SEM Laboratory-Electron Beam Parameters

AMR spring 2018   CHM 678 and 482
Purpose


This laboratory demonstrates:  (1) electron gun saturation and alignment;  (2)  the measurement of beam current, beam size, and beam convergence;  (3)  the concept of electron gun brightness; and (4)  the effects of these parameters on depth-of-field and resolution.  

Equipment

1. SEM with an Everhart-Thornley (E-T) electron detector.  Switch off all automatic features.  

2. Electronically isolated specimen stage and an electrical feed-through to outside the specimen chamber.  

3. Picoammeter (electrometer with high impedance) to measure probe current.  

Specimens

        1.   Faraday cup mounted on a specimen stub for measuring probe current.

        2.   Sharp edged fractured silicon wafer hanging over the edge of on a mounting stub for measuring beam size and beam convergence.  For measuring small beam sizes (<100 nm) a piece of commercial silver mesh is useful. 

3.   Fracture surface of a metal or other specimen with surface relief of about 1 mm (in our case we eil use a drill bit).  

2.1 Gun Saturation and Alignment

Proper saturation and alignment of the conventional tungsten hairpin electron gun

are essential for optimal performance of the SEM.  Without proper setup of the electron gun there may not be enough current in the scanning electron beam to produce acceptable pictures.


Insert the Faraday cup into the specimen stage and pump down the specimen chamber.  When the vacuum is adequate for operation, turn the high voltage to 20 kV and heat the filament by slowly turning up the filament knob.  For proper operation, the filament should be in a condition of saturation (no increase in beam current with increased filament heating).  In this condition, small fluctuations in filament heating current have a negligible effect on the electron beam current.  

Experiment 2.1:  Filament Saturation.  Observe the changes in specimen beam current with the picoammeter as a function of applied filament heating current.  Note the saturation level.  Do not oversaturate.  


Can saturation be determined by measuring the secondary electron signal with the E-T detector instead?  The emission current (readout L.C. (load current) on panel)?

Note:   The above procedure applies to a conventional tungsten hairpin filament.  A LaB6 source must be turned up more slowly according to the SEM manufacturer’s instructions and only in the best possible vacuum.  This source exhibits a less well-defined saturation.  

________________________________________________________________________


2.2 Probe Current 

           The electron beam current entering the specimen (often called the probe current or specimen current) typically ranges from picoamperes (pA) to microamperes ((A), depending upon the choice of aperture size and  condenser lens strength (spot size ).  The specimen absorbs part of this current and re-emits the rest.  Because of the emission of backscattered and secondary electrons, the specimen current that is measured on a given specimen is not an accurate representation of the probe current.  An accurate measure can only be obtained by using Faraday cup, a small blind hole of large depth drilled into a conducting material.  A Faraday cup can be made by placing an electron microscope aperture, usually made of platinum or molybdenum, over a hole in a small block of nonmagnetic metal.   At MU we use an old objective aperture of molybdenum with a 50um hole. 
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fig.  2.1
      The probe current is measured by placing the beam in the hole, either by directing a spot beam into the image of the hole or imaging at high magnification so that the image of the aperture hole appears to completely engulf the screen.  The beam electrons  injected into the hole, as well as backscattered and secondary electrons, are trapped with great efficiency by the Faraday cup providing an accurate measure of the probe current.

Experiment 2.2:  Probe Current and Emission Current. For a real objective aperture ( or equivalent virtual objective aperture, see note below), set a beam current of 0.1 nA, by adjusting the condenser lens (spot size).  Measure the probe current with the Faraday cup.  Note the condenser setting (spot size)  and the emission current in the table below.  Repeat for a probe current of 10 nA.                                                                                

Note:  A virtual objective aperture is an aperture placed at a position before the objective lens, which limits the beam angle in a manner similar to a real objective aperture.  However, the functional size of the virtual aperture may be quite different than its actual size.  The MU SEM (JEOL5310LV) has a virtual objective aperture that lies between the condenser and objective. The aperture is a 50(m hole in a molybdinum  foil.  The functional aperture size, we will approximate later in this lab. 
	Obj.
Aperture


	Condenser setting

(value of spot size  and  I.C.L)
	Probe Current
	Emission Current - same as anode current same as load current (L.C.)

	50 (m, virtual pos.
	
	
	

	50 (m, virtual pos.
	
	
	                 


How does the beam current at the specimen compare with the emission current at the gun?  Where did the rest go?  Note that the emission current did not change for the high-beam-current setting because no change was made to the gun parameters.  Name three ways to change the emission current.  Why would you want to change the emission current?   



Note:  Often the emission current (also called load current) of the electron gun is labeled incorrectly on the SEM control panel as the “beam current.”  It is more correct to refer to the current reaching the sample as the sample current, or the probe current and refer to that leaving the gun and entering the anode as anode, load, or emission current. 
Experiment 2.4:  Effects of Lens Settings on Probe Current.  Vary the strength of the condenser lens (spot size) to obtain a 100-fold change in probe current, keeping the objective lens fixed.  Measure three levels of probe current and plot the results versus condenser current (I.C.L).  Similarly, vary the strength of the objective lens current (focus or I.O.L.) while keeping the condenser lens fixed, and observe the probe current.  Plot the results.

	ss
	Condenser lens current (O.L. constant)
	Probe current

	4
	
	

	8
	
	

	12
	
	


	wd (estimated)
	Objective lens current (C.L. constant)
	Probe current

	~20mm
	
	

	~15mm
	
	

	~10mm
	
	


Why is there such a difference in the influence of these two lenses on the probe current?
2.3 Probe Size

The electron beam diameter (probe diameter) can be measured by sweeping the beam across a sharp, electron-opaque edge and observing the rise or fall in signal as a function of beam position (Figure 2.2).  A somewhat arbitrary measurement of the probe diameter may be taken as the horizontal distance (corrected for image magnification) between the 10% and 90% signal levels since these signal levels are easy to determine on a graphical presentation of the intensity waveform during a line-scan.  This measurement is not difficult to make for probes of about 0.1 (m in diameter and larger with the fractured silicon wafer specimen.  A silver mesh specimen with its tiny needles is more useful for measuring smaller probe diameters.    In fact the probe size may be so small  (e. g., 2-3 nm for an FEG) that this part of the laboratory may be impossible.  

Experiment 2.5: Probe Diameter.  Insert the fractured silicon wafer specimen.  Set the working distance to 10 mm.  Rotate the line of the fracture to be perpendicular to the scan lines.  Using the above procedure, measure the probe diameter for the best focus and stigmation that can be obtained with a probe current of 0.1 nA.  Repeat for a probe current of 10 nA. See table in expt. 2.2  for necessary spot size settings.  

	Aperture
	Condenser setting

(spot size and I.C.L.)
	Probe Current
	Probe diameter



	50 (m, virtual pos.
	
	
	              From your tracings                          

	50 (m, virtual pos.
	
	
	                From your tracings                                                 
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fig. 2.2
Compare the ratio of probe diameters to the ratio of probe currents (low I /high I) to the ratio of probe diameters (low nm / high nm)  for the two operating conditions.
2.4 Beam Convergence

The beam convergence angle ( (total angle = 2() can be measured by the following method for any SEM, including those with a virtual objective aperture located above the final lens.  (Some microscopes have a real objective aperture in the gap of the final lens).  The convergence angle can be measured directly by measuring the same beam at two different working distances without changing the objective lens current (the focus).  If di and df  are the initial and final effective beam diameters and z is the vertical change in the working distance (measured by the change in z on the stage), then the beam convergence may be calculated as shown in Figure 2.3.  It should be noted that if the change in z is not large enough, the value of ( will not be accurate.  
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Cross-sectional diagram of a Faraday cup to be mounted on an SEM
stub.




fig. 2.3
Experiment 2.6:  Beam Convergence.  With a short working distance (around 10 mm) and with the same aperture and an intermediate probe current (50 (m aperture in virtual pos. and spot size between 10nA and .1nA value) measure di.  Without touching the objective lens, increase z about 1 mm, and measure df.  Calculate the convergence angle, (..  

	Aperture
(50 (m, virtual pos.)
	di

	df

	(d
	zi

	zf

	(z
	Convergence angle
	Calculated functional aperture (um)

	Measurements for spot size 10-12
	
	
	
	
	
	
	
	


Please note working distance used.   Will the convergence increase or decrease at a longer working distance?   Approximate the ‘functional beam limiting’ diameter of our 50um virtual aperture (assume a  ‘functional’ aperture is positioned at  wd=0. A wd of 0 is at the bottom of the column which is also the bottom of the objective lens). 
2.5 Depth-of –field

Large depth-of-field (or depth-of-focus) is one of the most important characteristics of the SEM.  The sharpness of images recorded at low magnifications depends more on the depth-of-field available than on a small beam size.  The depth-of-field D depends on both beam convergence ( and the magnification M: 

D   =    2r / tan(      ≈      (or for small angles)    2r/(     ≈     .2mm  /  M(
where r is the effective beam radius at the distance from the plane of focus where blurring begins (i.e. the point at which beam divergence becomes larger than spot size).  The 0.2 mm factor arises from the limited resolving power of the eye when viewing an SEM screen or micrograph (we can only resolve down to  0.1mm with our eye in this case we assume that the smallest picture element actually represents the spot size or probe diameter).  

.  
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Figure 2.4, Schematic diagram showing how the depth-of-field may be calculated in an
SEM image.




Experiment 2.8: Working distance.  Insert the drill bit  specimen.  For a small working distance (e.g., 10 mm), calculate the depth-of-field for the available objective aperture at magnifications of 50x and 5000x.  Hint:  With your data/calculations estimate the convergence for the aperture at wd=10 mm.  Look for areas of greatly differing height and obtain images of the angled surface under these mag. and wd conditions.  

Is the calculated depth-of-field reasonable when compared with the experimental images?  How would you experimentally measure the depth-of-field obtained in your images (assume drill bit flute is at 45 degrees to beam axis, for hints see associated handout/.ppt file)?
Experiment 2.9: Effect of Working Distance.  Increase the working distance from 10mm to 30 mm (or more) and record another image of the same area after refocusing.  Which image has the greater depth-of-field?  Calculate the expected improvement in depth-of-field for the longer working distance.

	Aperture diameter = 50 (m, virtual pos. (functional diam. =    you calculate  )


	wd
	Convergence
	D at 50x
	D at 5000x

	10 mm
	You calculate based on aperture functional diam. 
	From eq. above
	From eq. above

	30 mm
	
	From eq. above
	From eq. above
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