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	All students are asked for bringing their own samples which are attractive and suitable for SEM. The instruction below can help you understand what “suitable” means in SEM techniques and also can be helpful in preparing for the test. 
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1. Introduction
You are or will be soon an expert in your own field. You may be will have something very small that you would like to see. Therefore, you need to understand the SEM capabilities and limitations before you decide whether it will solve your problem or not.
If reading this brings you one “Aha!”, then your time and my has been well spent.
2. SEM Basics
SEM’s enjoy a tremendous advantage over other microscopies in several fundamental measures of performance. Most notable are resolution — the ability to “see” very small features; depth-of-field — the extent to which features of different “heights” on the sample surface remain in focus; and microanalysis — the ability to analyze sample composition. In this chapter we will examine how an SEM forms an image and the principles that determine resolution, depth-of-field, and microanalytical capability.
We will also look at the different signals available in the SEM, particularly as they relate to image resolution. We will conclude with a look at the limitations of conventional SEM’s.
2.1. Description
All SEM’s consist of an electron column, that creates a beam of electrons; a sample chamber, where the electron beam interacts with the sample; detectors, that monitor a variety of signals resulting from the beam-sample interaction; and a viewing system, that constructs an image from the signal.

An electron gun at the top of the column generates the electron beam. In the gun, an electrostatic field directs electrons, emitted from a very small region on the surface of an electrode, through a small spot called the crossover. The gun then accelerates the electrons down the column toward the sample with energies typically ranging from a few hundred to tens of thousands of electron volts. There are several types of electron guns — tungsten, LaB6 (lanthanum hexaboride) and field emission. They use different electrode materials and physical principles but all share the common purpose of generating a directed electron beam having stable and sufficient current and the smallest possible size.

The electrons emerge from the gun as a divergent beam. A series of magnetic lenses and apertures in the column reconverges and focuses the beam into a demagnified image of the crossover. Near the bottom of the column a set of scan coils deflects the beam in a scanning pattern over the sample surface. The final lens focuses the beam into the smallest possible spot on the sample surface.

The beam exits from the column into the sample chamber. The chamber incorporates a stage for manipulating the sample, a door or airlock for inserting and removing the sample, and access ports for mounting various signal detectors and other accessories. As the beam electrons penetrate the sample, they give up energy, which is emitted from the sample in a variety of ways. Each emission mode is potentially a signal from which to create an image. 
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2.2. Imaging Principle

Unlike the light in an optical microscope, the electrons in an SEM never form a real image of the sample. Instead, the SEM constructs a virtual image from the signals emitted by the sample. It does this by scanning its electron beam line by line through a rectangular (raster) pattern on the sample surface. The scan pattern defines the area represented in the image. At any instant in time the beam illuminates only a single point in the pattern. As the beam moves from point to point, the signals it generates vary in strength, reflecting differences in the sample. The output signal is thus a serial data stream. Modern instruments include digital imaging capabilities that convert the analog data from the detector to a series of numeric values. These values are then manipulated as desired.

Originally all SEM’s used a simple imaging device based upon a cathode ray tube or  CRT. A CRT consists of a vacuum tube covered at one end, the viewing surface, with a light emitting phosphor. At the other end are an electron gun and a set of deflection coils. Similar to the SEM, the CRT gun forms a beam of electrons and accelerates it toward the phosphor. The deflection coils scan the beam in a raster pattern over the display surface. The phosphor converts the energy of the incident electrons into visible light. The intensity of the light depends on the current in the CRT electron beam. By synchronizing the CRT scan with the SEM scan and modulating the CRT beam current with the image signal, the system maps the signal point for point onto the viewing surface of the CRT, thus creating the image.
2.3. Electron Optics
Lenses

Magnetic lenses in the electron column bend electron paths just as glass lenses bend light rays. A diverging cone of electrons emerges from each point in the gun crossover, passes through the lens field, and reconverges at a corresponding point in the image plane of the lens. Electrons from all points in the crossover thus pass through the lens to form an image of the crossover at the image plane of the lens. Since the purpose of the column is to project the smallest possible image of the crossover onto the sample surface, its lenses operate in a demagnifying mode. In this mode the image plane is always closer to the lens than the source is. As the cone of electrons converging to a point in the image passes beyond the image plane it begins to diverge again into another cone. In a demagnifying configuration, the divergence angle of the cone beyond the image plane is greater than the divergence angle of the original cone from the corresponding point in the crossover.

Lenses exhibit certain kinds of aberrations. Two of the most important are spherical aberration and chromatic aberration. Spherical aberrations result when paths away from the optical axis are bent more than paths close the axis. Chromatic aberrations result when paths of slower electrons are bent more strongly than paths of faster electrons. Because of these aberrations, all electron paths originating from a given point in the crossover do not converge perfectly on the same point in the image.
Apertures
Apertures are simply small holes, centered on the optical axis, through which the beam must pass. Located at an image plane, an aperture limits the size of the image. Located at a lens plane, an aperture defines the base of the cone of electrons passed from each point in the image, and, thus, the number of electrons transmitted. Here it operates more or less equally on all points in the image of the crossover, and limits total current in the beam. Equally important, an aperture in the lens plane excludes the electrons that are farthest off axis, reducing the adverse effects of lens aberrations. For any beam current there is an optimal aperture size that minimizes the detrimental effects of lens aberrations on spot size. As the beam passes from lens to lens in the column, apertures eliminate the morewidely diverging electrons, sacrificing beam current for smaller spot size.
Beam Current
There is a fundamental relationship between beam current and spot size. An increase in one generally increases the other. Larger apertures and weaker lenses yield higher beam currents and larger spot sizes. Smaller apertures and stronger lenses yield smaller beam currents with smaller spot sizes. Some applications, for instance X-ray analysis, need higher current. High resolution imaging, on the other hand, requires the smallest possible spot size.

Beam current requirements ultimately impose a lower limit on spot size. The information in an SEM image consists of variations in signal intensity over time. At lower beam currents, random variations in the signal become increasingly significant. This noise may originate in the detection and amplification chain or, at very low currents, in statistical fluctuations of the beam current itself. As beam current and spot size decrease below some critical level, increasing noise overwhelms improving resolution. For the purposes of this discussion, we must also distinguish between beam current and imaging current. We will call beam current the current that passes through the last aperture of the electron column. Imaging current is the current remaining in the spot at the sample surface. Imaging current is less than beam current when gas molecules in the sample environment scatter electrons out of the beam. In the high vacuum environment of a conventional SEM beam current and imaging current are essentially the same.
2.4. Resolution
Resolution is a measure of the smallest feature a microscope can “see”. It defines the limit beyond which the microscope cannot distinguish two very small adjacent points from a single point. Resolution is specified in linear units, typically Angstroms or nanometers. Just to keep things interesting, better resolution is called higher resolution, even though it is specified by a lower number. For example 10Å is higher (better) resolution than 20Å. 
Spot Size

The size of the spot formed by the beam on the sample surface sets a fundamental limit on resolution. An SEM cannot resolve features smaller than the spot size. In general, low beam current, short working distance and high accelerating voltage yield the smallest spot. Other factors such as type of signal, beam penetration, and sample composition also affect resolution. 
Volume of Interaction

Image signals are not generated only at the sample surface. The beam electrons penetrate some distance into the sample and can interact one or more times anywhere along their paths. The region within the sample from which signals originate and subsequently escape to be detected is called the volume of interaction. Signal type, sample composition, and accelerating voltage all impact resolution through their effects on the size and shape of this volume. Figure 3 is a schematic representation of the types of signals generated and their specific volumes of interaction. In most cases the volume of interaction is significantly larger than the spot size and thus becomes the actual limit on resolution.
Accelerating voltage determines the amount of energy carried by the primary (beam) electrons. It affects the size and shape of the volume of interaction in several ways. Higher energy electrons can penetrate more deeply into the sample. Likewise, they can generate higher energy signals that can escape from deeper within the sample. Primary electron energy is also a factor in determining the probability that any particular type of interaction will occur. In all of these instances higher energy tends to reduce image resolution by enlarging the volume of interaction. Higher accelerating voltage can also improve resolution by reducing lens aberrations in the electron column, resulting in smaller spot sizes. Which influence predominates depends upon the specific sample, operating conditions, and signal type. 

Sample composition affects both the depth and shape of the volume of interaction. Denser samples reduce beam penetration and reduce the distance a signal can travel before it is reabsorbed. The resulting volume of interaction tends to be shallower and more hemispherically shaped.
2.5. Depth of Field
Compared to light microscopes, SEM’s offer a great improvement in depth of field. Depth of field characterizes the extent to which image resolution degrades with distance above or below the plane of best focus. With greater depth of field a microscope can better image three dimensional samples. Although the SEM is best known for its excellent resolution, some of the most dramatic images actually result from its tremendous depth of field.

In a light microscope, the divergence angle of the cone of light collected by the objective lens from each point in the sample determines depth of field. For higher magnifications, this angle is greater and the depth of field shallower. Thus there is a direct trade-off between magnification and depth of field.
The SEM largely decouples magnification from depth of field. The size of the beam scan, relative to the display scan, determines magnification. The convergence angle of the primary beam determines the change in spot size with distance above or below the plane of best focus. Although the convergence angle and spot size are a function of working distance (the distance from the final lens to the sample surface), in all cases the angles are much smaller, and depth of field much greater, than for optical microscopies. 
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Figure 2. The SEM largely decouples depth of field from magnification. Often the dramatic impact of an SEM micrograph is due more to depth of field than resolution.
2.6. Signal Type
Secondary electrons (SE) are sample atom electrons that have been ejected by interactions with the primary electrons of the beam. They generally have very low energy (by convention less than fifty electron volts). Because of their low energy they can escape only from a very shallow region at the sample surface. As a result they offer the best imaging resolution. Contrast in a secondary electron image comes primarily from sample topography. More of the volume of interaction is close to the sample surface, and therefore more secondary electrons can escape, for a point at the top of a peak than for a point at the bottom of a valley. Peaks are bright. Valleys are dark. This makes the interpretation of secondary images very intuitive. They look just like the corresponding visual image would look.


[image: image2]
Backscattered electrons (BSE) are primarily beam electrons that have been scattered back out of the sample by elastic collisions with the nuclei of sample atoms. They have high energy, ranging (by convention) from fifty electron volts up to the accelerating voltage of the beam. Their higher energy results in a larger specific volume of interaction and degrades the resolution of backscattered electron images. Contrast in backscattered images comes primarily from point to point differences in the average atomic number of the sample. High atomic number nuclei backscatter more electrons and create bright areas in the image. Backscattered images are not as easy to interpret but, properly interpreted, can provide important information about sample composition.
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Figure 4. This sample shows light element particles on tungsten carbide substrate. The SE image (left) shows mostly topographic contrast. Note the surface detail of the particles. Contrast in BSE image (right) is due primarily to differences in atomic number.
Characteristic X-rays result when an energetic electron, usually from the beam, scatters an inner shell electron from a sample atom. When a higher energy, outer shell electron of the same atom, fills the vacancy, it releases energy as an X-ray photon. Because the energy differences between shells are well defined and specific to each element, the energy of the X-ray is characteristic of the emitting atom. 
An X-ray spectrometer collects the characteristic X-rays. The spectrometer counts and sorts the X-rays, usually on the basis of energy (Energy Dispersive Spectrometry —EDS). The resulting spectrum plots number of X-rays, on the vertical axis, versus energy, on the horizontal axis. Peaks on the spectrum correspond to elements present in the sample. The energy level of the peak indicates which element. The number of counts in the peak indicates something about the element’s concentration.
2.7. Microanalysis
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Figure 5. Characteristic X-rays are generated when an inner shell vacancy is filled by a higher energy outer shell electron. The energy of the X-ray equals the difference between the electron energies and is characteristic of the emitting element.
Most elements have multiple energy shells and may emit X-rays of several different energies. The various emission “lines” are named for the shell of the initial vacancy — K, L, M, etc. A Greek letter subscript indicates the shell of the electron that fills the vacancy. Thus a K( line results from a vacancy in the K shell filled by an electron from the next higher shell, L in this case. The nomenclature and the peak structures can become very complex, particularly for high atomic number elements with a multitude of shell and sub-shell energy levels.

Some general rules apply to the various spectral lines.
1. For a given element, lower line series have higher energy — gold K lines have higher energy than gold L lines. 
2. Within a line series, higher atomic number elements emit higher energy X-rays —oxygen K lines are higher energy than carbon K lines.

3. Lower line series have simpler structure than higher line series. K lines are simple and distinct. L and M lines, become progressively more complex and overlapping.

X-ray Maps

For a number of reasons, the X-ray signal provides a much poorer image than electron signals. One reason is the distance X-rays can travel through the sample, generating a  large volume of interaction and poor spatial resolution (see Figure 3). Another reason is  he inherent X-ray background signal (Bremsstrahlung) that, combined with intrinsically low characteristic X-ray signal levels, yields a poor signal to noise ratio.
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Figure 6. X-ray maps plot the location and intensity of characteristic X-ray emissions over the field of view. These images show (clockwise from upper left) a secondary electron image, an oxygen map, a magnesium map, and an aluminum map.

X-ray images are generally referred to as maps, rather than images. Setting the spectrometer to register a “dot” on the imaging device when it detects an X-ray of the appropriate energy creates a “dot map”, showing the spatial distribution of the corresponding element. Given sufficiently long collection times, the digital imaging capabilities of current generation EDS systems can generate gray level maps that show relative X-ray intensity at each point (Figure 6). Even a gray level map does not approach the quality of an electron image.
X-ray Analysis

Because of its poor spatial resolution, the X-ray signal is more often used for analysis than imaging. A qualitative analysis seeks to determine the presence or absence of elements in the sample based on the presence or absence of their characteristic peaks in the spectrum. A quantitative analysis tries to derive the relative abundance of the elements in the sample from a comparison of their corresponding peak intensities, to each other, or to standards. The many interactions that may occur between characteristic X-rays and sample atoms make quantitative analysis very complex.
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Figure 7. An energy dispersive X-ray spectrometer displays peaks at energies characteristic of elements present in the sample.
2.8. SEM limitations
Although conventional SEM’s have superior resolution, depth of field, and microanalytic capabilities, they also have a number of limitations. Almost all of these limitations derive from the high vacuum.

A. The column required a high vacuum in order to generate and focus the electron beam.

B. The sample chamber required a high vacuum to permit the use of available secondary electron detectors.

The simplest design, then, was to allow the chamber and the column to share a common high vacuum environment. At the time, the penalties paid for this approach must have seemed small compared to the performance benefits.
Ad A)
All electron guns, regardless of type, are very sensitive to vacuum levels. Gas in the gun chamber can interfere with electron emission and degrade or destroy the electron source, be it tungsten, LaB6 or field emission. Moreover, the gun uses very high voltages to accelerate the electrons down the column. The fields generated by these voltages are strong enough to ionize any gas present, providing a path for electrical discharge or “arcing”.

Gas in the column can also interfere with the formation and transmission of the beam. Since the focal lengths of the magnetic lenses are relatively long, the beam electrons must travel a considerable distance (typically tens of centimeters) from the gun to the sample. Gas molecules along the beam path can scatter the electrons and degrade column performance. 
Ad B)

The secondary electron detector used in most conventional SEM’s uses a positive bias of a few hundred volts to attract the low energy secondary electrons and increase its collection efficiency. The detector field has little effect on higher energy backscattered electrons. Having entered the detector through the collector grid, secondary electrons are immediately accelerated by a higher voltage field (ten to twelve thousand volts) toward a scintillator. The scintillator converts the electron signal to light, which then passes through a light pipe to a photomultiplier tube. The photomultiplier tube amplifies the light signal and converts it back to an electronic signal. An electronic amplifier further amplifies and conditions the signal before passing it along to the imaging system. Because of its exposed high voltage elements, an secondary electron detector can only function in a high vacuum environment. In a gas environment, it too will arc, often damaging or destroying itself in the process. 
What constraints does the high vacuum requirement impose on samples? In the simplest terms, conventional SEM’s require that samples be vacuum tolerant, vacuum friendly and electrically conductive.

Vacuum tolerant means that the sample is not changed by the high vacuum environment of the sample chamber. A piece of metal is, generally, vacuum tolerant. A volatile coating on that same piece of metal is not. A delicate biological structure, perhaps supported by internal hydrostatic forces, is not. Much of specimen preparation for the CSEM involves the substitution of non-volatile materials for volatile sample components. Accomplishing this without altering the sample is difficult at best. Conventional sample preparation and analysis has been called “the art of creative artifact.” The science lies in correctly interpreting the observed artifact.
Vacuum friendly is really the opposite perspective on vacuum tolerant. Vacuum friendly describes the impact of the sample on the instrument. Will the sample degrade the vacuum enough to damage the detector or electron gun? Will it leave deposits on the apertures of the electron column, degrading imaging performance? Will it leave sufficient contamination on the walls of the sample chamber to interfere with subsequent observations?

Electrically Conductive

The connection between electrical conductivity and sample chamber vacuum requirements is less obvious. The electron beam deposits considerable charge in the sample. In conductive materials, the charge flows through the sample stage to ground. In insulating materials, the charge accumulates, causing local variations in secondary electron emissions and, in extreme cases, deflecting the electron beam itself. All of these effects are classified as charging artifacts.

Techniques for eliminating charging artifacts on nonconductive samples fall generally into two categories: conductive coatings, and low voltage charge balancing. Applying a thin conductive coating to the sample provides a path to ground and dissipates the local fields caused by accumulating charge. A heavy element coating, such as gold, may also improve signal strength and apparent resolution. As with any sample preparation, coating raises the issue of preparation artifacts. Does the coating process itself significantly alter the sample? Moreover, an image of a gold coated sample is an image of the coating not the sample. Are they the same?

Coatings may interfere in other ways. For example, a gold coating renders invisible the gold particles sometimes used as labels. In microanalysis, sample X-rays may be absorbed by the coating or obscured by coating X-rays. Gold absorbs X-rays very efficiently and emits interfering X-rays at several energies. Even carbon, a light element coating, can cause unacceptable interference. 

Low voltage charge balancing works by balancing the charge deposited in the sample by the electron beam against the charge emitted from the sample as various signals. The balance is a function of accelerating voltage, sample composition, and local topography. Charge balancing generally requires accelerating voltages between a few hundred and two thousand volts, exacting a penalty in spot size and, potentially, in resolution. Furthermore, since the balance is specific to local composition and topography, it may be difficult to achieve simultaneously over the entire field of view. Finally, low voltages complicate X-ray analysis by requiring the use of more complex L and M lines. 
2.9. Summary
SEM’s offer superior performance compared to light microscopes, particularly in resolution, depth of field, and microanalysis. An SEM can form an image from a variety of signals. Of the most commonly used signals, secondary electrons offer the best resolution and carry information about surface topography. X-rays carry the best information about sample composition but have poor spatial resolution. Backscattered electrons occupy the middle ground offering a medium resolution image carrying significant but non-specific compositional information.

Though SEM’s offer superior performance, they are limited by their high vacuum requirements to samples that are vacuum tolerant, vacuum friendly and electrically conductive. Certainly the number of applications that do not meet these criteria must far exceed the number that do. In some cases, sample preparations can extend the conventional SEM’s application. Even when successful, these techniques are expensive and time consuming. More importantly, they unavoidably call into question the integrity of the information derived from the modified sample. What does it look like in its natural state?

WHAT IS AN ESEM?

The mid eighties saw the development of the Environmental SEM or ESEM® (usually pronounced “ee-sem”). Perhaps it would have been better named the Variable Environment SEM since its primary advantage lies in permitting the microscopist to vary the sample environment through a range of pressures, temperatures and gas compositions. The Environmental SEM retains all of the performance advantages of a conventional SEM, but removes the high vacuum constraint on the sample environment. Wet, oily, dirty, non-conductive samples may be examined in their natural state without modification or preparation. The ESEM offers high resolution secondary electron imaging in a gaseous environment of practically any composition, at pressures as high as 50 Torr, and temperatures as high as 1500°C. The ESEM has opened to SEM investigation a whole host of applications that were previously impossible. Equally important, it has eliminated most of the sample preparation required for those applications that were already possible. 
Our microscope (The Quanta 200(FEI) with EDS analyzer) has 3 operating vacuum modes to deal with different types of sample. High Vacuum (HiVac) is the conventional operating  mode associated with all scanning electron microscopes. The two other application modes are Low Vacuum (LowVac) and ESEM. In these modes the column is under high vacuum, and the specimen chamber is at a high pressure range of 0.1 to 30 Torr (15 to 4000 Pa). Either mode can use water vapour from a built-in water reservoir, or auxiliary gas which is supplied by the user, and connected to a gas inlet provided for this purpose. Observation of outgassing or highly charging materials can be made using one of these modes without the need to metal coat the sample, which is common to the HiVac mode.
Figure � SEQ Figure \* ARABIC �3� Each type of signal originates within a specific volume of interaction. The size of the volume limits the spatial resolution of the signal. Secondary electrons have the smallest volume followed by backscattered electrons, and X-rays.








Figure � SEQ Figure \* ARABIC �1�. A schematic representation of an SEM. The electron column accelerates and focuses a beam of electrons onto the sample surface. Interaction between the sample and the beam electrons cause a variety off signal emissions. The signals are detected and reconstructed into a virtual image displayed on a CRT. 











