Scanning Electron Microscopy

Laboratory #8
MET 231 Laboratory


In this lab the basics of scanning electron microscopy are presented and techniques developed that are used to solve problems in materials science and engineering.  The evolution of the SEM started with the development of the cathode ray tube (date unknown).  The first operational instrument is believed to be built by V. K. Zworykin.

Report Requirements


See instructions in the Charpy impact-testing laboratory (Laboratory #7).

Introduction

This handout is divided into three sections.  The first section includes a discussion of the general uses of the scanning electron microscope (SEM).  Also included here are some examples of applications where the SEM is used.  In the second section of the handout general information on the instrumentation and principles of scanning electron microscopy are presented.  It is here where the student will learn basically how the SEM works.  In the third section a brief outline of the laboratory experiment is presented.  


Use of the Scanning Electron Microscope


The SEM is an electron microscope that is used to produce high-resolution and depth-of-field images of sample surfaces.  In general, a SEM can be used to image features at magnifications of 10 to 300,000X.  Depending on the sample being viewed features as small as 3 to 100 nm can be resolved.  When equipped with a backscattered detector, the microscope allows: 1) observation of grain boundaries on unetched samples, 2) observation of domains in ferromagnetic materials, 3) evaluation of the crystallographic orientation of grains of diameters down to 2 to 10 mm, and 4) imaging of a second phase on unetched surfaces when the second phase has a different average atomic number.  If the microscope is suitably modified, it can also be used for defect and quality control of semiconductor devices.


The SEM has been used for a variety of applications.  These include the following:


1)
Examinations of metallography prepared samples at 


magnifications well above the useful resolution of the optical 


microscope


2)
Examination of fracture surfaces and deeply etched surfaces 


requiring depth of field well beyond that possible with the optical 

microscope


3)
Evaluation of crystallographic orientation of features on a 


metallographically prepared surface, for example, individual grains, 

precipitate phases, and dendrites


4)
Identification of the chemistry of features down to micron sizes on the 

surface of bulk samples, for example, inclusions, precipitate phases, 

and wear debris


5)
Evaluation of chemical composition gradients on the surface of bulk 

samples over distances approaching 1 mm


6)
Examination of semiconductor devices for failure analysis, function 

control, and design verification


Although the SEM is a powerful instrument it does have some limitations.  In general the image quality on relatively flat samples, such as metallographically polished and etched surfaces, is inferior to the optical microscope below 300 to 400X.  In addition, the feature resolution, although much better than the optical microscope, is inferior to the transmission electron microscope and the scanning transmission electron microscope.



Principles of Scanning Electron Microscopy


The basic components of the scanning electron microscope are shown in Fig. 1.  The components can be grouped into 4 categories consisting of 1) the electron column, 2) the specimen chamber, 3) the vacuum pumping system and 4) the electronic control and imaging system.  In the following discussion a
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Figure 1.  Basic components of the Scanning Electron Microscope.

General description of the electron column and the electron control and imaging system is presented.  For a detailed discussion of all categories see the article "Scanning Electron Microscopy" in Volume 10 of the 9th edition of Metals Handbook.


The electron gun in the upper part of the electron column produces a narrowly divergent beam of electrons directed down the centerline of the column.  The beam of electrons passes through two condenser lenses and one objective lens that focus the electron beam to a point on the sample surface.  Adjusting the objective lens current focuses the image observed in the SEM.  A focused image is obtained when the minimum spot size (of the electron beam) is produced on the sample surface for the prior settings of the condenser lenses.  Located in the bore of the objective lens cage are two sets of scan coils.  These scan coils cause the electron beam to scan the sample surface in much the same way that a person's eyes scan the pages of a book when reading.  The beam is scanned over a square area of size r x r that is generally termed the raster. 


When the electron beam strikes the surface of the sample, electrons and X-rays are emitted from the surface, as illustrated in Fig. 2.  An X-ray detector is used to determine the energy of the X-rays emitted, which enables the determination of the chemical composition of the sample surface at the point where the electron beam is striking.  The types of electrons that are emitted include 1) backscattered electrons, 2) Auger electrons and 3) secondary electrons.  The secondary electrons are used to generate high-resolution images in the scanning electron microscope. 

[image: image2.wmf]
Figure 2.  Schematic diagram of electron beam striking a sample surface.




The secondary electrons are collected and counted by an electron detector that is located above and to one side of the sample.  The detector consists of a grid with accelerating (bias) potential in front of a scintillation counter that transforms every electron that is collected into a flash of light.  A light guide conducts the flashes to a secondary electron multiplier (Secondary preamp. in Fig. 1), which transforms them into electrical pulses.  These are amplified by a signal amplifier (Video amplifier in Fig. 1) and used to modulate the brightness of a cathode ray tube (CRT).  The same scan generator signal that drives the scan coils of the electron column drives the scan coils of the CRT.  Therefore, each position of the electron beam within the raster on the sample surface corresponds to a position on the CRT screen.  The magnification, M, achieved in the SEM can be seen from Figure 3 to be M = R/r where a CRT of R x R (R=10 cm in this Figure) and the raster size r has been assumed (R and r are in the same units).


In order to understand how to interpret the image produced by the SEM, it is necessary to consider the factors controlling the image contrast due to secondary electron emissions.  The image contrast between two points on the sample surface is due to collection contrast and emission contrast.  Collection contrast arises from the variation in the number of electrons reaching the secondary electron detector.  This is illustrated in Fig. 3 below, which shows a line scan with the beam scanning from positions 1 to 5 across a bump on the surface.  Possible trajectories of the secondary electron paths are shown for beam positions 2 and 4, and it is apparent that even though the secondary electron paths can curve over to the detector, many electrons from position 2 never reach the secondary electron detector.  Consequently, the secondary electron signal (and therefore brightness on the CRT screen) will be much higher at position 4 because of its direct line of sight path to the detector.
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Figure 3.
Line scans of the beam across a bump (a) and the synchronous locations of the beam on the sample and the beam on the CRT (b).


Emission contrast is due to the variation in the number of electrons emitted from the surface.  Emission contrast can be subdivided into 5 types including 1) edge effects, 2) incident angle of beam with the surface, 3) atomic number of sample, 4) electron channeling effects and 5) magnetic domain effects.  In this discussion only the first three types will be described.  Edge effects result from secondary electrons that are generated when a primary or scattered electron emerges from around the corner of an edge and when it again strikes the surface.  This effect, illustrated in Fig. 3, can be dominant for thin protruding fibers.  A type 2 emission is normally the primary source of emission contrast with the secondary electron detector.  When the primary beam makes a low angle of tilt with the local sample surface, an increase in the yield of secondary electrons is produced.  Therefore, in Fig. 3, the number of electrons emitted from point 4 due to the beam/surface tilt angle is greater than that emitted from point 5.  Type 3 emission contrast occurs because the amount of secondary electrons emitted increases with increasing atomic number.  Therefore a region of the surface with a higher average atomic number will appear brighter on the CRT screen than a region with a lower average atomic number.
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Laboratory Experiment

Last week the class studied the Charpy V-notch properties of aluminum and 1018 steel at several temperatures.  A ductile to brittle transition should occur in the steel but not the aluminum.
Today’s laboratory experiment is to study the morphology of the fracture surface of the steel Charpy specimen’s transition from ductile to brittle mechanical properties.  Each group will take a minimum of three photographic images: (1) brittle fracture, (2) a transition ductile to brittle fracture and a ductile fracture.  
Study the internet site, which has a good elementary discussion of the fracture mechanism called microvoid coalescence and brittle fracture.
http://www.sv.vt.edu/classes/MSE2094_NoteBook/97ClassProj/anal/yue/energy.html 
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