These reemergent electrons are collectively known as backscattered electrons (Figure 3.). The backscattered electron coefficient, η, is the ratio of the number of backscattered electrons to the number of beam electrons: η = nBS nB This coefficient strongly depends on the atomic number as can be seen in Figure 4.



Figure 3. Electron trajectories intersecting with Figure 4. Backscattered electron coefficient as a function of atomic number. the surface result in backscattered electrons.



3. INELASTIC SCATTERING The secondary general category of scattering is that of inelastic scattering. During an inelastic scattering event, energy is transferred to the target atoms and electrons, and the kinetic energy of the beam electrons decreases. There are a number of possible inelastic scatterings, but only that of generating secondary electron (Low-Energy) emission will be examined. The interaction of the beam electron with the solid can lead to the ejection of loosely bound electrons of the conduction band. These electrons are known as secondary electrons, and they receive an initial kinetic energy of 0-50eV, compared to the energy of the backscattered electrons, which have energy in order of multiple keV (100-40% of the accelerating voltage). 3.1. Secondary electrons If the energy distribution of all electrons emitted from a sample is measured over the range 0 to E0 (accelerating voltage) a curve similar to that shown in Figure 5a is observed.
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The upper portion of the distribution, region I, is the broad hump of electrons which have lost less than about 40% of their energy due to inelastic scattering (backscattered electrons). A smaller fraction of beam electrons lose larger amounts of energy, greater than 40%, before escaping the specimen, forming the tail of the distribution in region II. If region II were extrapolated to zero energy, the fraction of backscattered electrons having a particular energy would be expected to decrease smoothly to zero at zero energy.



(a) (b) Figure 5. (a) The complete energy distribution of electrons emitted from a target including backscattered electrons (regions I and II), and secondary electrons (region III). (b) energy distribution for secondary electrons as measured (points) and as calculated (dots) by Koshikawa and Shimizo (1974) However, at very low energies, below approximately 50eV, the number of electrons emitted from the sample is found to increase sharply to a level much greater than the extrapolated backscattered electron contribution at these energies. The increase in emitted electrons which forms region III in Figure 5a is due to the process of secondary electron emission (Bruining, 1954). Secondary electrons are defined as those electrons emitted from the sample with an energy less than 50eV (an arbitrary cut-off). Although some backscattered electrons are included in this region, their effect on the definition of secondary electrons introduces a negligible error. The secondary electron coefficient, δ, is given by: δ = nSE nB where nSE is the number of secondary electrons emitted from a sample bombarded with nB beam electrons. As can be seen in Figure 5b, the distribution of secondary electron shows a peak at 3-5. 4. RANGE AND SAMPLING DEPTH An important characteristic of secondary electrons is their shallow sampling depth, a direct consequence of their low energy. The escape probability as a function of sampling depth has been calculated by Koshikawa and Shimizu (1974). As shown in Figure 6, there is a sharp drop in escape with depth. Compared to the escape probability for backscattered electrons, shown in Figure 7, the information depth for secondary electrons is about 1/100 of



3



that for backscattered electrons. Secondary electrons are of course generated below these depths but only those generated within five mean escape distances -the mean path between two collisions- from the surface have enough energy to emerge from the surface and carry information which can be detected by the microscopist.



Figure 6. Escape probability for secondary electrons generated at a certain depth.



Figure 7. Escape probability of a backscattered electron, which has penetrated, to a given depth prior to backscattering.



Observable secondary electrons can be formed by the beam electrons as they enter the specimen and by the backscattered electrons as they exit (Figure 8.). The generation of secondary electrons is more efficient for the backscattered electrons than for the beam electrons! This is due to the fact that the path length in the escape depth zone is longer for backscattered electrons (Figure 8.) and that the backscattered electron’s lower energies produce secondary electrons more efficiently. Thus in images made in secondary electron mode, the secondary electrons generated by the beam electrons will dominate for low-atomicnumber materials (few backscattered electrons) while those generated by backscattered electrons will dominate for high-atomic-number materials. When the beam is scanned across the specimen, beam-produced secondary electrons respond to local surface features and carry information, while those generated by backscattered electrons act as background noise.



Figure 8. Schematic illustration of the two sources of secondary-electron generation. Incident beam electrons(B) generate secondary electrons (SEB) when entering the sample. Backscattered electrons (BS) generate secondary electrons (SEBE) while leaving the sample. λ is the mean free path for secondary electrons.



Figure 9. Schematic diagram of EverhartThornley scintillator-photomultiplier electron detector. B, backscattered electron; SE, secondary electron; F, Faraday cage; PM, photomultiplier
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5. SPECIMEN COMPOSITION AND BEAM ENERGY The secondary electron coefficient is rather insensitive to composition (atomic number), compared to the backscattered coefficient, and fails to show any strong trend with atomic number. A typical value of δ is about 0,1. When compound targets are considered, as compared with pure element, a wider range of values of δ is observed. The dependence of δ on composition is a complicated function of the nature of the molecular bounds, the element present, the crystal orientation, the conductivity, and the condition of the crystal surface, making it difficult to formulate a description of secondary electron emission as a function of specimen composition. Reimer and Tollkamp (1980) showed that the influence of beam energies on δ varies with the atomic number of the target. 6. IMAGE FORMATION The image is formed by the beam scanning over the specimen in an X-Y pattern, and at every point the amount of scattered electrons is detected. This means that the brightness at every point depends on the backscattered and secondary electron coefficient (δ and η) and the detector settings used. 6.1. Depth of field There are two distinctly different major operating modes for the SEM. (1) Depth of field mode: If we wish to study rough specimens with extensive topography, the depth of field should be maximised by choosing the smallest aperture available and the longest working distance. (2) High-resolution mode: if we wish to operate at high magnification and high resolution, the working distance should be minimised consistent with adequate signal collection and the aperture size maximised. 6.2. Electron detectors The electrons which escape the specimen fall into two classes with widely different properties. (1) Secondary electrons, which are emitted with an average energy of 3-5eV, and (2) backscattered beam electrons that escape the specimen covering all possible energies, although the electron energy distribution is peaked at 0.8-0.9E0 for medium- and high-atomicnumber materials. The detector, illustrated in Figure A.9, operates in the following manner. The electrons hitting the detection area are multiplied 105-106 times using a photomultiplier. To improve the collection of secondary electrons, a positive charge (up to +400V) can be placed on a Faraday cage surrounding the detector. This will cause practically all secondary electrons to move towards the detector regardless of their initial direction (Figure 10.). The backscattered electrons will be unaffected by this collector due to their high energy, and only those electrons moving towards the detector will be detected. To reject secondary electrons the potential on the Faraday cage can be set at -50V. The detector’s efficiency in collecting electrons is about 1-10% for Figure 10. Secondary electrons are attracted to the positively biased Faraday cage.
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backscattered electrons, while for secondary electrons it is often higher than 50%. It is important to understand that there are no such images as pure secondary electron images. The backscattered electrons moving toward the secondary detector will also be detected and contribute to the picture



6.3. Compositional contrast As said earlier the backscattered electron coefficient varies with the atomic number. Thus regions of high atomic number will appear bright relative to regions of low atomic number (average atomic number in the case of compound target). The secondary electron coefficient is not a strong function of the atomic number for beam energies above 10keV. However, below 5keV the increase in the secondary electron coefficient can strongly affect the observed atomic number contrast. The lack of reliable data on secondary electron coefficient, especially at low beam energy, makes interpretation of atomic number contrast difficult in this energy range. For pure elements, the compositional contrast for secondary electrons is usually not observed. Some interesting exceptions have been presented in the literature (Sawyer and Page, 1978) in which strong compositional contrast is observed in the secondary electron signal (Figure 11a-b.). The secondary plus backscattered electron image of the silicon carbide shows strong contrast between the interior and exteriors of silicon carbide grains. The backscattered electron image of the same region shows no contrast between these areas; only normal atomic number contrast between the grains and the intergranular silicon is observed. Sawyer and Page propose that the contrast in the secondary electron signal arises from differences in the secondary electron coefficient due to the impurity content. Compositional contrast in the secondary electron signal is also very sensitive to the conditions of the sample surface. An evaporated carbon layer applied to the specimen or a contamination layer during electron bombardment can completely suppress the contrast seen in Figure 11a.



(a) (b) Figure 11. (a) Compositional contrast observed in the backscattered plus secondary electron image of reaction bonded silicon carbide. (b) Backscattered electron image of the same region.
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7. SUMMARY The utilities of the various SEM techniques depend a lot on the nature of the specimen being examined. It is a good idea for the microscopist to record at least some selected samples in all available signal modes in order to investigate the imaging flexibility of his SEM. The art of obtaining the most useful SEM images requires the user to extend his instrument beyond the narrow range of ”optimum” operation conditions usually described in the instruction manual. Even the more modest SEMs are capable of a surprising variety of user-selected operation modes. 8. REFERENCES 1. J. I. Goldstein, D. E. Newbury, P. Echlin, D. C. Joy, C. Fiori and E. Lifshin, Scanning Electron Microscopy and X-ray Microanalysis, Plenum, New York, 1981. 2. S. Hogmark, S. Jacobson and Å. Kassman-Rudolphi, Svepelektronmikroskopi i praktiken och teori, Uppsala Universitet, Uppsala, 1998. 3. H. Bruining, Physics and Application of the Secondary Emission Process, Pergamon, London, 1954 4. T. Koshikowa and R. Shimizu, J. Phys. D: Appl. Phys. 7, 1303. 5. L. Reimer and C. Tollkamp, Scanning 3, 35, 1980. 6. G. R. Sawyer and T. F. Page, J. Mat. Sci. 13, 885, 1978.
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