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ABSTRACT 

The scanning electron microscope is now an important means for 

measuring voltages at internal points in very-large-scale integrated 

circuits in order to verify that new designs are operating as 

predicted and to locate defects in malfunctioning devices. The 

technique has the advantages that the smallest known structures can 

be probed, there is no mechanical damage to the specimen and, provi-

ded the correct conditions are observed, the electrical loading on 

the circuit is negligible. 

Reliable quantitative voltage information requires precise 

measurement of the energies of secondary electrons, having energies 

below 15 eV, which leave the surface at the point under investiga-

tion. In the past, a number of different detector structures have 

been used to attempt to achieve accurate measurements, but in most 

cases their design has been largely empirical with little theoreti-

cal justification because of the great complexity of the electric 

fields and electron trajectories in these devices. 

This work was first aimed at providing a computer-based interac-

tive method for the calculation and visualisation of fields and tra-

jectories in the case of systems with two-dimensional planar sym-

metry. The method was applied to detectors and to electron trajec-

tories immediately above a realistic representation of an integrated 

circuit surface. Programs were then developed to investigate the 

properties of certain detectors which have been described in the 

literature, where three-dimensional methods had to be employed. 

This expedient had to be adopted because it was otherwise impossible 

to compare their performances because of the non-standard operating 

conditions employed by the various workers. The results of these 



computations showed that all these devices had some shortcomings in 

one or 'both of the areas of collection efficiency and linear respon-

se to specimen voltage. 

In the light of the experience gained in the above work, a new 

detector was designed which was predicted to have both a very high 

collection efficiency and a linear voltage response. This detector 

has been constructed at British Telecom Research Laboratories at 

Martlesham; initial tests confirmed its predicted performance and it 

is now the subject of a patent application. 
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CHAPTER 1 

INTRODUCTION 

The Scanning Electron Microscope (S.E.M.) has become a powerful 

and versatile tool in testing and diagnostic work on Integrated 

Circuits. The work described in this thesis is concerned with using 

the S.E.M as a voltage probe on Integrated Circuits (ICs). The 

advantages of the S.E.M in this field,known as voltage contrast (VC) 

are well known (Gopinath(1978)). Such a contact-free method 

provides less damage to an I.0 and greater spatial resolution in the 

measurement than is possible with mechanical probing. The aim of 

the work in this thesis is to improve the methods of making voltage 

contrast measurements and provide greater understanding of the 

technique in general. 

Chapter 2 consists of a review of past work in voltage 

contrast,both experimental and theoretical.The survey includes the 

development of electron energy detectors,work on surface fields and 

grid non-linearities. 

Chapter 3 introduces the computational techniques used in 

developing programs to design and simulate electron detectors,these 

programs are restricted to a two-dimensional analysis. At the end 

of this chapter the performance of two existing detectors are 

simulated and the theoretical results compared with experimental 

results. 
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Chapter 4 describes the development of computer programs for a 

three-dimensional analysis of two specific detectors.Chapter 5 

investigates the characteristics of surface fields above MOS 

circuits-This chapter describes the development of computer programs 

which analyse these surface fields.Results are then given which show 

the extent to which surface fields can affect voltage contrast 

measurements.The performance of two electron detectors under strong 

surface fields is also investigated. 

Chapter 6 traces the development and design of a new electron 

energy detector,giving a detailed description of the 

three-dimensional analysis of this detector. Details of the 

practical construction of this detector are also presented and 

provisional experimental results are reported. In Chapter 7 overall 

conclusions are made and future extensions to the work in this 

thesis are suggested. 
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CHAPTER 2 

REVIEW OF PAST WORK ON VOLTAGE CONTRAST 

2.1 Past Detectors 

2.1.1 The First Detector 

The first published work on voltage contrast detectors is 

generally recognised to have been made by Wells and Bremer(1968), 

although suggestions of their possible use had been made previously 

by Everhart. Wells and Bremer used an 84 degree cylindrical mirror 

detector, essentially a band pass detector.The specimen was fixed at 

-17 volts to maximise the output signal and detector output curves 

were produced by varying potentials on the detector plates.Shifts in 

some output curves were demonstrated and attributed to different 

surface voltages present on different parts of a silicon/silicon 

dioxide specitnen.The detector curves,however,were mainly of a 

qualitative nature and no definite voltage resolution was 

reported.Many sources of error were noted,amongst these were 

cross-field errors,insulating errors and peak position errors 

(effect of detectors finite resolution). A drop in signal to noise 

ratio of an order of magnitude was also observed. Wells and Bremer 

later(1969) published a modified version of their initial detector. 

The detector had been changed to a 63 degree deflection cylindrical 

detector,apart from a 1 volt resolution no other results were 

reported. 

Since the initial work of Wells and Bremer,many other voltage 



contrast detectors have been proposed and tested.These detectors or 

electron energy filters can be divided into two basic categories,the 

band-pass type or the retarding grid type. 

2.1.2 Band-Pass Detectors 

As the name suggests these detectors collect electrons whose 

energies lie in a narrow energy range,much less than the typical 

secondary electron energy spread(O-5OeV).An approximate form of the 

secondary energy distribution curve is produced by varying the 

specimen voltage and plotting the video signal;obviously errors are 

introduced due to the finite pass-band width of the detector.The 

detector of Wells and Bremer,as already described,is of the 

band-pass type.Another detector based on the improved detector of 

Wells and Bremer was made by Hannah(1974), Figure 2.1 shows its 

basic geometry. When the specimen voltage is changed the 

surrounding electric fields change and impose a linear shift on the 

electron energy distribution,Figure 2.2 shows this effect. 

2.1.3 Retarding Field Detectors 

These detectors are variable high-pass filters and an integrated 

form of the secondary electron energy distribution is produced from 

the detector-An electrode or grid is appropriately biased so that 

electrons below a chosen energy are rejected and are not collected. 

This electrode or grid provides a retarding field. The retarding 

electrode voltage is usually time-varying and can be biased 
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appropriately so that at one extreme it rejects all secondary 

electrons.Hence an S-curve output results from the detector which 

represents an integrated form of the secondary electron energy 

distribution at the specimen. When the specimen voltage alters the 

electric fields above the specimen,the secondary energy distribution 

is shifted by a linear amount,causing a linear shift in the final 

S-curve (Figure 2.3). 

Within the category of retarding field detectors there are two - 

types;direct retarding field detectors where electron energies are 

analysed immediately after they have been attracted away from the 

specimen;and post deflection detectors where electrons are deflected 

away in a preferred direction and then their energies are analysed 

by a retarding field.Examples of detectors in the first category are 

shown in Figures 2.4(a-c) ,while detectors of the second type are 

shown in Figures 2.5(a) and 2.5(b).Note a grid in Figure 2.4(a) is 

placed very close to the specimen, -this is to attract all electrons 

away from the specimen surface.It is also used to overcome surface 

fields,this will be examined later.Figure 2.4(a) depicts a linear 

retarding field,the retarding field is perpendicular to the 

specimen, and a scintillator/photomultiplier collection system is 

used at the exit of the voltage detector. Detectors in Figures 

2.4(b) and 2.4(c) are also of the direct retarding field type but 

have spherical geometry-The output signal is generated from current 

collected on an outer grid or plate. 

Figure 	2.5(a) illustrates a rectangular target cage which 
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achieves the deflection while Figure 2.5(b) shows a cylindrical 

capacitor deflecting electrons to a scintillator cage. Detectors 

which do not fall into any of the afore-mentioned categories are 

shown in Figures 2.6<a)  and 2.6(b). The detector in Figure 2.6(a) 

consists of a cylindrical cage in which electrons are attracted to a 

grid exit and are collected by a scintillator.The detector in Figure 

2.6(b) is cylindrically symmetric and the output signal is collected 

on the outer walls of the cylinder.Voltage measurements from both 

detectors in Figures 2.6(a) and 2.6(b) rely upon varying the 

specimen voltage and looking for a linear region in the resulting 

variation.The technique is similiar to that used for band-pass 

detectors only in this case an integrated form of the electron 

distribution Is obtained(S-curves). 

2.1.4 Performance of Past Detectors 

It is difficult to make a comparative study on the performance of 

past voltage contrast detectors. Two main reasons account for 

this;firstly there is a lack of detailed Information in published 

work;and secondly different experiments ,specimens and S.E.M 

operating conditions were used for each detector. 

Although voltage resolutions for some detectors were measured;lmV 

by Feuerbuam(1979),lOmV by Tee and Gopinath(1976), 80mV by Fentem 

and Gopinath(1974) and 250mV by Fleming and Ward(1970),they do not 

necessarily give a figure of merit for the detectors voltage 

sensitivity. The minimum measurable voltage is largely dependent on 
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the noise present in the output signal,this noise in turn mostly 

emanates from the shot noise in the primary electron beam.Hence the 

detectors voltage resolution varies according to the beam current 

used. 	The beam currents used for each detector were different, 

0.3-3.0 uA by Fentem and Gopinath, 0.1 pA by Feuerbaum. 	The output 

noise is also affected by the photomultiplier,head amplifier and any 

signal processing used on the output ,these parameters again were 

different for each detector. 

Although line scans were presented for many detectors ,different 

specimens were used in each case,Tee and Gopinath used a Gallium 

Arsenide F.E.T and Bipolar transistor,Sanger used a transverse Gunn 

diode,Hannah used aluminium tracks on silicon-dioxide on silicon 

substrate.The line scans served only to illustrate improvements on 

the same detector and could not compare between detectors.In some 

cases energy distribution curves were given,S-curves in the case of 

a retarding field detector and peak-curves for a band-pass detector. 

Fujioka et al(1981) presented S-curves as part of an investigation 

into surface fields and used a specimen having aluminium tracks on 

p-type silicon substrate. Although Hannah also provided detailed 

energy distribution curves for his detector,as already mentioned,he 

made measurements on aluminium tracks on silicon-dioxide on silicon 

and hence the two results cannot be directly compared.In general 

most results,while useful in validating improvements and adjustments 

on a particular detector,were of a non-standard nature. 



2.1.5 General Considerations on different types of V.0 Detectors 

Band-Pass detectors have some undesirable features.They may 

reduce the signal/noise ratio at least by an order of magnitude,as 

reported by Wells and Bremer,the finite pass-band width also 

degrades the voltage measurement-They may also be sensitive to 

position and angle variations of electrons at their entrance,a 

feature reported by Hannah from computational results on his 

detector. 

Detectors which do not use the normal scintillator and 

photomultiplier arrangement but collect their output signal on a 

plate or grid will suffer from low signal/noise ratios. Estimated 

currents as low as 0.1-10nA were collected by the hemispherical 

detector used by Fentem and Gopinath. Yakowitz et al had to bias 

their specimen by approximately -130V to obtain collected currents 

of the order of 2.OnA from their modified cylindrical detector. 

Detectors which have a retarding field after the deflecting field 

like those of C.C.Sanger or Balk et al will experience inaccuracies 

in their voltage measurement-This is due to the non-linear change 

imposed on the electron energy distribution as electrons pass 

through the deflection field-The electrons on reaching the retarding 

field will no longer have the same energy characteristics as when 

leaving the specimen. Since the voltage contrast phenomenon 

essentially takes place just above the specimen,valuable information 



could be lost. 
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2.2 Review of Theoretical and Computional Work on Past Detectors 

2.2.1 Analysis of Different Detectors 

Significant contributions in this field have been made by 

Hannah(1974),Munro(1971) and Menzel(1982). 

Munro considered a range of detectors all of the Banbury and 

Nixon type or the Yakowitz type, shown in Figures 2.6(a) and 2.6(b). 

Surface fields are not taken into account in his analysis and all 

secondary electrons are assumed to be emitted at 4eV,also the cosine 

distribution is assumed on an electrons initial direction 

(Bruining(1954)). He derives an expression for the collected 

current based on these assuinptions,starting with Equation(2.1). 

I C 

If e represents 

angle, m(,Q,) is the 

normal to specimen 

current and .S2 is th  

= 	!P.! 2  .  

the azimuth angle 

emission direction, 

surface, 10 denotes 

solid angle. From 

2.1 

and $ denotes the off-axis 

n(Ø,e) is the direction 
NN 

total emitted secondary 

this he arrived at 

= Io(kl.sinØN.cosG N + k2.c050'N) 	2.2 

where 	
Ic1  = 2 	sin 2 0.cosO.d.de  

Ic2  = .a 	sin.cosØ.aØ.ae  
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D* denotes a collection domain. 

Munro defined collection domains for 2-D cylindrically-symmetric 

detectors (Figure 2.7),like the detector used by Yakowitz.The 

cut-off angles OZIOD and  0D are found by computing many electron 

trajectories through the detector and noting the collected 

ones-Munro did this by firstly finding an analytical solution of the 

electrostatic field distribution within the detector and then using 

the Runge-Kutta method to numerically plot electron 

trajectories-Munro also defined a potential contrast figure of merit 

Cp as 

	

C = 	L . d.k p 	( 	a) 	2.3 
2 d.V V S 

 =O 
S  

contrast produced by &Vs is 

Co 

	

= C 
p S 
.iV 	where 	10.k2(0) 	2.4CO 

'  

where Vs denotes specimen voltage. 	Equation 2.3 gives the voltage 

sensitivity of the detector , since k. was computed for a variety of 

different geometrical and voltage configurations,Cp was also found 

for these conditions. Munro concludes from his results that a 

contrast stop be used with rotationally symmetric detectors ;that 

3-D detectors are more efficient but give less potential contrast 

than for 2-D symmetric detectors;that a retarding field in the form 

of a negatively biased ring around the specimen would improve 

potential contrast. - 



2.2.2 Criticisms on Munros work 

Munros work is obviously limited to a narrow class of detector 

types.The omission of surface field effects makes the work valid for 

only ideal specimens.The assumption that electrons are emitted at 

4eV is invalid ,results from other sources (Bruining (1954)) show 

the existence of an energy distribution.Hence the expression for the 

collected current, Equation (2.1) should be extended to 

= 	(rn.n).N(E).dE.c1c. 	2.5 

Tr 

where N(E) is the initial energy distribution,N(E) can easily be 

obtained from empirical results (Bruining (1954)). This would 

modify the collection domains to 3-D .domains and hence make it much 

more difficult to find cut-off angles and cut-off energies. The 

technique of using collection domains is also seen to be limited in 

three dimensions,since for more complex detectors simple well 

defined boundaries will not exist in the collection domain.In these 

cases computing for k 1  and k would require more difficult 

integrations.Analytical solutions for a detectors electrostatic 

field distribution do not exist for more complex detector geometries 

and numerical methods would be required. 

Hannah restricted his computational analysis to his own detector. 

Electrostatic voltage distributions of surface fields,extraction 

lens and band-pass detector were solved by numerical 

techniques.Electron trajectories were calculated by linearization 

12 
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techniques which assume constant electric fields in a small 

neighbourhood of the electron.Many distinct electrons were generated 

all with different initial energies and angles,their energy and 

angular distributions were taken into account. Overall peak energy 

curves were obtained for different surface fields,these results 

compared favourably with practical results. Although the computing 

results of Hannah showed the limitations of his own band-pass 

detector the computational techniques are of a more powerful and 

general nature than those used by Munro. The work of Hannah also 

provided results for much more realistic conditions than those of 

Munro. 

2.2.3 Work on Surface Fields 

The type of surface fields that are present on - a specimen 

obviously depend largely on the nature of the specimen.Wells in 

reviewing Macdonald(1970) calculated an approximate electrostatic 

field distribution above a P-N junction (Figure 2.8), he assumed no 

depletion layer and also assumed infinite boundary conditions at 

either side of the P-N junction.The expression is 

V(x,y) = (E/ir).tan(x/y) + Fy 	2.6 

where F is the elect-nc field above the P-N junction 

Wells concluded there was a retarding field on the positive side 

of a P-N junction-Spivak and Rau (1979) assumed this voltage 

distribution and found the resulting deviations in electron energies 
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through a linear retarding field above the P-N junction-They did not 

however show how their own detector coped with such deviations and 

how their final S-curves were affected. 

Fujioka et al(1981) presented an analysis on surface fields 

created by inter-digitated tracks of aluminium on silicon, linear 

boundary conditions were assumed between tracks.Acceptance diagrams 

were presented of electron energy against acceptance angle,a 

two-dimensional field model was used.From these acceptance diagrams 

S-curves were constructed. No details as to how the acceptance 

diagrams were calculated is given-There are no results to show how a 

particular detector will respond to the effect of the surface fields 

considered. 

Hannah modelled surface fields created by silicon-dioxide on 

silicon,the electrostatic fields were calculated by numerical 

techniques. The influence of surface fields on Hannah's narrow 

band-pass detector were investigated and corresponded well with 

practical results.A recursive matrix reduction method was used to 

find surface potential distributions,this will be discussed later in 

greater depth. A general study of surface fields was not made and 

results were only presented for his particular detector.Figure 2.9 

shows a typical equipotential plot of the type of surface fields 

considered. 

Menzel (1982) made a study on surface fields affecting planar 

retarding 	field 	detectors.Only one 	specimen layout 	was 
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considered,namely a positively biased central conductor placed 

between two earthed conductors with widths of 4 microns. 	The gaps 

between these conductors were set to be 2 microns. 	This surface 

model however was not a realistic representaion of an 	I.0 

specimen,since the central conductor seemed to be suspended above an 

earthed substrate. In a real specimen all conductors lie on a 

dielectric, silicon dioxide for NOS devices,which in turn lies on a 

silicon substrate.This limitation on Menzels work can be observed 

when comparing his equipotential lines in Figure 2.10 to those of 

Hannah in Figure 2.9 who assumed a 1 micron layer of silicon dioxide 

in the specimen. 

Menzel uses the charge replacement method to calculate his 

surface field distribution.Sotne electron paths are calculated and 

the existence of a retarding field above the central conductor is 

shown. Effects of the surface fields are seen to change the initial 

electron angular distribution and hence alter the emitted secondary 

spectrum.The secondary emission curve is shown to drop in height 

from the presence of the surface fields considered. The effects of 

these surface fields on a specific detector are not considered and 

hence their effects on final S-curves are not given. 

2.2.4 Grid Non-linearities 

The importance of grid non —linearities in electron optics is 

already well known (Verster (1963)), their study however in voltage 

contrast detectors has only been recent.To date the only detailed 
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analysis of grids in voltage contrast detectors has been made by 

Menzel (1982). 

Menzel considered a planar retarding field and found that the 

transmission through a grid has an angular dependence.Figure 2.11(a) 

shows his results on the nature of this dependence,and illustrates 

its cosine form, 

T 	T0.coso<. 

T is the overall transmission while T is the transmission through 

an ideal retarding field and is the emission angle of the 

electron. From this expression Menzel predicted a reduction in the 

overall height of the normal S.E spectra shown here by Figure 

2.11(b). 

Menzel also investigated energy resolutions of different 

grids,only electrons perpendicularly incident to the grids were 

considered.Figures 2.12(a) and 2.12(b) show electron 

energy/transmission curves 	for electrons with an energy of 

500eV.Figure 2.12(a) shows the effect of varying mesh density while 

Figure 2.12(b) shows the effect of varying grid spacing.From these 

results Menzel concluded that the energy resolution of a grid is 

improved for finer grid meshes and for grids spaced further apart. 

Summary 

This chapter has shown that previous work on Voltage Contrast is 

confined to particular detector types and that both theoretical and 
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experimental results presented are of a non-standard nature. 	As a 

result general comparisons between detectors are not possible and 

hence it is difficult to assess the performance of any one detector. 

The aim of the following work is to provide a design tool from 

which the performance of past detectors can be gauged and at the 

same time provide the design of a new improved detector. It was 

decided to develop Computer Aided Design techniques to achieve these 

aims since they have the flexibility to specify a wide variety of 

detector types. The practical alternative of making a standard 

electrode structure in the S.E.M from which many different detectors 

can be built and tested presents many difficult mechanical problems. 
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CHAPTER 3 

PROGRAMS 

3.1 Introduction 

As mentioned in the last chapter Computer Aided Design techniques 

were chosen to help design and simulate voltage contrast 

detectors-This decision was based on their advantage of being able 

to specify and analyse a wide range of detector types. Hence 

program requirements are that they should be versatile enough to 

model a wide variety of detector types,and at the same time give 

realistic simulations of each detector. A large number of different 

results should be presented to give a complete assessment of a 

detectors perfomance.Prescription of a detectors eletrode-geometry 

should be simple. 

The computer simulation work is divided into 	three 

categories;programs which aid the design of detectors possessing 

two-dimensional symmetry;programs to model the performance of 

detectors which are described by three-dimensional fields;and 

programs which model surface fields. The first category consists of 

two program types,one for a two-dimensional rectilnear field and the 

other for a cylindrically symmetric field. 	The second and third 

categories will be discussed in Chapters 4 and 5 respectively. 	All 

programs are based on specifying an electrode geometry and voltage 

configuration of the field,solving the resulting electric potential 

distribution and then plotting electron trajectories through the 

field-The programs were written in Fortran and run on an ICL 2972 
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main-frame computer-Most results are based on the plotting of 

electron trajectories,this will be discussed in detail later. The 

following effects were neglected: 

Charging of dielectrics 

Contamination effects 

Tertiary electrons 

Backseattered electrons 

Electron-electron interactions, quantum and relativistic effects 



3.2 Solving Potential Field Distributions 

The description of any electrostatic field distribution is 

governed by Laplaces equation 

V 2  V = 0 

where V denotes the electric potential distribution, Equation (3.1) 

assumes no charge in the field.Laplaces equation holds for many 

orthogonal coordinate systems-The standard established techniques 

for solving Laplaces equation are: 

Analytical methods 

Numerical methods 

Electrolytic tank 

Impedance network 

Conductive paper 

Rubber membrane model 

(3-6) are experimental methods of solving Laplace's equation and 

generally unsuitable for large simulation work.Analytical methods 

are restricted to only simple electrode geometries,among the most 

powerful techniques within this class of problems are conformal 

transforms (Gibbs(1958)). The transformation equation however,in 

many cases may be extremely difficult or impossible to find.Since 

the design of electron detectors requires great versatility in 

solving a wide range of field problems analytical methods were found 

to be unsuitable. 

Numerical methods for solving electrostatic field problems are 
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not restricted to a narrow class of field types as with analytical 

methods. There are three main types of numerical technique for 

solving Laplaces equation, 

Finite-Difference Methods 

Finite-Element Methods 

Charge Replacement Methods 

The finite-element and charge replacement methods have only been 

applied to electron optics relatively recently by Munro(1970) and 

Cruise(1963) respectively. The relaxation method has been applied 

to electron optics for much longer. Hannah(1974) used 

finite-difference methods to solve field distributions on his 

voltage contrast detector, apart from this none of the above methods 

have been applied to voltage contrast detectors.To date the main 

applications of the finite-element and charge replacement methods in 

electron optics have been in electron lenses (Mulvey and 

Wallington(1973)). Finite-difference methods were chosen for the 

foregoing simulation of voltage contrast detectors primarily because 

they had been applied to a limited degree for this purpose before 

and also since they are generally much simpler to program than the 

other two methods. It must be acknowledged however that 

finite-element methods have advantages over finite-difference 

methods in certain situations-One major advantage is that chosen 

areas of the field can be specified to a greater accuracy than other 

areas,the full implications of which will be discussed later.Both 

methods can specify electrodes of any shape although finite-

difference methods are ,generally more cumbersome in this 
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respect.However this can be overcome by careful programming and does 

not pose a serious problem. 

3.2.1 Finite-Difference Methods 

The normal procedure is to Impose a square mesh on the field, 

Laplaces equation applies to each node of the mesh.The 

standard finite-difference form of Laplaces equation is used 

(Vitkovitch(1966)) 

V1  + V2  + V3  + V4 - 4* V0 = 0 	3.2 

Figure 3.1 shows a typical two-dimensional star for which Equation 

(3.2) holds.Initial potential values are assigned to each node,in 

which case Equation (3.2) will be modified to 

V1 +V2 +V3 +V4 _4*V0 =Res 	3.3 

where Res denotes a residual value. Obviously potential values must 

be changed so the residual value is zero at each node.This 

is done by a convergence technique called Over-Relaxation 

(Vitkovitch(1966)), V is altered according to the residual and a 

convergence factor,this process is repeated for every mesh point 

the algorithm used is 

V0  = V0  + Res.-6/4 	3.4 

where o is the covergence factor and lies between 1 and 2. 

This algorithm is applied to the mesh in an iterative manner, 



Symmetrical Star 

Figure 3.1 

Asymmetrical Star 
Figure 3.2 



23 

until the maximum residual in the field falls below a preset limit 

specified by the user-The convergence factor can either retard or 

accelerate the whole process,careful choice of the convergence 

factor is important in greatly reducing computational time. 

In the case of curved boundaries,Figure 3.2,a different residual 

is required (Vitkovitch(1966)), 

Res = 2*V1 	+ 2*1T3  + 2*V2  

p(p+1) 	p4.1 	q+1 

V0  = V0 - Res*C 	 3.6 
2 (l/p+l/q. ) 

+ 2*V4 	
- 2*(1 + 1) 	3.5 

q(q+1) 	p q 

The residual also changes according to the coordinate system , the 

three most commonly used in electron optics are,rectilinear 

cylindrical and spherical coordinates. Equation (3.3) applies to a 

two-dimensional rectilinear case where Laplaces equation takes the 

form 

c±! + 	0 	3.7 

2x 2 	
2 

In the cylindrically symmetric coordinate system Laplaces equation 

is given by 

	

+ eV =0 	3.8 
P P 	f' 2 	2z2  

Figure 3.3(a) defines cylindrical coordinates,a typical relaxation 

mesh star is shown in Figure 3.3(b) and its residual equation is 

given by 
v1 (i~ i) + V + v3 (i- 1) + V - 4*V0  = Res 	3.9 

2 	 2 
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Figure 3.4(a) defines spherical coordinates in which the 

potential is assumed to be symmetrical in the azimuth direction. 

Laplaces equation is given by 

2 W+ 	+ cote V + 1 	= 0 	3.10 
r2r2 	r2 	r2  

A typical relaxation mesh star is shown in Figure 3.4(b), the 

residual equation becomes 

Res = V1 (1+1/r) + V2 (1+cot/2)/r2+ V3 (1-1/r) + v4 (1-cote/2) - 2V0 (1+1/r2 ) 

rx 	 3.11 

All the above coordinate systems can be extended to describe 

three dimensional fields,the simplest case being the rectilinear 

coordinate system in which Laplaces equation becomes 

+ LV + LV = 0 	3.12 

and the mesh-star shown in Figure 3.5 would be used when the 

residual equation is changed to 

Res = V1 +V2 +V3 +V4 +V5 +V6 _6*V0 	3.13 

The residual equation will also be changed at boundaries between 

two different medlums,this will be described later.All the residual 

equations described so far were used at some stage in the computer 

simulation work. 
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3.2.2 Electron Trajectory Plots 

The equation of motion for electrons passing through an 

electrostatic field is given by, 

mr=eEr 	 3.14 

inx=eEx 	 3.15 

myeEy 	 3.16 

mzeEz 	 3.17 

where e is the electron charge,m is the electron mass, Er,Ex,Ey and 

Ez are electric fields in the r,x,y and z directions. In general 

these equations are coupled since Ex,Ey,Ez are all funtions of 

(x,y,z),If however a small time interval is considered over which 

Ex,Ey and Ez can be approximated to be constant, then Equations 

(3.15-3.17) are decoupled and can be directly resolved into the 

following form 

dx=Vx*dt + (1/2)*(e/m)*Ex*dl 3.18 

dy=Vy*dt + (1/2)*(e/m)*Ey*d 3.19 

dzVz*dt + (1/2)*(e/m)*Ez*dt 3.20 

where Vx,Vy and Vz are velocities in the x,y and z directions 

respectively and dt is a small time interval. Hence if Ex,Eyand Ez 

can be calculated at every point in the field then the electron 

trajectory can be plotted in small steps within which the electric 

field is assumed to be constant and Equations (3.18-3.3.20) apply. 

The time interval can also be made variable so as to restrict the 

spatial step within specified limits and hence make sure each 

trajectory step is small enough for the linear electric field 

approximations.Figure 3.6 shows a flow diagram of the trajectory 
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plotting principle for a single electron,this approach was used by 

Hannah( 1974). 

In general,trajectory plotting in coordinate systems other than 

rectilinear is much more difficult.Even when electric fields are 

assumed to be constant over a small time interval the resulting 

differential equations are still coupled and hence difficult to 

solve.The standard numerical technique employed to compute electron 

trajectories in these cases is the Runge-Kutta inethod.The 

Runge-Kutta method, however,greatly increases the computational time 

of the electron trajectory plot.A variable time-step in this case 

would be much more difficult to achieve and further increases 

overall computational time.Since a requirement of programs written 

to analyse voltage contrast detectors is that they should be capable 

of large-scale simulation of many electron paths,the above problems 

with the Runge-Kutta method were avoided and in most cases electron 

paths were calculated in rectilinear coordinates. In cases where 

the field distribution was solved in coordinate systems other than 

rectilinear ,linear interpolation was used to create a rectilinear 

potential field. 
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3.2.3 Calculation of Electric Fields for the Electron Trajectory 

Electric fields are required for the computation of every step in 

the path of an electron trajectory.This in turn necessitates the 

knowledge of the electric potential at every step in the electron 

trajectory. The electric field is related to electric potential by 

3.21 

In general the potential of the field will be known at the nodes of 

the relaxation mesh.Linear interpolation is used to find the 

electric field between mesh nodes.This technique is illustrated in 

Figure 3.7.Small segments parallel to the coordinate axis are 

projected from the electrons position; these are depicted by 2XD 

and 2YD in Figure 3.7-The length of XD and YD are specified by the 

programmer as initial conditions. Potentials at P,Q,S are found by 

linear interpolation from the mesh nodes.Hence approximate values of 

electric fields can be found from 

Ex=( VS- VP)/2 XD and Ey=( VQ- VP)/2 YD 	 3.22 

where VS, VP and VQ are voltages at points S, P and Q respectively. 

The directions in which points Q and S are projected depend upon the 

sign of the electrons velocity components in the x and y 

directions. 
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3.3 Program Options 

All programs can provide the following options 

A single trajectory plot 

Plots of trajectories at different initial angles 

Calculation of electron transport efficiencies 

Collected 	current 	variations 	from electrode-voltage 

change s( S-curves) 

Error assessment 

Figure 3.8 shows a general flow diagram incorporating the above 

options. Options (3-5) require large-scale simulation of secondary 

electrons. 

3.3.1 Simulation of Secondary Electrons leaving a Specimen 

In order to properly assess a detectors performance,secondary 

electrons leaving a specimen need to be modelled. Once this has 

been done various characteristics, like transport efficiency and 

S-curves,can be found for a detector.As already mentioned,electrons 

leaving a specimen have both an energy and angular distribution.The 

energy distribution has been found experimentally (Bruining(1954)) 

and takes the form shown in Figure 3.9(a). For the purposes of the 

computer simulation,aa analytical expression was developed to model 

this distribution. It takes the following form, 

N(E) = E2exp(E2/k2 ) 	3.23 
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k represents the energy of the peak value of the spectrum and is 

chosen to be 3eV and E represents the electrons energy. 	The 

approximate analytical curve is drawn in Figure 3.9(b). 	The 

secondaries have an angular distribution which takes a cosine form 

neglecting the effects from any surface fields. Figure 3.9(c) shows 

that the angular distribution is only present for the off-axis angle 

and is independent of the azimuth angle. The total number of 

electrons leaving the surface is given by 

2Tr 1T/2 o.o 

N total = 
	 E2 .exp(-E2/k2 ).cose.d.E.dO.dØ 	3.24 

0=69=0 E=O 

A discrete form of the above expression was taken.The energy 

range was truncated to 12eV and intervals of typically 1eV were 

taken.Similarly the angle ranges were approximated by a limited 

number of angles,typically 4 for 0 and 5 for 0. Hence secondary 

electrons were generated over a wide range of initial angles and 

energies,the distribution was given by 

27r TV2  12eV 

= 
total 7 T T 

0=0 e=o E=0 3.25 
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3.3.2 Overall Transport Efficiency 

Particular areas in the electrode layout were defined as 

collection areas.If an electron passed through such an area its 

trajectory was terminated and its contribution to a collected 

current total was registered.The collected total can be represented 

by 

Nd flected = 	 E2.exp(—E2/k2).cosO.P(E,e,Ø).(iE).(LXe).(Ø) 

3.26 

where P(E,e,Ø)=l for a collected electron 

=0 for an electron not collected 

The Transport Efficiency is computed by 

Transport Efficiency = Ncoiiected/N 	 3.27 
total 

	

This provides an important figure of merit for each detector. 	The 

Transport Efficiency can also represent a relative measure of the 

current collected in the scintillator. 

3.3.3 Filter Response 

Transport Efficiences can also be calculated for each energy 

interval and hence a graph of transport efficiency and electron 

energy can be drawn,Flgure 3.10 shows a typical graph of this 

type.The shaded area represents collected electrons,the total shaded 

area would equate to the overall transport efficiency given by 
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Equation (3.27). Hence the energy-filter action of a detector can 

be fully investigated and its energy-filter curve displayed. 

3.3.4 Collected S-curves 

The overall Transport Efficiency figure can represent a relative 

measure of the current collected by the scintillator in the S.E.M.An 

option in the computer simulation work was written to model 

time-varying electrodes on a detector.Such variations will cause 

characteristic changes in the output current,the most important of 

these is the time-variations in the retarding electrode voltage 

which produces S-curves in the output current.This option was by far 

the most demanding on overall computional time; detector curves were 

calculated in overnight batch-operations typically 4800 trajectories 

were required to generate one S-curve. The computer results from 

this program option were directly compared with experimental results 

from some real detectors. The experimental results were 

photographed from an oscilloscope or obtained on a X-Y recorder. 

The detector curves also gave insight about the theoretical 

performance and operation of voltage contrast detectors. Shifts in 

S-curves could also be displayed.Backscattered electrons are not 

modelled in the calculation of output currents but this does not 

detract from the simulation work since currents due to backseattered 

electrons are usually constant whereas only relative changes in 

current are simulated in this option. 
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3.3.5 Error Option 

There are four main sources of error inherent in a single 

trajectory path: 

Errors in calculations of potential field distributions 

Errors in using linear interpolation between mesh nodes 

Errors in the linearization of electric fields in. a small 

neighbourhood around the electron 

Errors in the finite trajectory step sizes used in the 

calculation of an electrons trajectory 

The overall error is composed from a complex interaction of the 

above errors. Analytical expressions for these errors,in this case 

have 	little practical value and empirical methods are 

required-Errors in the calculation of the potential 	field 

distribution can further be divided into truncation errors and 

computational errors. The former arises from neglecting higher 

order terms in the Taylors expansion used to approximate Laplaces 

equation in finite-difference form. The latter results from the 

existence of a finite residual value in Equation 3.3,obviously an 

infinite number of iterations are required to put this residual to 

zero and hence a tolerable value must be reached. 

The empirical approach in reducing the overall error was to vary 

certain free parameters into regions where further variation had 

negligible effects on the electrons trajectory. Within these 

regions the error was assumed to change very slowly and hence could 
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be neglected.Four parameters were optimised,these were: 

The resolution of the relaxation mesh 

The number of iterations in the relaxation process 

The electric field step size 

The electron trajectory step size 

The first three parameters could usually be chosen from program 

experience.Careful attention had to be devoted to the choice of a 

suitable relaxation mesh size. In general several different mesh 

resolutions were initially prescribed for each detector and after 

trial simulations an optimised size was found.The fourth parameter 

was found to be the most dependent on specific detector designs,and 

a special program option was written to optimise this parameter.In 

general,errors due to this parameter are large when electrons cross 

areas with sharp field changes. Changes in output currents were 

noted against variations in electron trajectory step size and a 

graph showing this relationship was drawn initially for each 

detector. Working values of electron step size were chosen in 

regions of constant output current.The generation of a single graph 

in this option required overnight operations and typically took the 

plotting of 4800 trajectories. 
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3.4 DETECTOR DESIGN PROGRAMS 

The aim of this section was to write general programs to model 

any electrode geometry and voltage configuration in two- dimensional 

rectilinear and two-dimensional cylindrical coordinates. Such 

flexibility is difficult to obtain for detectors in 

three-dimensional coordinate systems and in these cases separate 

programs were written. To achieve the aforementioned aim the 

following techniques had to be developed: 

Versatile methods of prescribing electrode layout 

Versatile methods of solving the resulting field distributions 

Sophisticated interpolation routines 	for electrons near 

electrodes 

Special error-reducing routines in the calculation of electron 

trajectory steps 

Methods to simulate electrons colliding with electrodes and 

electrons traversing grids 

Another important requirement was to make the programs 

interactive,and hence make them more powerful as a design 

tool.Figure 3.11 shows how the interactive facility can enhance the 

design of a detector.A tentative design is initially specified into 

the program,the field is solved and its performance is 

simulated.Based upon these results appropriate changes in the 

detector design can be made. The process is then repeated until a 
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high performance detector is found;the detector can then be 

permanently stored. The facility to read any previous designs into 

the programs also exists, enabling the simulation of past detectors 

whose fields can be described In two ditnensions.To achieve the 

interactive facility the programs had to be continually optimised at 

each stage of their development,in order to reduce program run 

times. However the conflicting requirement of high accuracy in 

field and trajectory calculations tended to increase program 

run-times.In general a compromise had to be reached between making 

the programs interactive and at the same time obtaining the required 

accuracy. 

3.4.1 Computer Graphics in Specifying Detector Design 

Graphics terminals were used in the display of input and output 

information-The standard cursor facility on these terminals was used 

to interactively specify a detectors geometrical and voltage 

configuration.The cursor facility is invoked by a command within the 

main design program.When this command is called the cursor position 

coordinates and an instruction character are input by the 

programmer.The cursor position is defined by a set of perpendicular 

cross-hairs and its position is entered simultaneously with the 

instruction character from the terminal keyboard.Figure 3.12 shows 

the cursor cross-hairs defining electrode segments from which a 

complete electrode layout can be specified. 



3.4.2 Instruction Characters 

So far five instruction characters exist,although many more could 

be added.The existing characters perform the following functions 

N - defines the initial coordinates of a segment 

D - draws a line from the last cursor position to the current cursor 

position and registers this position as the end of a segment. 

F - registers another boundary 

G - registers a grid boundary 

S - terminates the drawing of the electrode arrangement. Figure 

3.13 shows the flow diagram for specifying an electrode layout using 

instruction characters. 

There are three boundary or electrode types which are defined; a 

conductor;a grid;and a collection boundary.All electrode segments 

are divided into the above categoriesand within each category every 

segment is numbered and stored.Collection boundaries are speefied 

after the other boundaries using the same method. The relaxation 

field mesh is not affected by collection segments. 

3.4.3 The Relaxation Mesh 

As each segment of a conductor or grid is drawn by the cursor,it 

modifies the relaxation mesh by creating asymmetrical stars in the 

mesh.The coordinates of both the beginning and the end of a segment 
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are transformed from picture space to their corresponding positions 
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on the relaxation mesh.The size and resolution of the mesh is 

specified by the user and the mesh is automatically drawn on the 

terminal screen before the electrode layout is drawn.A general 

window is first drawn which represents the outer edges of the 

electrostatic field and the relaxation mesh is drawn onto this 

field. Figure 3.14 shows a 10*10 relaxation mesh before any 

electrodes are drawn on the graphics screen.The program assumes 

constant electric field conditions at the outer edges of this field. 

Initially the relaxation mesh is made up of the normal 

symmetrical stars shown in Figure 3.15,the position of any star is 

given by I and J.Quantities DBX1(I,J), DBX2(I,J), DBY1(I,J) and 

DBY2(I,J) are all provisionally set to 1.0. 

Once the electrode segments are transformed on to the relaxation 

mesh all points of intersection between a segment and mesh are 

calculated and stored.Asymmetrical stars are formed and, where 

appropriate,values of DBX1(I,J), DBX2(I,J), DBY1(I,J) and DBY2(I,J) 

are modified.Figure 3.16 shows a typical asymmetrical star created 

in this way.The voltage value of the electrode changes the stars 

potentials and a new voltage configuration is stored in arrays 

VDBX1(I,J), VDBX2(I,J), VDBY1(I,J) and VDBY2(I,J). If two electrode 

segments cross the same side of a particular star-an error message 

is generated and the user can choose to redraw the electrode 

structure. The residual equation used for the asymmetrical star 

shown in Figure 3.16 is 

Re s=C 1+C2+C3+C4+C6_C7_VO*(C5_C8) 
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where 

C1=2 .O*V1*D3/(D1*D3(D1+D3) 

C2=2 .O*V3*D1/(Dl*D3(D1+D3) 

C3=2 .O*V2*D4/(D2*D4(D2+D4) 

C4=2 .O*V4*D2/(D2*D4)/(D2+D4) 

C5=2.0*(1 ./(Dl*D3)+1 ./(D2*D4)) 

C6=(D3*V1)/(R*D3*(D1fD3)) 

C7=(Dl*V3)/(R*D3*(D1+D3)) 

C8=D1/(R*D3(D1+D3) - D3/(R*D1(D1+D3)) 

R is the radius of the star 

This equation applies to the cylindrically symmetric field,in the 

two-dimensional rectilinear field C6,C7 and C8 are put to zero. 
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3.5 	Trajectory Plotting for Design Programs 

3.5.1 Interpolation 

Electron 	trajectory 	calculations 	were 	computed 	in 

three-dimensional rectilinear coordinates. Linear interpolation 

between field mesh nodes was found to be insufficient when electrons 

were near electrodes. A way of interpolating between mesh nodes and 

electrodes was required. All mesh squares were put into several 

categories,covering every possible way electrode segments intersect 

with them. The category,shown in Figure 3.17(a) is free from any 

electrode intersections and the normal method of linear 

interpolation using four mesh nodes is used.Squares whose corners 

are intersected are shown in Figures 3.17(b-e),and squares with 

intersections in their opposite sides are shown in Figures 3.17(f) 

and 3.17(g). Before any trajectory calculations are made all meshes 

are put into the afore-mentioned categories. 

Special interpolation of the squares in the (2-5)category have 

only to be developed for one orientation the other configurations 

have only to be transformed to the chosen orientation,say type 2. 

Figure 3.18 shows that the electron can be in any one of five areas 

in this square,a different interpolation routine will be required 

for each area. Consider the case of an electron in area A;let the 

position of the electron be ( DX, DZ) relative to the bottom left 

hand corner of the square.This situation is depicted in Figure 3.19. 
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The mesh corners are at voltages V1,V2,V3and V4;the intersection 

point between electrode segment and square is defined to be ( DCX, 

DCZ). The basic interpolation method consists of linearly 

interpolating to find voltages VN1, VN2, VN3, VN4 and from there 

interpolating between these voltages to find the voltage at the 

electron's position.In this case (category (2)) interpolations 

between mesh corners and electrode have to be made for VN1 and VN4. 

Expressions for VN1, VN2, VN3, VN4 are as follows 

VN1= V1+( DZ/ DCZ)*(V_V1) 

VN2=V4+ DZ*(V3_V4) 

VN3=Vl+DX*(V4_V1) 

VN4=V3+((1.- DX)/(l.- DCX))*(V_V3) 

Linearly interpolating between VN1, VN2, VN3, VN4 gives two 

estimates of the voltage at the electron's position VP1, VP2 and the 

average VP is taken 

VP1= VN1+ DX*( VN2- VN1) 

VP2= VN3+ DZ*( VN4- VN3) 

so VP=0.5*( VP1+ VP2) 

The same interpolation methods are used to find potentials in 

areas B,D,C,E shown in Figure 3.18 but these are more complicated 

than for area A. This is because the perpendicular lines that 

extend from the electron position can in some cases intersect the 

electrode segment.Hence any of the voltages VN1, VN2, VN3 and VN4 

may lie on the electrode. Figure 3.20 shows the case of an electron 

in area E and for this case the quantitities DPX and MB are 
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calculated.The following expressions are used 

DPX=( DZ- DCZ)/ MB 	where MB=(1-DCZ)/DCX 

VN3=V 

VN2=V 

VN1=V2+((l.- DZ)/(1.- DCZ)*(V_v2)) 

VN4=V2+(V_V2)* DX! DCX 

and interpolation between VN1 and VN2 gives 

VP1= VN1+( VN2- VN1)*  DX! DPX 

let DCR= DCZ+ DX*  MB 

interpolation between VN4 and VN3 is 

VP2= VN4+( VN3- VN4)*(l._ DZ)/(l.- DCR) 

and VP0.5*( VP1+ VP2) 

Mesh squares which had not been intersected were assigned a 

length of one unit.Interpolation routines were also written for 

areas B,D,C.Altogether five routines were written for the five 

different areas in Figure 3.18. Electron positions in the squares 

of type (3-5) were transformed into electron positions in the square 

of type (2).Figure 3.21 shows the transformation between type (3) to 

type (2);the quantities DX, DZ , Vi, V2, V3, V4 are replaced by DX, 

DZ, V1, V2, V3, V4 respectively after which the same 

interpolation routines are used.These quantities are now given by 

DX=1.O- DX 

DZ= DZ 

V4 - =V 1 

Vi - =V 4 

V2-=V3 
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V3=V2 

Similiar transformations are made for squares of types 4 and 5. 

The interpolation routines written for squares of types (6) and (7) 

were much simpler than those for types (2-5).For the cases of (6) 

and (7) an electron can only be in two areas shown by A and B in 

Figures 3.22(a) and 3.22(b). Figure 3.22(c) shows an electron in 

area A for type (6) square.The quantity XCR is calculated by 

XCR= DCX1+ DZ/ MB 

and M81./( DCX2- DCX1) 

so VN1=V (electrode potential) 

VN2=Vl+ DZ*(V2_Vl) 

so VP= VN2+( VN1- VN2)* DX! XCR 

a similiar method is used for the square of type (7). 

3.5.2 Electron Field Step near Boundary 

Special precautions were taken to prevent electric field 

calculations being made across any boundaries or electrodes. Figure 

3.23(a) shows the previous technique of the projection of small 

steps parallel to the coordinate axis. In this case the segments 

cross the boundary and hence incorrect electric field values will be 

found between points P,Q and S. To prevent such an error the points 

of intersection are found and the modified calculation is based on 

the diagram shown in Figure 3.23(b). The electric field values are 

now given by 

EZ= (Vboundary- VP)/(Z2-Z1) 



Calculating Electric Fields Near an Electrode 

Figure 3.23(a) 
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EX= (Vboundary- VP)/(X2-X1) 

where (X1,Z1) is the electrons position, VP is the potential at the 

electrons position,(X1,Z2) and (X2,Z1) are intersection points with 

the boundary.These intersection points are calculated from finding 

the gradient of the boundary segment. 

3.5.3 Turning Points in the Electrons Trajectory 

Points at which the electrons velocity changes sign can introduce 

large errors in the trajectory calculation if not guarded against. 

An electron when close to a boundary may cross and recross the same 

boundary in a single step and as a result not appear to have crossed 

the boundary at all,Figure 3.24(a) illustrates this effect.A special 

subroutine was written to reduce the electron step so that the 

electron step finished precisely on the turning point.A test was 

then made -to find whether the electron had really crossed the 

boundary.If the turning point is only considered in one coordinate 

direction then the modification involves the solution of a quadratic 

equation whose variable is the time interval of the trajectory 

step.This direction was chosen to be the Z-direction since most 

electrons are extracted vertically and retarded vertically in most 

detectors.Let the initial and final velocities of an electron step 

be Vzi and Vzf respectively and the electric field be Ez,then since 

Vzf is to be zero the quadratic equation is 

Vzi*dt + (1/2)*(e/m)*Ez*d1 = 0 

Where e is the electron charge,m the electron mass and dt the time 

interval. 
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Once the correct time-step is found it is put back into the 

normal trajectory Equations (3.15-3.17) and a revised electron step 

is computed. Figure 3.24(b) shows one possible effect of this 

modification in the electron trajectory;in this case the electron is 

absorbed into the boundary whereas an uncorrected trajectory would 

escape the boundary. 

Electrons are prevented from stepping across grids. 	Generally 

electric fields vary extremely sharply across grids but the program 

assumes constant electric fields in a single step and hence 

introduces a large error into the trajectory calculations. The size 

of an electron step which crosses a grid is adjusted to bring the 

electron directly onto the grld.A similar method to that used in 

correcting the error in turning points is used.A quadratic equation 

in the trajectory time-step is solved,high accuracy in this 

technique is essential since grids play an important role in many 

detectors as a way of reconstructing the electron secondary 

distribution. 

The flow diagram depicted in Figure 3.25 serves to illustrate how 

the error-reducing routines described in sections 3.5.2 to 3.5.4 

were incorperated into the calculation of an electron trajectory. 
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3.6 	APPLICATIONS OF 2-D DESIGN PROGRAMS 

3.6.1 Different Detector Designs 

Several types of deflection fields were specified above linear 

retarding and extraction fields and the two-dimensional rectilinear 

program was used for this purpose-The simulation of each detector 

was not rigorous ,but allowed the author to become familiar with 

electron behaviour through deflection fields in a general sense.The 

analysis used the interactive capability of the programs written to 

provide a sketch pad design facility through which different ideas 

were developed. 

Electron trajectories with initial energies of 3eV,6eV and 10eV 

are plotted through each detector design and are shown in Figures 

3.26-3.29.A 25 by 25 mesh size was used for each detector design and 

heights of 20mm were specified in each case. In Figure 3.26 

electrons pass through two pointed electrodes at voltages 100 volts 

and -10 volts-Most electrons are deflected to one side but leave the 

field diverging,whereas electrons in the two circular grid case 

shown in Figure 3.27 are only deflected by an angle of 40 degrees 

from the vertical but appear to be converging as they leave the 

field. The best performance of all detectors for voltage contrast 

purposes is given by the two curved-grid detector shown in Figure 

3.29. Electrons are deflected over 90 degrees from the vertical 

axis;this is a desirable feature 	since,for most 	S.E.Ms,the 

scintillator is normally placed below or on the specimen plane. 

This detector can also be effective in filtering out backscattered 
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electrons which can pass through its upper deflection grid. 
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3.6.2 Dinnis Detector 

The two-dimensional rectilinear design program was used to 

simulate the performance of the detector made by Dinnis et al 

(1981). 	The detector is essentially a retarding field detector and 

has planar extracting and retarding fields (Figure 3.30). 	Two 

angled plates deflect electrons to a normal 

scintillator/photomultiplier collection system. The two-dituesional 

field approximation for this detector is valid for most secondary 

electrons below 12eV.A small number of electrons above 8eV and at 

emission angles close to the horizontal will experience some fringe 

effects at the edges of the detectors deflection plates. This Is 

due to the finite width of 30mm of the deflection plates and an 

average 10 seconds time of flight for most electrons which was 

found from trial program simulations. The number of electrons 

experiencing fringe effects however is found to be very small 

compared to the total number of .emitted electrons.From the energy 

and angular distributions of emitted secondaries,most electrons lie 

within an energy of 6eV and have angles above 10 degrees from the 

horizontal. Hence the fringe effects from the detectors finite 

width were neglected. All electron trajectory paths were calculated 

in the Z-X plane. 

A 25 by 25 mesh was initially used to solve field distributions 

in the Dinnis detector-Figure 3.31 shows that an electron trajectory 

step size of less than 0.16 ( SLT>61) was required to give a 

constant output current and hence give sufficient accuracy.Figure 

II 



3.31 was produced from the error option described earlier. 	Better 

accuracy was achieved when a 40 by 40 mesh was used and its effect 

on the required trajectory step is shown in Figure 3.32. 

The solution to the detectors field distribution was interactive 

to the programmer and took less than 2 minutes real time.An 

equipotential line representation of the field is shown in Figure 

3.33. 	As expected,the eqipotentials are straight and parallel 

between specimen,extraction grid and retarding grid. 	A degree of 

uniformity also exists betweeen deflection plates.Non-linear areas 

are significant at the entrance and exit of these 

plates,particularly around their entrance. 

Electron trajectory paths are traced in Figures 3.34(a-d) with 

initial energies of 3eV,6eV,lOeV and 50eV respectively,each set of 

trajectories have been calculated for a wide range of initial angles 

(0 to in steps of 0.3 radians).All Figures 3.34(a-d) show that 

electrons with shallow angles (close to the horizontal) are absorbed 

into the base of the deflection plates,a greater number of higher 

energy electrons are absorbed this way.A large number of electrons 

which traverse the deflection field entrance are attracted to either 

deflection plate and subsequently lost.This seems to happen 

independently of electron energy below 50eV. Only a small number of 

electrons are seen to pass through the detectors exit.This 

proportion is approximately the same for all electrons with energies 

below lOeV,and is confirmed by Figure 3.35 implying a flat filter 

response 	for the detector in this energy region. 	The detector 
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performs well in filtering backscattered electrons, one Out of every 

fifteen 50ev electrons are collected, as shown by Figure 3.34(d). 

3.6.3 Detector Curves 

The overall transport efficiency of the Dinnis detector was found 

to be low.For the voltage configuration depicted in Figure 3.30 a 

transport efficiency of 12% was obtained. This value was found from 

the error option and also from the plotting of the detector's 

S-curve.The S-curve is found to have a normal S shape except for a 

slight rise for higher retarding grid voltages (>9 volts), the 

detectors S-curve is shown in Figure 3.36.Figure 3.37 shows that 

varying the 'extraction grid voltage above 50 volts does not produce 

a significant change in output current.,while the same is true for 

voltages on the lower deflection plate in the range between 10 and a 

100 volts (a 9% maximam deviation) as shown in Figure 3.38. 

Variation in the upper deflection plate voltage causes a rise in 

collected current as shown in Figure 3.39,the overall transport 

efficiency goes up to 38% for voltage values of greater than 9 volts 

on this plate. 

Experimental results were found to agree reasonably well with the 

computer predictions shown in Figures 3.36-3.39.These experimental 

results were obtained on a S2 Cambridge Instruments Microscope.Large 

aluminium pads were probed with large conductor areas being used to 

minimise surface field effects.The experimental curves were taken on 

a graph plotter and subsequently rescaled to obtain a best fit to 

the theoretical curves.Significant changes in output current occur 
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at the same plate voltages for both theoretical and experimental 

curves. The output currents in the S-curves shown by Figure 3.36 

reach a plateau in both experimental and theoretical curves at a 

retarding voltage of 0 volts, and both curves susequently rise for 

voltages greater than 9 volts. Figure 3.37 shows that both 

experimental and theoretical curves reach a local peak at 50 volts 

for variations in extraction grid voltage, while both curves peak 

around 20 volts for variations in the lower deflection plate voltage 

shown in Figure 3.38. A similar rise occurs for voltages greater 

than 6 volts on the upper deflection plate as shown in Figure 3.39. 

From the computer simulation of the Dinnis detector the following 

recommendations can be made: 

That the deflection aperture size be significantly increased at 

least doubled 

That the upper deflection plate be biased with voltages greater 

than 9 volts 

That the right-hand deflection plate be biased to 0 volts. 

That the left hand deflection plate be shortened 

Figure 3.40 shows the predicted performance of the detector if the 

above recommendations are incorporated. 
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3.6.4 Lintech Detector 

This was the first detector commercially produced by Lintech 

Ltd.(Plows (1981)), the detector has a radially symmetric geometry 

and one of the design programs was used to simulate its 

perforxnance.Figure 3.41 shows a cross-section of the detectors 

geometry and voltage configuration-Electrons are attracted from the 

specimen by a flat extraction plate which has a 7.6mm hole at its 

centre.The electrons then pass through a retarding field which is 

caused by a ferrule shaped plate,a suppressor grid at -32 volts 

further retards their motion until they are deflected and collected 

on a 6KV annular scintillator.The computer model shown in Figure 

3.41 was used to simulate the detector's performance in the R-Z 

plane. 

After using many different mesh resolutions a 25 by 25 mesh was 

found to give an adequate description of the detectors potential 

distribution.The maximum residual at any node was brought down to 

less than 0.01.Figure 3.42 shows the equipotential lines that 

describe the detectors field distribution.The optimum value for the 

trajectory step was found to be 0.01,as illustrated from Figure 3.43 

which shows constancy in output current for SLT>91. 

Figure 3.44 shows electron trajectories at different initial 

angles and all at an initial energy of 3eV,most electrons reach the 

scintillator.Some electrons with shallower initial angles strike 

the retardation plate and are not collected;this happens for angles 
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of 1.2 and 1.5 radians.Figures 3.45 and 3.46 show that a greater 

percentage of higher energy electrons do not reach the scintillator. 

Electrons at 10eV require to have initial angles in the range 

between 0 and 0.9 radians to be collected. All electrons very close 

to the central axis are not deflected on to the scintillator,this is 

explained from the equipotentlal lines in Figure 3.42 which show 

that the penetration field of the scintillator does not reach the 

central axis of the detector. 

Figure 3.48 shows the energy transport efficiency of the detector 

and shows the detector is effective in filtering backscattered 

electrons.Figure 3.47 illustrates how backscattered electrons are 

rejected, 50% of these electrons collide with the bottom and inner 

side of the retarding plate while the other 50% penetrate the 

suppressor field and are lost in the aperture of the top plate.From 

Figures 3.44-3.46 the operation of the detectors extraction and 

retarding fields can be modelled to have a convergent lens effect on 

the emitted secondaries.The focal length and spot or cross-over 

region is dependent on the initial energies of the secondaries. 

Electrons at 3eV are spread over 1mm on the central axis in the 

cross-over region,while electrons at 6eV and 10eV are spread over 

2.8mm and 4.0mm respectively. 

3.6.5 Transport Efficiency 

Figure 3.49 shows the relationship between the output current and 

the retardation plate voltage for an extraction voltage of 1KV.The 

graph shows considerable deviance from the normal expected S-curve 
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and illustrates an inherent non-linearity in the Lintech detector. 

The maximum value in the output current is approximately 0.62 or 62% 

transport efficiency and is found at 5 volts on the retardation 

plate. Hence making voltage measurements under these conditions is 

not practically viable due to the detectors non-linearity. 

The greatest resemblance of an S-curve from the detector was 

found at extraction voltages at or near 300 volts; Figure 3.50 shows 

such a curve. The overall transport efficiency for 0 volts on the 

retardation plate is seen to be signicantly reduced to 19% compared 

to 58% in the 1KV extraction case. Figure 3.52 shows how electrons 

at 3eV are rejected at an extraction voltage of 330 volts and 

retarding plate voltage of 0 volts.The focussing effect of the 

previous extraction and retarding fields is no longer exhibited and 

electrons are generally more dispersed and as a result of this fewer 

electrons reach the scintillator. 

3.6.6 Comparison of computing results with practical results 

Comparison of some computer predictions on the Lintech detector 

were made with experimental results provided by British Telecom made 

on their Cambridge Instruments S 150 S.E.M at Martlesham Research 

laboratories-Results were made from using a Lintech, detector on a 

copper stub specimen. Figures 3.50 and 3.51 show a comparison of 

experimental and computer predicted detector curves at extraction 

voltages 300 and 330 volts respectively.The experimental curves were 

fitted arbitrarily to the theoretical curves by rescaling and 

shifting the graph axis-This was-necessary since the precise 'black 
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level and photomultiplier amplification in the S.E.M during the 

time when measurements were made had not been recorded. The curves 

in Figures 3.50 and 3.51 however show a general correspondence 

between theory and experiment. In each case turning points in the 

theoretical and experimental curves occur at the same retarding grid 

voltages,0 volts and 10 volts in Figures 3.50 and 3.51 

respectively.An exact correspondence is not expected since many 

second order effects are present in the practical measurement which 

are not taken into account in the computer model.These include 

backscattered electrons, charging of dielectrics ,contamination from 

an impure vacuum and many others. 

Summary 

Computing techniques have been developed to provide detector 

designs in 2-D rectilinear .  and 2-D cylindrically symmetric 

coordinates.Special error-reducing routines were found to be 

necessary and computer graphics facilities enhanced the prescription 

of different electrode layouts.The programs were used to simulate 

two specific detectors and gave the performance of each detector. 
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CHAPTER 4 

SIMULATION OF PARTICULAR DETECTORS 

4.1 Introduction 

From Chapter 2 it was shown that past voltage contrast detectors 

have had little theoretical foundation in their design and that 

theoretical analysis for each detector is important in assessing its 

performance.Such a study also provides general criteria on which a 

new detector can be designed. All programs written in this section 

simulate the performance of detectors in three-dimensional 

coordinates.The detectors chosen fall into two categories; 

hemispherical detectors and cylindrically asymmetric detectors. 

Within the class of hemispherical symmetry, 	detectors by 

Fentem(1974) 	and Tee(1976) are modelled and simulated.Figures 

4.1(a-c) show the approximate models used,various practical features 

of each detector were approximated to help simplify the 

simulation.The boundary values at the base of Tees detector are 

found by interpolating between grids.This approximation is valid 

since in practice this detector was mounted on long cylindrical 

pillars which kept the field uniform.In contrast Fentems detector 

has an earth-plate at its base and has a non-uniform field between 

grids.The small apertures in the apex of each grid orr Fentems 

detector were neglected.Inclusion of such apertures would require a 

much more detailed description of the detectors potential field 

distribution and greatly increase overall run times of the computer 

programs. The outer mesh in Tees detector is also neglected since 
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this does not affect electrons within the detector. In practice the 

collection plate in Figure 4.1(b) should be a grid but for the 

programs,backscattered electrons were neglected and only relative 

changes in current were noted on the collection plate.Hence in this 

case little difference exists between modelling a solid plate or 

grid as the collection medium for electrons.The main difference 

between the detectors remains the uniform field for part of Tees 

detector and the non-uniform field for Fentems detector.The 

dimensions of both detectors were taken to be identical. 



57 

4.2 Potential Field Distributions for Hemispherical Detectors 

The potential field distributions for both hemispherical 

detectors were found analytically and numerically.The only uniform 

field was found to exist for Tees detector and in this case linear 

interpolation was used;however the field between the specimen and 

extraction grid was non-linear. The field for both detectors is 

radially symmetric and constant for the azimuth angle. 

4.2.1 The Analytical approach to Fentems Detector 

Analytical methods were only used to solve the field distribution 

for Fentems detector-This work was done in two sections ,firstly 

the field between grids was solved and secondly the field between 

the extraction grid and specimen was found. 

4.2.2 The Hemispherical Shell 

Finding the potential field between the grids in Fentems 

detector is done by finding the field for the closed hemispherical 

shell shown in Figure 4.2.Laplaces equation in symmetrical 

spherical coordinates as already mentioned in Chapter 3 is given by 

1 	2 aV) + 	1 	 sing 	= 0 4.1 
2 	ae 	69 

r 	 rsinO 

by the normal method of separating variables let 

v(r,e) = R(r). H(e) 
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it can be shown that the general solution is given by 

	

v(r,e) = 	 + b/r').P(cos6) 	4.2 

where a and b 1  are constants that depend on the precise boundary11  

conditions considered and Pcos(e) represents an nth degree Legendre 

polynomial.For the boundary conditions of the hemispherical 

shell,the solution is given by 

cC 

	

v(r,e) = V0  + 	(21n+1)Pm_i(0)Pm(o0se) 
, .2m+1 

m=1 (m+1)(l-(r1fr2 j 	) 
ODD 

'(v27v0 ) [o,/r') m - ( r1/r2 )m(r1/r)m+l] 

_(v1-v0) 1(r1/r2 ) in+1  (r/r2)- (ri/r)h]] 	4.3 

The proof of this is given in Appendix(l).From the above expression 

it is possible to calculate the field between the retarding grid and 

the extraction grid and also the field between the collection plate 

and retarding grid.The appropriate grid potentials are substituted 

for V and V and the dimensions r1  and r2  are also specified. 

4.2.3 Inner Hemisphere 

The potential in the inner hemisphere is much more difficult to 

solve than that for the hemispherical shell.Figure 4.3 depicts the 

problem.The field distribution is solved by considering two separate 

problems.The first problem is shown in Figure 4.4(a) and consists of 



59 

a flat circular disc lying in an infinite plane,the disc represents 

a specimen in the detector and is at a voltage Vs. 	The rest of the 

plane is at voltage V. 	The second problem consists of a 

hemispherical top placed on a 0 volt base and is shown in Figure 

4.4(b). The potential distribution on the hemispherical top (VG( 9 )) 

is constructed from the potential distribution at r 1  in problem A by, 

V (e) = V - vA(1;, 9 ) 	4.4 

This is done to provide the boundary condition of voltage V at a 

radius r1  in the final hemisphere by adding the potential 

distributions of problems A and B.Hence at radius r 1  , 

V(r19e) = VA(rl , e) + VB(rl,G) 

= A(1 1 ,6 ) + VG(Q) 

= vA(rl,e) + v1 - vA(rl,e) 

=vl  

Once the potential distribution of problem B is found (V8 (r,e)) the 

final potential distribution of the inner hemisphere is given by, 

	

V(r99) = vA(r , e) + VB(r,O) 	4.5 

for 	Ozrr1  

!gt 	ji/2 

4.2.4 Solving Field A 

The potential for the circular disc in an infinite plane is 

solved by considering the solution of LaplaceTh equation in 

cylindrical polar coordinates.For an axially symmetric field the 

general solution is 

00 

A(E).eJ0 (p+ B 	4.6 
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where E  is a dummy variable in the integration and A(),B are 

quantities that depend on the boundary conditions, J (o) is the 

zeroth order Bessel function.Appendix (2) solves A() and B for the 

boundary conditions shown in Figure 4.4(a) and finds the field 

distribution in field A to be given by 

'/2 
cO 

vA(r,e) = V0 + (V5-Vø)(a2r2sin2O) 
0 

4.7 

The distribution at r 1 is then given by 

1/2 aO 

VA(rl,Q) V0  + (V—V0)(a2—r8inG) ~-sin(a e)e— ~rjco,39jo (Erejne)a 
0 

4.8 

4.2.5 Solving Field B 

The solution to field B involves the use of spherical polar 

coordinates and a general solution of Laplaces equation in these 

coordinates, 
 00 

V(r,e) 

= 

	
(a r m + b /rm)p(cosO) 

Appendix (3) applies the boundary conditions shown in Figure 4.4(b) 

for field B and finds the following solution, 

VB(r,G) = (v1-v0 )  
T  flm 

(r/r1 )m.P(cose) 

ODD 

flTr/2 

- (v s—vO ) 	2;_ (r/r1 )m p (cosé') . sine. (a2_r  sin 2)*dG' 

m=]. 	 Lo 
ODD 

.0 	 '1,  
sin(a 	

—Er cose 
) .e 	1 ( T.  
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where 

1 

M = 	P(x)d.x 

o 

1 
2 

Pm = j' 	dx 
0 

Hence the complete solution to the inner hemisphere is given by 

v(r,e) = vA(r , e) + vB(r,e) 

= V0  + (V_V0)(a2_x.2eiu29Y2 ~sin(aQe—trcose  J  0  (trsin9)cl 0 

+ (v1-v0) 	(r/r1)m.p(000) 

M=1 m 
ODD 

,r/2 
- (v -v0 ) 	(r/ri)m[ 

m o 	jn (a2_rsjn2é)*ae'
M=l RM 
ODD 

00 

sin(a).e_1 00  
0 
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4.3 Numerical Methods for Solving Fields in a Hemispherical Detector 

The normal relaxation method in spherical coordinates was used to 

find potential distributions inside the hemispherical 

detectors-Since the field was axially symmetric a two dimensional 

mesh was used,Figure 4.5(a) shows such a tnesh.The total number of 

mesh lines in the theta direction is given by NT and in the radial 

direction by ICOL, these numbers could be set interactively by the 

user. A typical finite—difference star is shown in Figure 

4.5(b),the residual equation. for this star is given by 

(i/HR2  + i/(rHR)) + v2 (i/HR2  - l/(rER)) + v1 (cote/2H0 + 1/H02 )/r2  Res = v4   

+ v3 (1/He 2  - cote/2H9) - v0 (2/HR2  + 2/(r2H92 ) 	4.11 

where HR and He are the lengths of the star in the radial and theta 

directions respectively-If HR1 then 

Res = V4(i+i/r) + V2 (1-1/r) + V1 (cotO/2H9 + 1/He2 )/r2  

+ v3 (1/Hi— cote/2H0)/r2 - V0  (2+ 2/(r 2He2 ) 	4.12 

In the radial direction each mesh line was designated by IR where 

1 	IR >, ICOL and In the theta direction each mesh line was 

designated by JT for 1X, JT >, NT 
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The conversion to real space was 
0 

r = IR - 1.0 

e = T172 - (JT-1.0)HO 

so limits on r and e were 

0 	r ICOL 

0 

and 

He = (rr/2)/(NT-1) 

For each node successive over-relaxation was applied in the 

following form 

V0  = V0  + Res *°' 	 4.13 

2(1+1/(r2He2 )) 

To avoid a singularity at r=O a rectilinear mesh was used at the 

centre of the hemisphere.A cross-section of the rectangular cuboid 

is shown in Figure 4.6(a) the voltages at the sides of this three 

-dimensional mesh are interpolated from the larger two-dimensional 

spherical mesh. Figure 4.6(b) shows a typical star on the central 

axis of the hemisphere. The voltage VP remains constant in both the 

X-Y directions so that the residual equation in the rectilinear mesh 

is given by 

Res=VZ1+VZ2 +4*  VP_6* VP 
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Each node on the central axis is relaxed by this equation. 

4.4 Trajectory Plotting 

4.4.1 Interpolation 

Trajectory calculations were done in 	three-dimensional 

coordinates-Electric field values Ex,Ey,Ez in the X,Y,Z directions 

respectively,were computed by transforming 	from rectilinear 

coordinates into polar coordinates and using linear 

interpolation-Hence to find the potential at (X,Y,Z) interpolation 

between mesh lines JT, IR and JT+1, IR+1 was carried out where JT 

and IR were given by 

JT=1.O+ (Tr/2—e)/He 

IR = r + 1.0 

e and r were given by 

r= (x  +y +z 2 2 2
)
1/2 

e = cos(z/r) 

4.4.2 Preventing the Electron from Stepping across a Grid 

Previously this problem was solved in one dimension,the 

Z-direction, where a suitable time step (dt) was found to increment 

the electron to bring it exactly on the grid. The time step (dt) 



was easily solved from the following trajectory equation 

dz=Vz*dt + (1/2)*(e/m)*Ez*(dt) 	 4.15 

where Vz is the electron velocity in the Z-direction ,Ez is the 

electric field in the Z-direction and dz is the required increment 

to bring the electron on the grid. 

In the hemispherical situation,however,the geometry of the grid 

is much more complicated and a time step (dt) must be found to step 

the electron a distance (dR),which brings the electron exactly on 

the spherical grid-Although dR may be known there is no simple 

equation which relates it to increments dx,dy,dz.These are all 

related to dt by 

dx=Vx*dt + (1/2)*(e/m)*Ex*dt2 	4.16 

dy=Vy*dt + (1/2)*(e/m)*Ey*dt 	 4.17 

dz=Vz*dt + (1/2)*(e/m)*Ez*dt 	 4.18 

dR= (dë + d?+ d)'4 	4.19 

substituting in Equation(4.19) 	the 	following 	fourth degree 

polynomial in dt is obtained 

+ d.tC + d.t 2C3  —dR = 
	 4.20 

C1,C2,C3 are constants dependent on Ex,Ey,Ez,Vx,Vy,Vz and em. 

Equation(4-20) 	is 	solved by the method of repeated Linear 

Interpolation (Buckingham(1957)).This method starts with an initial 

value for dt and uses a convergent algorithm to find an accurate 

value. Let 

F(dt) = at4c1  + dt3C + dt 2 C - d.R2 	4.21 
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the standard algorithm used is 

d.t= dt - F(d.t )/M 	4.22 n+1 	it 	n n 

where 

M = [F(d'n)—F(d'n_,)l /(dt_t_1 ) 

Mn denotes the gradient of the function F(dt ) at the nth 

computation. 

dt is the nth approximation of the time step while dt is the nth+1 

approximation. 	 - 

At most n reaches 10 before dt is accurate to six decimal places and 

F(dt) falls below 10 

4.4.3 Calculating Electric Fields near Grids 

Another problem arising from the complex geometry of 

hemispherical grids is that electric field values need to be 

modified when electrons are close to grids.Figure 4.7(a) illustrates 

the normal way of calculating electric fields in three-dimensional 

coordinates Ex,Ey,Ez.Three points PX, PY and PZ are projected from 

the electron's position P;the coordinates defining the electron's 

position are (X1,Y1,Z1) giving radius RP. The coordinates of PX, 

PY, PZ are (X2,Y1,Z1), (X1,Y2,Z1) and (X1,Y1,Z2) respectively where 

X2 = Xl+2XD  

Y2 = fl+2YD 

Z2 = Zl+2ZD 
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Radii at PX, PY, PZ are calculated from 

RPX = (X22.IY12+Z12)2 

 
IT RPY = (fl2+y22+Z12 ) 

RPZ = (xl .2+n2+z2)fr 

Inaccuracies in the electric 	field 	calculations 	emerge 

when RPX - RP or RPY - RP or RPZ - RP cross a grid,in such cases 

their intersections with the grid are found and the appropriate 

electric fields modified. 

4.4.4 Modifying Electric Fields 

Electric fields were modified; if necessary all three electric 

fields Ex,Ey and Ez could be changed.Figure 4.7(b) shows RPZ - RP 

crossing a grid of radius RG and the electrons position before 

crossing as (Xl,Y1,Zl).The point of intersection is shown by PC and 

its coordinates being (X1,Yl, ZC).Xl,Yl are known but ZC is unknown. 

ZC is calculated from finding the off-axis angle 9 for the point PC. 

The relationship between spherical coordinates (Figure 3.4(a)) and 

rectilinear coordinates is given by 

x = r sin9 cosø 

y = r sine sing( 

z = r cose 



at the paint PC 

Xl = RG sin9 cosØ 

Y]. = RG sine sinØ 

ZC = RG cosO 

9 is found by eliminating 0 

xi 2 + Y1 2  = RGsinO 

1 	2 	2 	2 e=s.n ((X].+fl)/RG) 2 ) 

If the potential at the electrons position is Vp and the potential 

on the grid is Vg the electric field in the Z-direction is modified 

to 

Ez = (V g p -v )/(zc-zi) 

Like the modified field in the Z-direction Ex requires the 

calculation of 9 and 0 at the intersection point ( XC, Yl, Zi) in 

the X-direction so 

XC = RG sine cosØ , 	g-1 = cos (zl/RG) 

Yl = RG sine sinØ, 	

0 = sin-1  (Yl/RGsinO) 
Z1=RGcos9 , 

Ex = (v-V)/(xC-Xl) 



Lastly the modified electric field in the y-direction is calculated 

by finding 9 and 0 for the intersection point ( XC, YC, Zi), 

Xl = RG sine cosØ 	, 

YC = RG sine sinØ , 

Zi = RG cose 

8 = cos(Zl/RG) 

= cos(X1/RGsin8) 

Ey = (Vg Vp )/(YC_fl) 

Once Ex,Ey,Ez are calculated the normal trajectory step was 

computed. 



70 

4.5 The Feuerbaum Detector 

4.5.1 Introduction 

The computer model to simulate the perfomance of this detector is 

shown in Figure 4.8-Electrons are attracted away from the specimen 

by an extraction field Ve and retarded by a grid at voltage Vr;these 

grids are planar in the horizontal cross-section.A linear retarding 

and extracting field is assuxned,although in practice the dielectric 

walls between the grids will tend to charge up and cause slight 

non-linear field variations.After traversing the retarding 

field,electrons are deflected by a semi-circular gauze so that this 

deflection field is similar to the Banbury and Nixon detector(1970). 

The electrons are collected by the normal scintillator and 

photomultiplier arrangement placed near the deflecting gauze.The 

computer simulation of this detector was much simpler than that for 

the hemispherical detectors. 

4.5.2 Field Distributions for the Feuerbaum Detector 

The potential distribution can be calculated analytically or 

numerically. The analytical solution to the deflection field is 

given in Appendix(4).The Fourier-Bessel series used to describe this 

field is identical to the form used by Munro (1971) for the field 

inside the Banbury and Nixon detector,because the two detectors have 

similar electrode geometries.Although the potential distribution can 

be found analytically,the numerical method of relaxation was 
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used.This is because the analytical method would still require 

numerical computations and a program written for this purpose would 

take much longer to write than one based on the relaxation 

method-Since relaxation techniques have been used in other 

programs,quick modifications of existing routines were niade.Another 

reason for not using the analytical method was the extra 

interpolation required to transform the analytical solution from 

cylindrical coordinates into rectilinear coordinates for electron 

trajectory calculations. 
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4.5.3 Deflection Field Distribution solved by the Relaxation Method 

A three-dimensional rectilinear mesh was used,since planar 

boundary conditions existed in the Z-direction, asymmetrical stars 

were only required in the X-Y plane.Figure 4.9(a) shows a typical 

cross-section of the relaxation mesh in this plane where only the 

first quadrant is shown.The cylindrical wall boundary was taken into 

account by constructing asymmetrical stars whose lengths were 

represented by DBX(J) and DBY(I) near the outer boundary, Figure 

4.9(b) depicts such a star. The relaxation-residual equation was 

modified for these stars and symmetry was used for computing the 

field in other quadrants. The dimensions of the detector and mesh 

resolutions were specified interactively by the program user. 

4.5.4 Trajectory Calculations 

Trajectory 	calculations were made 

rectilinear coordinates.Error precautions a 

grids and turning points were taken and are 

error-reducing routines described in 

trajectories were displayed in two views ,a 

view. 

in three-dimensional 

ainst elections crossing 

similar to that of the 

Chapter 3. Electron 

side view and a plan 
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4.6 RESULTS ON THE HEMISPHERICAL DETECTORS 

4.6.1 Electrons Leaving Specimen Centre 

A 10 by 26 relaxation mesh size was used for both the Fentetu and 

Tee detectors.An error test for the optimum electron trajectory step 

size was made.Figure 4.10 shows that the, output current stays 

relatively constant for electron step sizes of UL <0.03 or SLT 

>31,Figure 4.10 was calculated for a retarding grid voltage of -4 

volts. 

Figures 4.11 and 4.12 show equipotential lines for the Fentem and 

Tee detectors respectively.The field for Fentems detector exhibits 

greater non-linearity at the edge of the specimen-earth plate than 

for the field in Tees detector around the same region. Above the 

centre of the specimen,potential values are approximately the same 

for both detectors.The potential at the first node along the central 

axis was found the be 4.9 volts for Fenten(s detector and 7.0 volts 

for Tee's detector. Equipotential lines near the central axis are 

uniform for both detectors,from this it can be deduced that both 

detectors will not differ greatly in performance. 

Figures 4.13 and 4.14 show electron trajectories at an initial 

energy of 3eV for Fentem and Tee detectors-Electron trajectories 

appear to be identical in each case and all trajectories reach the 

collection electrode.Figure 4.15 show S-curves for each 

detector.Both S-curves are almost identical except for a 0.3 volt 

shift of the S-curve from Tee's detector behind that from FentemTh 
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detector-As expected Figure 4.15 shows that both detectors have high 

transport efficiencies;100% for electrons with energies below 

12eV.Their output currents however in practice are very small 

(1-lOnA).This Is due to their method of collecting electrons on a 

conducting electrode as opposed to using the normal 

scintillator/photomultiplier arrangement.Hence in this case ideal or 

theoretical efficiency does not yield important information on the 

normal operation of both hemispherical detectors. 

4.6.2 Off-axis electrons 

Different S-curves were calculated for different radial postions 

on the specimen of Fentems detector.Figure 4.16 shows S-curves 

plotted for off-centre distances of 0,1,2,2.2,2.8 and 3.5mm. As the 

radial distance of the emission point increases its S-curve drops in 

height and shifts to the right.At a distance 3.5mm from the specimen 

centre the S-curve is reduced to approximately 50% of its original 

height and has shifted more than 4 volts at its base and greater 

than 7 volts at its top. Figures 4.17(a-c) show electron 

trajectories at 2mm,2.8mm and 3.5mm respectively from the specimen 

centre.These Figures show that off-axis electrons experience forces 

which attract them towards the central axis and hence prevent them 

from traversing the retarding grid; all electrons in Figures 

4.17(a-c) start with an energy of 3eV. The above results show that 

S-curves from different specimen positions cannot be directly 

compared to yield accurate voltage contrast information.It is 

suggested that the primary beam remain on the detectors central axis 

and the specimen be moved if an off-axis measurement is required. 
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4.7 Results on the Feuerbaum Detector 

4.7.1 Electrons Leaving Specimen Centre 

A 14 by 14 by 21 relaxation mesh was used to find the potential 

distribution in the Feuerbaum Detector. Figure 4.18 shows 

equipotential lines for a central vertical cross-section through the 

detector, this cross-section was made in the Z-X plane.As expected 

Figure 4.18 depicts uniform retarding and extracting fields and 

shows the penetration of the deflection field reaching the outer 

walls of the detector. 

The electron trajectory step size was optimised for values below 

0.5( SLT>2) and is shown in Figure 4.19. 

Figure 4.20(a) shows electron trajectories plotted through the 

detector with an initial energy of 3eV.For simplicity electron 

emission was divided into two cases;emission in the Z-X plane and 

emission in the Z-Y plane.Figure 4.20(a) shows that all 3eV 

electrons reach the deflecting gauze.Figures 4.20(b) and 4.20(c) 

similarly depict electrons with initial energies of 6eV and 10eV 

respectively. Approximately 10% of electrons at 6eV are absorbed 

into the wall opposite the deflecting gauze while 20% of 10eV 

electrons are lost this way and all electrons below 12eV in the Z-Y 

plane reach the deflecting gauze.Figures 4.20(a-c) show this 

detector has a high transport efficiency for electrons below 

12eV.Figure 4.20(d) shows the energy transport efficiency curve for 

the detector and gives an overall transport efficiency of 96%.This 
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is also confirmed by the S-curve shown in Figure 4.21, Figure 4.21 

shows the S-curve is close to the ideal'S'-shape. Hence the 

Feuerbaum detector is seen to have a high ideal transport efficiency 

and a linear S-curve response.It must be remembered that the 

complete collection system was not simulated and that many electrons 

which reach the deflection gauze may not reach the scintillator. 

This is particularly true for electrons in the Z-Y plane which reach 

the deflection gauze with a large velocity in the Y-direction,these 

electrons are often close to the outer walls and may be absorped 

into these walls-An estimated reduction of at least 5% in transport 

efficiency may result if the scintillator was incorporated into the 

simulation work. 



Transort 
Efficiency 	 S-curve for the Feuerbaum Detector 

Figure 4.21 

1 .9 

ci 

9 .9 

B .7 

B 

9 .5 

9 .4 

B .3 

B .2 

9 .1 

—4 	—2 	2 	2 	4 	6 	B 	12 

Reatrding Grid Voltage (volts) 



77 

4.7.2 Off-axis electrons 

Figure 4.22 shows different emission positions from the base of 

the Feuerbaum detector,S-curves were generated for each position.It 

was found that S-curves for positions 1-9 were identical to the 

S-curve obtained from the central axis position,labelled 15 in 

Figure 4.22. Figure 4.23 shows that as the emission position moves 

to the right (positions 10,11,12) its corresponding S-curve drops in 

height and becomes non-linear.For position 12, 1.5mm off-centre on 

the X-axis,the S-curve drops 8 to 25% in height.Figure 4.24 shows 

S-curves for positions 15,13,14.Both positions 13 and 14 are an 

equal distance off-centre yet the S-curve for position 14 has been 

reduced by 10 to 30% in height and the S-curve for position 13 is 

almost identical to that from position 15(central axis). The 

results in Figures 4.23 and 4.24 show that the field of view is only 

restricted significantly in the positive X-direction. Off-axis 

distances of up to 1.5mm can be examined on the other axis without 

significant alteration In the S-curve.However,a position 0.5mm 

off-centre on the positive X-axis causes an 8% reduction in the 

output current at 0 volts on the retarding grid. 

Summary 

Both analytical and numerical solutions to the potential 

distribution inside the Fentem and Feuerbaum detectors were given. 

Both detectors are seen to yield higher transport efficiences and 

give greater linearity In their S-curves than those obtained from 

the Dinnis or Lintech detectors simulated in Chapter 3. 
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CHAPTER 5 

SURFACE FIELDS 

5.1 Introduction 

To make a more realistic study of electron detectors it was 

decided to analyse the effect of surface fields. This effect 

imposes significant limitations on the performance of any detector 

(Fujioka et al(1981)). 	Separate studies on the nature of surface 

fields were also carried out. 	Other second order effects such as 

charging of dielectrics and tertiary electrons also affect a real 

measurement from a voltage detector; these effects,however,are more 

difficult to model and are outwith the scope of the present 

programs. 

The surface field problem was briefly discussed in Chapter 2.The 

effect of surface fields on the practical results of a detector has 

been acknowledged by many (Fujioka et al(1981), Feuerbaum(1979), 

Tee(1975) and Hannah(1974)), yet their theoretical study has been 

made by only a few, (Menzel(1982) and Fujioka et al(1981)). The aim 

of this work was to investigate surface fields on MOS devices and 

study their effect on some detectors.Like previous programs,results 

were based on the plotting of electron trajectories. To do this the 

electrostatic potential distribution near the specimen had to be 

solved. 
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5.2 Field Distributions Near a Specimen 

5.2.1 Introduction 

There are many ways to approach the problem of finding potential 

distributions near a specimen.For specimens with relatively simple 

surface layouts,analytical methods can be used,an example of this is 

the expression found by Wells (reviewing Macdonald(1970)) for a P-N 

junction.However, the surface fields created by MOS devices are too 

complex for current analytical methods and hence numerical methods 

were used-Special techniques even in the category of numerical 

methods are required,since the potential problem of surface fields 

is more difficult than previously described field problems. This is 

due to the fact that surface conductors can be very close 

together(eg,a few microns)whereas the distance to a detectors 

nearest electrode is typically a thousand times greater (a few 

millimeters).Hence while the numerical technique used must resolve 

field changes between the specimen and detector it must also resolve 

very sharp field changes at the specimens surface. The 

finite-element method can deal with such large variations of field 

strengths in a single potential problem,whereas cumbersome 

modifications in the finite-difference method are required to 

achieve the same result.However,it was decided to use the 

finite-difference method since the time required to develop the 

appropriate finite-element program would exceed the time required to 

modify and develop existing finite-difference programs. 
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5.2.2 Techniques of Graded Meshes in the Finite-Difference Method 

Two approaches in solving surface field distributions using the 

finite-difference method were considered.The first approach was used 

by Hannah(1974) and consists of using a method of mesh expansions. 

Figure 5.1 shows the use of three different meshes,each mesh has the 

same resolution but represents a different area in the surface field 

problem-The different fiela meshes are relaxed successively,the 

boundary conditions for an inner field mesh are found by using 

values from its surrounding outer mesh. The potential values in a 

mesh are only accurate in the area covered by its inner mesh;this 

complicates the plotting of electron trajectories.This method of 

successive mesh expansions was seen as unnecessarily complicated and 

hence the other approach of graded meshes was used. 

The method of graded meshes consists of using adjoining field 

areas with different mesh resolutions,in this case three different 

meshes were used.Figure 5.2 shows the mesh-layout used to model 

surface fields in a retarding field detector.The shaded areas 

represent areas for which the electric fields are assumed to be 

constant.The three surface meshes only extend to the extraction grid 

and the electric field between the extraction grid and retarding 

grid is assumed to be constant. The resolution and size of each 

mesh are specified interactively by the user. 
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5.2.3 Surface Mesh 

Different NOS layouts are prescribed by the programmer and act as 

boundary conditions on the surface mesh Fl-The specimens that are 

modelled consist of three layers,aluminium on silicon dioxide on a 

grounded silicon substrate with both the aluminium and silicon 

dioxide layers one micron thick. Figures 5.3(a) and 5.3(b) show two 

standard specimen configurations which commonly occur in MOS 

devices. 	These were specified on the mesh Fl.Figure 5.3(a) shows 

the cross—section of a track between two large conductors. 	The 

sizes of gaps between conductors and track—widths are determined by 

ILS1, IMS1, IMS2, IRS2 which are specified by the programmer.Their 

voltages Vl,V2,V3 are also input by the programmer. Figure 5.3(b) 

shows the cross—section of a single gap between two large 

conductors,in this case IMS1=IMS2. The resolution of mesh Fl is 

given by NX1, NZ1 and a typical relaxation star inside this mesh is 

shown in Figure 5.3(d). HZ1 is the size of the arm in the 

Z—direction and is fixed to be one micron. HX1 is chosen to be 

commensurate with the dimensions of the surface layout.The finite—

difference star existing at the silicon dioxide/air interface is 

shown in Figure 5.3(c) and a modified residual equation for such 

stars is given in Appendix(5). The boundary conditions at the sides 

of Fl are interpolated from the two top corner potentials down to 

the conductors Vi and V2.The conductors Vi and V2 are assumed to be 

infinitely wide, hence keeping the condition of constant electric 

fields at either side of mesh Fl. 
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The quantities ILS1, INS1, I24S2 and IRS2 must be carefully varied 

to cover many types of surface layouts-In general four different 

surface layouts can occur on an MOS device,the first of these has 

already been mentioned and is the single gap between two infinite 

conductors shown in Figure 5.3(b).The gap width W can vary from a 

few microns to hundred's of microns and this case can easily be 

modelled on Fl by choosing a suitable HX1. Obviously the more mesh 

squares in the gap the more accurate the field descriptlon.However, 

NX1 cannot be made too large if the programs are to remain 

interactive ,hence a compromise between accuracy and program 

run-time has to be found. The second mesh layout shown in Figure 

5.3(a) is a track between two infinite conductors.In this case the 

track width Wt is comparable in size to the gaps Wi and W2 between 

the track and its neighbouring conductors.This sitation can again be 

easily modelled by choosing an appropriate HXi. If HX1 is chosen to 

model gaps Wi and W2 accurately it will also automatically model the 

field above the track accurately since Wt=Wl=W2.The next surface 

layout has the track width Wt,much greater than the gaps Wi and 

W2.In these cases the mesh size in the X-direction would need to 

exceed one hundred, clearly an impractical number,and hence this 

layout cannot be modelled by the graded mesh technique described. 

In the last configuration Wt is much greater than WI and W2.To 

describe the sharp field changes around the track while at the same 

time covering changes in the gaps Wi and W2 would again require NX1 

to be impractically large. A typical example of this would be a 

three micron track whose nearest conductors are a distance of 100 



83 

microns away.For the last two surface layouts a more comprehensive 

relaxation technique 18 required-The two latter cases are also 

examples where the finite-element method has advantages over 

finite-difference methods. The finite-element method can model 

sharp field changes around a small track while also modelling the 

influence of condutors from large distances. 

5.2.4 Fields F2 and F3 

Figures 5.4(a) and 5.4(b) show typical relaxation stars found In 

fields F2 and F3 respectively. 	11Z2 and }1Z3 are specified by the 

programmer typically, HZ25* HZ1 and HZ3=10* HZ2, HX2 and HX3 are 

fixed to HX2=2* HX1 and HX3=2* HX2.Hence field meshes rapidly become 

coarser as they approach the extraction grid.The number of mesh 

lines in the horizontal direction is halved at each boundary, 

NX2 ( NX1-1)/2. + 1. and NX3=( NX2-1)/2.+l. 

Typical sizes of fields Fl,F2,F3 may be (25,20) ,(13,5) ,(7,10) 

respectively. 	 - 

5.2.5 Relaxation at Field Boundaries 

At field boundaries three different types of mesh-stars are 

relaxed. Figure 5.5(a) shows the boundary between the fields Fl and 

F2.Diagonals in the coarser field ,F2 are drawn in meshes nearest to 

the boundary and define points like C.Since Laplaces equation is 

invariant to rotational operations,then points like C can be relaxed 

and provide boundary conditions for nodes like A on the fine 
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mesh.The nodes like A and B are then both relaxed on the fine 

mesh.The mesh stars for nodes A, B and C are given in Figures 

5.5(b-d).Relaxation at A and B both consist of computing residual 

equations of irregular stars-This is done by the normal method as 

described in Chapter 3;the boundary between F2 and F3 is treated in 

a similar way.The flow diagram in Figure 5.6 illustrates the overall 

technique. 

5.3 Trajectory Plotting in Surface Fields 

Special electric field routines for each mesh were written.At 

each trajectory step the electron positon was noted and the 

appropriate electric field routine was called.The potential 

distribution for each field was stored in separate arrays-Once an 

electrons position was transformed on a particular mesh an 

appropriate interpolaton routine within this mesh was called and 

then the electric field calculations were made.The flow diagram in 

Figure 5.7 illustrates this process, INTA1, INTA2 , INTA3 are 

Interpolation routines in meshes Fl,F2,F3 respectively.The normal 

error-reducing techniques as previously described in Chapter 3 were 

used in the calculation of electric fields. 
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5.4 RESULTS ON SURFACE FIELDS 

5.4.1 Two Electrode Structure with a 3 micron Cap 

The first surface layout considered,consists of two infinitely 

wide conductors separated by a gap of 3 microns. The relaxation 

mesh sizes used for all surface layouts were 33 by 25 for Fl ,13 by 

5 for F2 and 7 by 10 for F3. The graph in Figure 5.8 shows that the 

output current stays constant for trajectory step of between 0.5 to 

0.01. Hence large trajectory steps were used giving low computer 

run times. 

5.4.2 Positive Neighbouring Conductor 

Figure 5.9(a) shows the equipotential lines for the 3 micron 

single gap layout with 0 volts on the left-hand side electrode and 5 

volts on the right-hand side electrode. 

Electron trajectories with initial energies of 3eV,6eV and 10eV 

are plotted in Figures 5.9(b-d) respectively,electron trajectories 

are first displayed in the surface mesh Fl and then displayed in the 

complete field.Electron trajectories leave the 0 volt conductor on 

its gap edge.Figure 5.9(b) shows that 3eV electrons are initially 

deflected from their normal trajectory paths towards the 5 volt 

conductor and hence are rejected by the retarding electrode;80% of 

3eV electrons are lost this way. This effect occurs for 6eV 

electrons but to a lesser extent; 70% of 6eV electrons are lost 

while 60% of 10eV electrons are lost.Figure 5.9(e) shows the energy 

transport efficiency of electrons traversing the retarding field.The 
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effect of the surface fields is to impose a lower cut-off energy of 

3eV and generally reduce the overall transport efficiency to 27%. 

5.4.3 Varying the extraction field for the 3 micron single gap layout 

The voltage on the extraction grid was varied for the single 3 

micron gap layout.S-curves were plotted for electrons leaving the 

left-hand gap edge position on the 0 volt conductor. Figure 5.10 

shows S-curves calculated at extraction grid voltages of 300,600 and 

900 volts.An S-curve which is unaffected by any surface fields is 

also plotted for comparison, this S-curve was calculated for both 

conductors at 0 volts. Figure 5.10 shows that variation in the 

extraction field does not significantly help in reducing the surface 

field effects present for the surface layout considered. Changing 

the extraction grid voltage from 300 to 900 volts only causes a 

maximum shift of 0.75 volts in the resulting S-curve towards the 

normal S-curve.The surface field affected S-curves are seen to 

deviate greatly from the normal S-curve,a shift of 0 volts at 

their base is seen to linearly increase to 6 volts at their top.At 0 

volts on the retarding field an approximate shift of 3eV is 

observed;this clearly fictitious shift can cause great errors in 

voltage contrast measurements. 

The above results show important limitations to the practical 

measurements of voltages on conductors separated by 3 micron gaps.If 

a large conductor is probed at its edge and its neighbouring 

conductor is 3 microns away then when the neighbouring conductor 

switches state, say 0 volts to 5 volts then a 0 to 6 volt error will 



Transport 	 5.-curves for Different Extraction Grid Voltages above a 
Effitiency 3 micron Gap Layout 

1 .0 

0 . 

0 .0 

0.7 

0.6 

0 .5 

0 .4 

0.3 

O .2 

0 .1 

 

-15 	 -10 	 -5 	 0 	 5 	 10 	 15 

Retarding Grid Voltage (volts) 



be imposed on the voltage measurement. A realistic measurement is 

usually made in the linear region of the S-curve and hence the error 

will range from 1.5 to 6 volts depending on the precise position on 

the S-curve where the measurement was made. S-curves were 

calculated more accurately by using a finer relaxation mesh,the 

error range was changed to 1.5 volts to 5 volts. 

Figures 5.11(a-c) show equipotential lines and 3eV electron 

trajectories through the field for an extraction voltage of 900 

volts-It shows how these electron trajectories are similar to those 

plotted through an extraction voltage of 600 volts.Figures 5.12(a-c) 

show this is also true for trajectories at an extraction voltage of 

300 volts-The shape of the energy transport efficiency curve is 

similar in each case and the overall transport efficiency remains 

the same at 27%. Figures 5.13(a) and 5.13(b) shows electron 

trajectories through a 0 volt extraction grid,although these 

trajectories differ in shape to those in higher extraction 

voltages,their percentage collection is the same. 

5.4.4 Measurements Near the 3 micron Gap Edge 

An S-curve was calculated for a position of 4 microns from the 

gap edge on the 0 volt conductor(Figure(5.14)).This S-curve was 

generated at a greater accuracy than for the S-curve in Figure 5.10. 

The S-curve away from the gap edge is more regular than the S-curve 

for the gap edge and gives a consistent fictitious shift of 3 volts 

for most points on the S-curve. 	The extraction grid for this case 

was set to 600 volts. 	Figures 5.15(a-c) show electron trajectories 
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at 3eV,6eV and 10eV through the field.Slightly more electrons are 

collected than for the position at the gap edge.Figures 5.15(a-c) 

also show single electron trajectories being rejected in each case 

at the left-hand side of the gap-This was due to some computational 

errors in the electric field values,an inevitable consequence of 

using a finite mesh size. 

5.4.5 A 9 micron Single Gap Layout 

A 9 micron gap between two infinitely wide conductors was 

simulated,their voltage configuration was similar to the last 

layout,O volts for the conductor on the left-hand side of the gap 

and 5 volts for the conductor on the right-side of the gap. Figure 

5.16(a) shows the equipotential lines obtained for this case, the 

field disturbance near the gap is clearly not as great for the 3 

micron gap. 

Figures 5.16(b) and 5.16(c) show electron trajectories through 

this field with initial energies of 3eV and 6eV respectively. These 

diagrams show a marked improvement in the number of electrons that 

traverse the retarding grid to that in the 3 micron case.50% of 3eV 

electrons are collected compared with 20% in the 3 micron case. 

Similarly Figure 5.16(d) shows a larger collection area in the 

energy transport efficiency graph,giving an overall efficiency of 

47% compared with 277. for the 3 micron gap. 
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Equipotentials for a 9 micron Gap Layout with 600 volts on the 

Extraction Grid. 
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Trajectories for a 9 micron gap layout with an emitted 

energy of 3eV 
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Trajectories for 9 micron gap layout with an emitted 

energy of 6eV 

b EU 

	

(9 micron gap) 	Figure 5.16(c) 

REL. NUMBER OF ELECTRONS 

Figure 5.16(d) 

Transport Efficiency = 0.47 
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5.4.6 Different Extraction fields for a 9 micron single gap layout 

Figure 5.17(a) show electron trajectories with initial energies 

of 3eV,in this case the extraction grid is set to 900 volts. More 

electrons are collected than for the 3 micron case under the same 

conditions.Figure 5.17(b) shows the energy transport efficiency 

curve giving an overall transport efficiency of 49% compared to the 

27% for the 3 micron case. Figure 5.18(a) shows electron 

trajectories at 3eV with an extraction voltage of 300 volts.Figure 

5.18(b) shows that varying the extraction grid voltage has more 

effect for the 9 micron gap than for the 3 micron gap. The overall 

transport efficiency is reduced to 43% for an extraction grid 

voltage of 300 volts.From the energy transport efficiency curve it 

can be seen that lower energy electrons are collected and the lower 

cut-off energy has been reduced from 3eV in the 3 micron case to 

less than 1eV for the 9 micron case.Figures 5.19(a) and 5.19(b) show 

electron trajectories at 3eV and 6eV for 0 volts on the extraction 

grid. 

Figure 5.20 shows a marked improvement in the calculated S-curves 

for extraction voltages of 300,600 and 900 volts for the 9 micron 

gap.The fictitious shift in voltage measurements is reduced to 

between 0.75 to 3.7 volts in the linear portion of the S-curve for 

900 volts on the extraction grid. This compared with an error range 

of 1.5 to 5 volts for the 3 micron gap. 
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Trajectories for a 9 micron layout with an emitted energy of 3eV 

and 900V extraction grid 
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Figure 5.17(a) 
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Figure 5.17(b) 

Energy analysis for a 9 micron layout with 900V 

on extraction grid. 
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Trajectories for a 9 micron layout with an emitted energy of 3eV 

and 300V on extraction grid. 
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5.4.7 Measurments Near a . 9 Micron Gap Edge 

Figure 5.21(a) shows electron trajectories at 3eV leaving the 0 

volt conductor 12 microns from the gap edge. Figure 5.21(b) shows 

that a higher percentage are collected at this position than for the 

gap edge,67% compared to 43%. These results again indicate a marked 

improvement over the 3 micron case.Figure 5.22 shows the S-curve 

generated for 12 microns from the gap edge and compares it with the 

normal S-curve and the S-curve generated from the gap edge.The 

S-curve away from the gap edge exhibits greater regularity and has a 

fictitious voltage shift between 0.6 to 2.2 volts in its linear 

range. 

5.4.8 21 Micron Single Gap Layout 

Equipotential lines for a 21 micron gap between an earthed 

conductor and a 5 volt conductor are given by Figure 5.23(a).The 

equipotential lines are seen to be more uniform around the gap edges 

than for both the previous cases of 9 micron and 3 micron 

gaps.Figures 5.23(b) and 5.23(c) show electron trajectories from the 

gap edge for initial energies of 3eV and 6eV respectively. More 

electrons reach the retarding grid than for any of the previous gap 

sizes.This is confirmed by Figure 5.23(d) which shows the energy 

transport efficiency curve for the 21 micron gap.An overall 

transport efficiency of 77% is calculated from this curve,comparing 

favourably with 47% for the 9 micron gap. 
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Trajectories for a 21 micron layout with an emitted energy  

of 6eV 

bELJ 
(21 micron gap) 	

Figure 5.23(c) 

REL. NUMBER OF ELECTRONS  

Figure 5.23(d) 

Energy analsis for a 21 micron layout 

Transport Efficiency = 0.77 

2.5 5 	7.5 12 	ENERIY(EU) 



91 

5.4.9 Different Extraction Fields for a 21 micron Gap 

Figure 5.24(a) shows electron trajectories with initial energies 

of 3eV for an extraction grid voltage of 900 volts, while Figure 

5.24(b) shows its corresponding energy transport efficiency curve; 

an overall transport efficiency of 77% is found from this curve. 

These characteristics are clearly identical to those in Figures 

5.11(b) and 5.11(c) for an extraction voltage of 600 volts. Figures 

5.25(a) and 5.25(b) however,show a higher rejection of electrons for 

an extraction voltage of 300 volts;an overall transport efficiency 

of 67% is given in Figure 5.25(b). These observations are also 

supported by the S-curves shown in Figure 5.26.S-curves for 

extraction voltages of 600 and 900 volts are almost identical,while 

that for 300 volts differs significantly.These S-curves are also 

much closer to the normal S-curve;they have only fictitious shifts 

of 0 to 1 volt for the 900 and 600 volt extraction grid voltages and 

o to 2.2 volts for the 300 volt extraction. voltage. Figures 5.27(a) 

and 5.27(b) show that even at a 21 micron gap,surface fields still 

deflect many electrons from their normal trajectory paths for a 0 

volt extraction voltage. 

5.4.10 Near a 21 micron Gap 

Figures 5.28(a) and 5.28(b) show that most electrons 	are 

collected 28 microns away from the gap edge,an overall transport 

efficiency of 91% found from this position.The S-curves in Figure 

5.29 indicate that the S-curve generated for a 28 micron distance 

from the gap edge is almost identical to the normal S-curve,only 
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differing by a few percent over a small region in the retardation 

grid voltages of 0 to 2 volts. 



5.4.11 Single Gap Layout with a Negative Neighbouring Conductor 

Figure 5.30 shows S-curves generated from a position on the edge 

of a 0 volt conductor with a neighbouring conductor at -5 

volts.Different S-curves are plotted for the different gap sizes of 

3,9 and 21 microns and the normal S-curve is also plotted for 

comparison.Figure 5.30 indicates that a positive fictitious shift is 

caused by the influence of the neighbouring conductor and that this 

shift varis inversely with gap size. 	For the 3 micron gap the 

fictitious shift is as much as 2.5 volts. 	Figures 5.31(a) and 

5.31(b) 	explain how a negative neighbouring conductor causes 

positive shifts in the measured S-curves. 	Figure 5.31(a) depicts 

the equipotential lines for a 3 micron gap,electron trajectories 

with initial energies of 3eV are traced through this field and shown 

in Figure 5.31(b).Clearly electrons suffer large deflections from 

their normal paths in the opposite direction from the neighbouring 

conductor;as a result no 3eV electrons traverse the retarding grid. 

Figures 5.32(a),5.32(b),5.33(a) and 5.33(b) show that the same is 

true for 9 and 21 micron gaps,only the neighbouring conductor does 

not have as much influence in these cases as in the 3 micron case. 
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THREE CONDUCTOR LAYOUTS 

5.4.12 A Positive central track between two earthed conductors 

Figures 5.34(a-c) show electron trajectories leaving the centre 

of a 5 volt,3 micron track. The electrons leave the surface with 

initial energies of 3eV ,6eV and 10eV. These diagrams indicate that 

electrons undergo acute deflections as they leave the 

surface;however all electrons with the afore-mentioned energies 

reach the retarding grid. This is confirmed by Figure 5.34(d) which 

shows a large collection over the secondary electron range and gives 

an overall transport efficiency of 91%. In this respect the surface 

layout considered here is very different to the 3 micron single gap 

layout previously considered which with the same extraction voltage 

gave an overall transport efficiency of 27%. 

Figures 5.35(a) and 5.35(b) show that almost the same number of 

electrons are collected (88%) if electrons leave at the edge of the 

central track. 

Different S-curves for different extraction voltages are shown in 

Figure 5.36,in this case electrons leave the centre of the 5 volt 

track.The horizontal shifts of all the S-curves are close to the 

expected 5 volts,all lie between 4 to 4.5 volts in their linear 

regions-The height of each S-curve, however,varies sharply with 

extraction voltage.The overall transport efficiency varies from 91% 

at 600 volts to 11% at 0 volts,hence the surface fields arising from 

this three conductor layout can largely be overcome by increasing 
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the extraction field. 

At lower extraction fields,surface field effects can still be 

present for large gap sizes between a large track and its nearest 

neighbours.Figure 5.37 shows S-curves from the centre of a 90 micron 

track and with gap sizes of 90 microns to its 0 volt nearest 

neighbouring conductors.The voltage at the central track is changed 

to 0,5 and 10 volts and a different S-curve is generated for each 

voltage.The 0 volt S-curve is as expected and corresponds to the 

normal S-curve previously calculated.The 5 volt S-curve shifts 

from 4 to 5 volts away from the 0 volt S-curve,indicating the slight 

surface field effects from the neighbouring conductors.The 10 volt 

S-curve drops in height to 72% and shifts 4 to 5.2 volts away from 

the 5 volt S-curve. All S-curves were calculated for an extraction 

grid voltage of 80 volts. This result shows that surface fields can 

affect voltage measurements even on large conductor areas on a 

specimen,their effect can be reduced greatly however by increasing 

the extraction field. 

5.4.13 An Earthed Track between Two Large Positive Conductors 

Results have been obtained for an earthed track, 3 microns wide 

between two 5 volt infinitely wide conductors with gap sizes also 3 

microns.Flgure 5.38(a) shows equipotential lines for this 

configuration in which an extraction voltage of 600 volts was used. 

Electron trajectories at initial energies of 3eV were traced through. 

the field with initial positions at the centre of the earthed track 

and the results are shown in Figure 5.38(b).Electrons leaving with 
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small angles to the specimen are seen to be attracted to the 

neighbouring conductors and 90% of the electrons reach the retarding 

grid. 	Figure 5.39 shows S-curves for electrons leaving the centre 

and edge of the middle track. 	Both the S-curves are close to the 

normal expected S-curve and have slight positive shifts of up to 1.5 

volts in their linear regions-The S-curve for the track centre keeps 

a shift of 0.5 volts for most of its linear region while the S-curve 

from the track edge is larger-below 1 volt for most of its linear 

region.In this case as with the last layout,surface fields have been 

greatly reduced at an extraction voltage of 600 volts. 

5.4.14 An Earthed Track between Two Negatively Biased Conductors 

Figures 5.40(a) and 5.40(b) show equipotential lines and electron 

trajectories for electrons leaving the centre of a 3 micron 

track.The track lies between two infinitely wide conductors which 

are biased to -5 volts,both conductors lie 3 microns away from the 

central track.Figure 5.40(b) shows how electrons of an initial 

energy of 3eV undergo large deviations from their normal trajectory 

paths-This is particularly true for electrons close to the 

horizontal.However for most electrons,the surrounding conductors 

seem to have a focussing effect and most electrons reach the 

retarding grid. The extraction voltage was kept at 600 volts. An 

S-curve was plotted for this case and is compared to the normal 0 

volt S-curve,both are shown in Figure 5.41. The S-curve generated 

from the central track seems to shift slightly negatively,0.44 to 

0.75 volts and also drops in height to 92%. 
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5.5 Surface Fields in Hemispherical Detectors 

5.5.1 Introduction 

The surface field program for a linear retarding field was used 

to approximate the field variation within the first mesh above the 

specimen in Fentems detector. The voltage at the top of this 

square as stated before was found to be 5.9 volts.This voltage was 

taken to be the extraction grid voltage in the normal surface field 

program. It corresponds to a position of 0.5mm above the specimen 

in FentemTh detector. 

Electron trajectories were traced through the surface mesh Fl in 

the surface field program and their positions and velocties on 

traversing the surface mesh boundaries were noted and stored.This 

information was in turn used as initial conditions for plotting 

trajectories in Fentems detector.Hence a single complete electron 

trajectory was made up of two parts;the first part is traced using 

the normal linear surface field program in surface mesh Fl; the 

second part of the trajectory is traced in Fentems detector. The 

retarding grid in Fentetns detector was initially set to -5 volts. 

5.5.2 Results 

A 3 micron track at 5 volts was specified between two infinitely 

wide 0 volt conductors,their separation gaps were chosen to be 3 

microns.Figure 5.42(a) shows 3eV electron trajectories leaving the 

middle of the centre track. All these electrons are seen to be 

quickly attracted back to the track.Figure 5.42(b) shows that the 



same is true for electrons leaving the track edge.This result is not 

unexpected when considering the low extraction field present above 

the surface layout-5.9 volts a distance of 0.5mm away from the 

specimen. The results from sections 5.12-5.14 show that such 

relatively low extraction fields greatly reduce the collection 

efficiency for the three conductor layout considered here. Figure 

5.42(c) shows the energy transport efficiency curve for complete 

electron trajectories through the surface fields and Fentems 

detector.Only 23% of all emitted electrons below 12eV reach the 

final collection electrode on FentemTh detector.A lower cut-off 

energy of 5eV is indicated in Figure 5.42(c) which implies the 

presence of a 5 volt retarding field directly above the central 

track on the specimen. 

Figure 5.43(a) show final S-curves for different track and gap 

sizes on the three conductor surface layout. All S-curves are 

greatly reduced in height; 41%,30% and 22% for track and gap sizes 

of 21mm,9mm and 3mm respectively.The S-curves appear by their 

position to indicate a 0 volt central track,which implies that they 

have undergone a negative fictitious shift of 5 volts.Figure 5.43(b) 

shows similar curves for electrons leaving the central track edge; 

these S-curves,however, have slightly lower heights than those in 

Figure 5.43(a).Since Tees detector has a similar low extraction 

field as that of Fentems detector,it is predicted that Tees 

detector will also produce S-curves like those in Figures 5.43(a) 

and 5.43(b) for the same specimen conditions. The above results 

show that the two hemispherical detectors considered are 
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inadequately designed to cope with voltage measurements under strong 

surface field conditions. 
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5.6 Surface Fields In the Feuerbaum Detector 

The surface field program was used to plot electron trajectories 

through the lower half of the Feuerbaum detector.This was done 

without writing extra programs, since the Feuerbaum detector is a 

linear retarding field detector and simple modifications were made 

to existing programs. The positions and velocities were stored for 

electrons that had reached the retarding grid in the surface field 

program. This information was used as initial conditions for the 

plotting of electron trajectories in the Feuerbaum detector. 

A single gap (Figure(5.3(b))) layout was specified in which 

electrons left the edge of an infinite 0 volt conductor, the 

neighbouring conductor was biased to 5 volts. Figure 5.44 shows 

S-curves for electrons reaching the retarding grid in the Feuerbaum 

detector,these S-curves were generated for the different gap sizes 

of 3,9 and 21 microns on the specimen layout. The 3 micron curve 

has the greatest deviance from the normal S-curve,a fictitious shift 

of 2.8 to 4.6 volts is observed in its linear region.On the same 

graph is shown the final S-curves obtained on the collection gauze 

of the Feuerbaum detector.These final S-curves are more non-linear 

and less like an S shape.They do not rise to a definite plateau 

and voltage measurements would be difficult to make from them. The 

final S-curves are also seen to drop in height at their final 

current values ,94%,84% and 82% for gap sizes 21,9, and 3 microns on 

the specimen-In the linear region for the 3 micron curve, fictitious 

shifts exceed 5 volts. 
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Figures 5.45(a-h) show electrons in the Feuerbauni detector after 

traversing the surface fields;no 3eV electrons were plotted since 

none of these electrons reached the retarding grid.Only a moderate 

percentage of electrons of initial energies higher than 6eV are 

deflected successfully by the deflection field in the Feuerbaum 

detector. However,electron collection is better in this respect for 

the 21 and 9 micron gaps than for the 3 micron gap.It is also 

apparent from Figures 5.45(a-h) that generally only 50% of emitted 

electrons in the Z-X plane for 21 and 9 micron gap sizes reach the 

retarding grid. From the above results it is seen that the linear 

retarding field of FeuerbaumTh detector cannot cope with voltage 

measurements on conductors separated by a small gap.The deflection 

field also exhibits a non-linear response in the final collected 

S-curves in these cases. 

Summary 

Development of computer techniques to model surface fields was 

made.A method of graded meshes in finite-difference form was used 

and both single and double gap electrode layouts were analysed. A 

large percentage of electrons leaving a conductor near a single gap 

were affected by surface fields and were deflected back to the 

surface.Increaslng the extraction grid voltage did not significantly 

reduce the effect of surface fields in this case.Increasing the 

extraction grid voltage in the double gap layout however,did 

significantly reduce the surface fields present. Electron 

trajectories in Fentems detector were found to be affected by the 

surface fields created by a double gap layout while the same was 
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true in Feuerbaun(s detector for a single gap layout. 
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CHAPTER 6 

DESIGN OF A NEW VOLTAGE CONTRAST DETECTOR 

6.1 Introduction 

In the previous chapters the,Dinnis,Lintech, Fentem and Feuerbaum 

detectors have been analysed and of these the Feuerbaum detector 

gives the better performance.The aim of this chapter is to design a 

new voltage contrast detector which gives comparable or better 

performance than that of Feuerbaums detector. The general 

requirements of a voltage contrast detector are: 

That it produce S-curves which shift linearly with specimen 

voltage variations 

It have a high transport efficiency giving an acceptable output 

signal/noise ratio 

Backscattered electrons should be filtered from the collected 

secondary electrons 

The effect of surface fields should be minimised 

The detector must have low constructional height in order to give 

a moderate working distance in the S.E.M. 

From Chapter 3 it was found that two curved grids provided an 

efficient deflection field,the lower grid was set to 100 volts while 

the upper grid was set to -5 volts.Figure 3.29 shows electron 

trajectories through such a system.The deflection field was placed 

on top of a normal planar retarding field.This detector model was 

analysed in two-dimensional rectilinear coordinates and did not 

simulate electrons in all directions. A three-dimensional model 
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based on the two-dimensional curved grid model was made.The grids in 

this case were still curved but now were also made cylindrical, 

hence the deflecting field had a curved tube geometry.The curved 

tube arrangement consisted of two portions,a lower grid at 100 volts 

and an upper grid at -5 volts. 	Figures 6.1 and 6.2 show the side 

and end views of the detector-The retarding 	field remained 

unchanged.The purpose in having cylindrical symmetry in the 

deflection field was to collect electrons in all possible directions 

in the X-Y plane or with all possible angles in the azimuth 

direction. 

Initial computer simulations were made on the proposed 

cylindrical tube detector and its design was optimised. 

6.2 Program Model to Simulate a Curved-tube Detector 

A program was written to simulate the performance of the 

suggested twin-grid curved tube detector-The program was based on a 

model in three-dimensional coordinates.Initial dimensions were given 

to the detector but these were later modified as the detector was 

optimised. The computer model was based upon the side and end views 

shown in Figures 6.1 and 6.2. Rgb defines the boundary between the 

upper and lower grids in the deflection field.The inner and outer 

dimensions of the curved cylinder are given by Rin and Rout 

respectively. These distances are given with respect to the point 

A,defining the position of the deflection grids with respect to the 

rest of the detector.All dimensions shown were interactively 
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specified by the programmer. 

6.2.1 The Potential Distribution in the Deflection Field 

No readily available analytical solution to the potential 

distribution for the designed detector could be found.Its complex 

geometry only allowed the use of numerical methods.The finite-

difference method was used and six-pointed asymmetrical stars were 

constructed on a three dimensional rectilinear mesh.Intersections 

between the curved tube boundary and all mesh lines had to be 

calculated before any asymmetrical stars could be constructed. 

6.2.2 Boundary and Mesh Line Intersections 

Mesh lines in a rectilinear three-dimensional coordinate system 

were put into three categories: 

Mesh lines that were parallel to the X-axis and perpendicular to 

the Z-Y plane.The positions which these lines intersected the curved 

tube boundary were given by the functions XB1(Y,Z) and XB2(Y,Z) 

The second category consisted of mesh lines parallel to the 

Y-direction and perpendicular to the Z-X plane.The intersections 

with the two curved grid boundaries were denoted by the functions 

YBI(X,Z) and YB2(X,Z) 

The last category consisted of mesh lines parallel to the 

Z-direction and perpendicular to the Y-X plane.Their intersections 

with the deflecting grids were given by ZB1(X,Y,) and ZB2(X,Y). 	If 

integer values of X,Y,Z are given by I,J,L respectively then the 



mesh nodes in each of the Z-Y, Z-X and Y-X planes are scanned and 

the quantities X31(J,L), X62(J,L), YB1(I,L), YB2(I,L), ZB1(I,J) and 

ZB2(I,J) were calculated.From these arrays asymmetrical stars were 

computed. Trajectory calculations used the normal error-reducing 

routines that had been written for earlier programs. 
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6.3 Initial Detector Design 

The detector was initially designed to have a curved tube 

geometry in its deflection field as already described in Section 

6.1.The detector design was provisionally assigned an overall height 

of 10tnm.The potential field of the detector was solved by using a 15 

by 15 by 15 relaxation mesh size. Equipotential lines in the 

central Z-X plane are given in Figure 6.3 for the first detector 

design. As expected these lines show the presence of a large 

deflection field. Figure 6.4 shows that there is little variation 

in output current for trajectory step sizes of less than 0.5( 

SLT>2). 

Electron trajectories for initial energies of 3eV,6eV,lOeV and 

50eV are shown in Figures 6.5(a-d) for the detector.Figure 6.5(e) 

shows the detector design to have a high transport efficiency,for 

all electrons under 12ev an overall transport efficiency of 99.7% 

was found.As Figures 6.5(a-d) show,all 3eV electrons are collected 

and almost all 6eV and 10eV electrons reach the detector 

exit.Approximately 25% of 50eV electrons are collected,hence it is 

predicted that most backscattered electrons will be filtered out of 

the final electron collection. 
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6.4 Practical Construction of the Curved Tube Detector 

Practical construction of the curved tube detector proved to be 

difficult for the dimensions of the initial detector design(height 

10mm). 	More realistic dimensions for practical construction are 

shown in Figure 6.6. 	An overall height of 24mm was necessary, a 

distance of 1mm from the specimen to the extraction grid is included 

in this figure although in practice this distance was made variable. 

Figure 6.6 also shows the retarding and extracting grids were 

mounted into a dielectric material.Holes for the primary beam were 

made in the extraction,retarding and upper curved grids and the 

diameters of these are given in Figure 6.6. The grids were made of 

stainless steel and had an 80% optical transparency.The two curved 

grids in the deflection field were mounted on a stainless steel 

frame,as shown by the photographs in Figures 6.7(a-c). The detector 

was mounted on the normal scintillator/light pipe housing 

arrangement. The complete practical construction of the detector 

was carried Out by British Telecom at their Martlesham Research 

Laboratories. 

6.5 Computer Simulation of the Practical Design 

Simulation of the practical design is shown in Figures 6.8(a) and 

6.8(b) in this case the overall transport efficiency drops to 95% 

and slightly fewer electrons reach the exit of the detector.This 

slight drop in efficiency was considered to be an acceptable 

compromise for the realization of a practical design. Different 

S-curves were calculated for different surface voltages and are 
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shown in Figure 6.9.They are seen to have ideal S shapes and give 

linear shifts under the 5 volt specimen changes of —5 volts and S 

volts.Voltage shifts are given to within 0.5% accuracy in the linear 

regions of the S—curves. 

6.5.1 Optimum Voltage Configuration 

Potentials on each electrode in the 

separately and the corresponding output 

caiculated.Figure 6.10 shows that the output 

significantly (<5%) above an extraction grid 

but below this voltage it rises steeply fr 

at 100 volts extraction voltage. 

detector were varied 

current response was 

current does not change 

voltage of 100 volts 

in 56% at 0 volts to 92% 

Figure 6.11 shows that there is a peak value in the output 

current for variations in the upper curved grid,this occurs at a 

voltage of —5 volts and has a height of 95%.This graph confirms the 

initial voltage set for this grid. Figure 6.12 shows a steady rise 

in output current with variation of the voltage on the lower 

deflection grid.The output current rises from 6% at 0 volts to 97% 

at 110 volts-This results suggests that if the initial voltage of a 

100 volts were increased to 110 volts a 2% increase in transport 

efficiency would result. From the above results all voltages were 

kept at their previous values except for the voltage on the lower 

deflection grid which was increased to 110 volts in the detector 

design. 
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6.5.2 Off-Axis Positions 

Figure 6.13 	shows different 	off-axis 	positions on the 

specimen, positions 1,2 and 3 are off-axis positions lmm,2mm and 3mm 

respectively along the positive X-axis.Positions 4,5 and 6 are 

off-axis positions along the negative Y-axis and 7,8 and 9 are such 

positions on the negative X-axis.Results from positions on the 

negative Y-axis are equivalent to those from positions on the 

positive Y-direction since the field is symmetrical about the 

X-axis. 

Figure 6.14 shows S-curves for positions 1,7 and 4, each position 

lies 1mm off-centre on the three afore-mentioned axis-The S-curves 

from positions 1 and 4 remain identical to the S-curve generated 

from the central axis shown in Figure 6.9, while the S-curve from 

position 7 indicates an improvement. The height for this latter 

S-curve is 100% at 0 volts on the retarding grid,showing an increase 

of 5% in the transport efficiency over the central axis S-curve. 

Figure 6.15 shows S-curves from positions 2,5 and 8 which are 2mm 

off-centre.The S-curves from positions 8 and 2 remain the same as 

those from positions 1 and 7,while the S-curve from position 5 

indicates a maximum drop of 6% in height from the central axis 

S-curve.Figure 6.16 shows S-curves from positions 9,6 and 3,3mm 

off-centre,S-curves along the X-axis ( positions 9 and 3) remain the 

same as for previous off-centre positions 1mm and 2mm along this 

axis.The S-curve 3mm off-centre along the Y-axis becomes non-linear 

and drops in height by as much as 20% from the normal S-curve. 
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In summary S-curves from positions up to 3mm along the positive 

X-axis do not greatly differ from the normal central axis S-curve. 

S-curves from positions up to 3mm along the negative X-axis are 

better than those from the central axis.A 100% transport efficiency 

is obtained at 0 volts retarding grid for these curves. The field 

of view however is limited above 2mm in the negative and positive 

directions along the Y-axis.At 2mm the S-curve height falls 6% below 

the normal S-curve,but still remains linear. At 3mm however the 

S-curve becomes non-linear varying from overall transport 

efficiencies of 80%,72% and 92% from respective retarding grid 

voltages of 0,4 and 10 volts. 

6.5.3 Surface Field Effects in the New Detector Design 

The programs described in Chapter 5 were used to calculate the 

effect of surface fields in the new detector design.These programs 

were used to plot electron trajectories through the detectors 

extracting and retarding fields.Final electron velocities and 

positions were registered for electrons crossing the retarding 

grid.This information was input as initial conditions to another 

program which plotted electron trajectories through the detectors 

deflection field. Figure 6.17 shows S-curves for electrons at the 

detectors retarding grid and S-curves from electrons at the 

detectors exit,S-curves have been generated from a single gap 

surface layout with gaps 3,9 and 21 microns for both cases.Electrons 

leave the edge of a 0 volt conductor and their trajectories are 

influenced by a neighbouring 5 volt conductor.The S-curves which 

represent electrons at the detector exit are similar to those at the 
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Feuerbaum detector exit for the same surface layout. S-curves drop 

in their final heights to 92%,82% and 76% at gaps 21,9 and 3 microns 

respectively,their S shape also becomes non-uniform.Fictitious 

shifts of greater than 5 volts are found for the 3 micron case. The 

above results show that the detectors linear retarding field cannot 

cope with strong surface fields and the detectors deflection field 

also introduces large errors on voltage measurements under such 

conditions. 
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6.6 Design and Construction of a Test Specimen 

A test specimen was specially designed and made to investigate 

the effects of a wide range of surface field conditions on voltage 

measurements. The specimen could also be used to provide precise 

conditions for which practical results could be compared with 

computing predictions. The specimen was constructed to simulate 

real surface conditions on MOS devices and is made of aluminium 

conductors on a layer of silicon dioxide which in turn lies on an 

earthed silicon substrate.Figure 6.18 shows a layout diagram for the 

test specimen-Measurements can be made on aluminium pads with 

neighbouring pads,tracks with neighbouring pads and tracks between 

neighbouring tracks. Test pads were specified to be a 100 microns 

square and gap sizes were 3,10,25,50 and 100 microns and two track 

widths of 10 and 25 microns were provided. 
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6.7 Provisional Experimental Results from the New Detector 

Due to the lack of available time only provisional experimental 

results are presented.A1l results were made on a copper stub 

specimen and a beam voltage of 2.5KV was used. The experimental 

results are divided into two parts; in the first case S-curves were 

obtained on an X-Y recorder;and in the second case S-curves were 

obtained on an oscilloscope. 

As expected the S-curves obtained on the X-Y recorder(Figure 

6.19) have more variations in the S-curve shifts than those in the 

oscilloscope trace(Figure 6.20). This is due to the inherent phase 

lag of the X-Y recorder yielding a hysteresis effect which 

prevented any S-curves from being exactly reproduced.The relatively 

slow sweep voltage (a few seconds) on the retardation grid also 

allowed beam current variations to further add to non-linear changes 

in the output S-curves. The voltage configuration on the detector 

electrodes was set to 600 volts on the extraction grid,-5 volts on 

the upper deflection grid,and 100 volts on the lower deflection 

grid. The retardation grid varied from -40 to +40 volts for -20 to 

+20 volt changes(5 volt steps) on the specimen for the X-Y recorder 

S-curves(Figure(6.19)). While a -12 to +12 volt sweep voltage was 

used on the retardation grid for specimen changes of -7 to +7 

volts(steps of 1 volt) for the S-curves on the oscilloscope 

trace(Figure 6.20). Both S-curves have ideal S shapes and linear 

shifts which as a first approximation conform to theoretical 

predictions(Figure 6.9). The results also show a considerable 
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improvement on the experimental detector curves from the Lintech 

detector(Figures 3.50 and 3.51). Very small beam shifts were found 

due to transverse fields generated above the retarding grid.This was 

easily corrected by pre-deflecting the beam. 

Summary 	 - 

A new detector design was based on results from the 2-D 

rectilinear design program described in Chapter 3. Programs were 

written to simulate its performance and found it to be comparable to 

the Feuerbaum detector. A practical design of the new detector was 

built and provisional experimental results were presented which 

indicate a. first order correspondence with theoretical predictions. 
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CHAPTER 7 

7.1 Conclusions 

From Chapter 2 it was shown that past detectors had not been 

designed on a strong theoretical base and that comparisons of their 

performance were difficult to make from published experimental 

results.This was in part due to lack of information in published 

results but also to the non-uniform conditions in which each 

experiment was performed.It was concluded that simulation tools 

should be developed by which the performance of different detectors 

could be compared and a new detector designed. Chapter 2 also 

showed that little theoretical information in the subject of surface 

field effects on voltage contrast measurements existed .Development 

of theoretical aids in achieving knowledge in this area was also 

considered important. 

Chapter 3 has described the development of computer design and 

simulation programs which aid design and analysis of detectors in 

two-dimensional coordinates.Techniques in interactive computer 

graphics greatly aided the specification of a detectors voltage and 

geometrical configuration and helped display a detectors 

performance.Certain parameters such as transport efficiency were 

defined and incorporated as program options which helped to assess a 

detectors performance. Special error-reducing techniques in 

plotting electron trajectories were written.These involved:modifying 

electric field steps near boundaries;avoiding errors in turning 

points in an electrons trajectory;preventing electrons from 
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stepping 	across grids;and developing detailed interpolation 

methods for calculating electric potential values near electrodes. 

The programs described in Chapter 3 were used to analyse the 

performance of two existing detectors,the Dinnis detector(1981) and 

the Lintech detector(1981).Theoretical predictions for these 

detectors correspond well with experimental results of variations in 

output current from voltage changes on different electrodes in each 

detector. Electron trajectories were plotted through the Dinnis 

detector and showed it to have a low overall transport efficiency 

and suggestions for changes of the detectors design were made for 

the improvement of electron collection. The Lintech detector was 

shown to have non-linear S-curves and a low transport 

efficiency.Electron trajectories were plotted to show how electrons 

were lost in the detector. 

Chapter 4 described the development of programs to analyse the 

Feuerbaum(1979),Fentem(1974) and Tee(1976) detectors in 

three-dimensional coordinates.An analytical expression for the 

electric field distribution inside Fentems detector was developed 

and numerical techniques were also used. Special error techniques 

were developed to prevent electrons from incurring large errors 

across spherical grids.Electron trajectories were plotted for each 

detector and S-curves were given; little difference in performance 

was found between Fentems and Tee's detector.The overall transport 

efficiency for each detector was found to be higher than 95%;however 

this figure was not taken as a measure of high performance for the 
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hemispherical detectors since they had an inefficient method of 

electron collection. Off-axis analysis of hemispherical detectors 

was made and at a distance of 2mm significant changes in the 

S-curves were found.The Feuerbaum detector was shown to have a high 

transport efficiency and linear S-curves. S-curves however were 

significantly changed at off-axis positions of greater than 1mm in 

the opposite direction to the collection gauze. 

Chapter 5 describes the development of programs to analyse 

surface field effects In linear extracting and retarding 

fields.Different layouts were considered. Results show large errors 

in voltage measurements for strong surface fields of single gap 

layouts,typically errors of 5 volts can be experienced for 

measurements on a 0 volt conductor with a neighbouring 5 volt 

conductor 3 microns away. Results also show that under such surface 

field conditions increasing the extraction field strength does not 

significantly reduce the large errors in the voltage 

measurement.Different gap sizes in the single gap layout were 

considered and results show that a considerable improvement Is found 

for a 21 micron gap,voltage errors are reduced to less than 1 volt 

in these cases. From an analysis of three conductor layouts,it was 

found that surface field effects can be significantly reduced by 

increasing the extraction field strength. Voltage errors of less 

than 1 volt were found from a central 3 micron track with 5 volt 

neighbouring tracks lying 3 microns away. 

The response of the Feuerbaum and Fentem detectors to surface 
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fields were analysed.Fentems detector was found to respond poorly 

to even moderate surface fields from a three electrode layout with 

gap and track widths of 21 microns.Negative voltage errors of 5 

volts were obtained and the electron collection was reduced by over 

50%. Results for the Feuerbaum detector show that it gives large 

errors under strong surface fields from single gap layouts.Most of 

these errors are attributed to the inability of the detector's 

linear retarding field to reduce surface field effects.The 

deflection field of the detector is also responsible for 

non-linearity in the detectors final S-curve. 

Chapter 6 presents the development of a new detector design.An 

initial design was changed to a more practical design and its 

theoretical performance was simulated.Computer simulation shows this 

detector to have a transport efficiency of over 95% and to produce 

linear S-curves.The optimum voltage configuration of the detector 

electrodes was found.The detectors response to surface fields was 

predicted to be similar to the Feuerbaum detectors response and 

this is largely due to its linear retarding and extracting field.The 

detector responds better to off-axis positions than the Fentem or 

Feuerbaum detectors.Only distances greater than 3mm perpendicular to 

the detectors exit direction cause significant changes in measured 

S-curves.Practical construction of the detector was made and initial 

experimental results were given. 
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7.2 FUTURE WORK 

There are a number of developments which can be made on the work 

described in this thesis-They basically fall into two 

categories;making the existing programs more comprehensive;and 

improving the practical design of the new curved tube detector. 

Programs can be extended to cover the plotting of electron 

trajectories in electromagnetic fields and also specify and solve 

fields which include general dielectric configurations.It is 

suggested that the finite element method be adopted to provide the 

above extensions.The finite element method may also be used to solve 

field distributions above more complex surface layouts as already 

mentioned in section 5.2.1. The two-dimensional design programs can 

also be extended to three-dimensional programs.Also further 

investigation into different types of extraction fields should be 

made,since important limitations on linear retarding fields were 

found when considering surface fields. 

The practical construction of the curved-tube detector can be 

improved by investigating ways of reducing the overall height.The 

holes in the detector grids made for the primary beam should also be 

shifted towards the detector exit, hence further optimising the 

detector's performance as concluded from section 6.5.2. 

More work remains in the area of making experimental measurements 

under realistic surface field conditions. 	Measurements can be made 
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on the specially constructed test specimen described in section 

6.6.These results can be compared to the theoretical predictions on 

surface fields from section 5.4. 
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APPENDIX 1 

Hemispherical Shell 

A general solution to Laplaces equation in axially symmetric 

coordinates is given by, 

00 

V(r,9) =Tanr+ b/r').P(cos0) 	(1A) 

a and b must be found by substituting in the boundary conditions 

of the hemispherical shell shown in Figure 4.2. These boundary 

conditions are, 

V(r,O) = V0 	for 0 = Tr/2 	and 	r 
1 	

r 	r2 (2A) 

V(r,9) = V1 	for 0 	0 L--Tr/2 	and 	r=r1  (3A) 

V(r,0) = V2 	for 0 	9iT/2 	and 	r=r2 (4A) 

substituting these conditions in equation (1A) gives three different 

equations 

	

0  7  
V0  = 	(ar

n  + bir
n+1  ).P(o) 	 (5A) 

n=0 

	

= 	(a r
it +.b /r 	).P (cosO) 	 (6A) 

n+1 
1 	z ni n 1 	n 

oO 

=(a r
it + b r 	).P (cos9) 	 (7A) 

n2 	it 2 	n 
n=0 
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Consider equation (5A) 

P(0) = 1 	for n=0 

=0 	for nodd 

= (_)fl/2 	 for n even ? 1 (Arflcen(1970),p542) 

oO 

V0  = 	(ar + b/r).P
2m 

 (o) 	V r1  r.r2  

M=O 	 (8A) 

To satisfy the boundary condition of (2A) 

	

a = 0 for in 1 , 	
m = 0 and a0  = V0  

60 

v(r,e) = V0  +  
M  (a r m 	

in 
+ b /rn+l).p 

in 
(cose) 
	

(9A) 
m=1 
ODD 

Equations (6A) and (7A) are modified to 

00 

	

( 
n 	n+i ar +blr )p 

	

i 	n' i. 	n °°°  
V1—V0= 	(10A)  7  

n=1 
ODD 

	

n 2 	z' 2 	• (cose) 	
(hA) ar n +b'r jP 

n=1 
ODD 
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Orthogonality conditions are required for the half interval f 0,1], 

1 	 +1 

P (x)P (x)d.x =1 	P(x)P(x)d.x = 0 

—1 
in ocld,n odd 	in od.d,n odd 

since p(—x) = (_].)P(x) 

= (_1)P(x) 

making Pn(x)P 
M 
 (x) an even function for m odd and n odd. 

Multiplying both sides of equation (bA), 

1  	 00 

(Vi_V0)P(4dx = 	(ar + b/r') 
0 	 n=1 	 0 

ODD 

1 
' = a r in + b /r 1 )  [pm )]2 

	

ml 	in 1 
0 

- 	 Hence equations (10A) and (hA) become, 

1 	 1 

(v1-v0 ) 	P (x)dx = ( a r + b /r 

	

UI 	 m+1) 
' 

 [pm(x)]2 	(12A) 

	

in 	 ml 	ml 
0 	 0 

1 	 1 

(V2-v0) 	 in P (x)dx = (a r +  b  /.m+')  1ç m12d 	(13A) 

	

m 	 m2 	m 2 
0 	 0 

1 	 1 

Let 	? = 	P (x)d./ ~[p(x)]  2d_x 	(14A) in 

	

0 	 0 
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(12A) and 13A) become 

m,m+1 

	

m l 	m 

	

= a r + b ,r1 	(15A) 

a r v0) 	m 	/ m+1 - 	= 	+b /r 	(16A) 

	

in2 	m 2 

For these two equations a can be elminated by,
AN 

(15A)*r' - (16A)*r, 

r m 	r In 

- 	(v2 v0 ) = b m 	m+i ( a 	- 
r 

	

2m+1 

in 	

2 	
2in+1 

r 	—r 

m 

	

= 	(r1r2)+1  

	

m+1 21n+l(V_V).._r1 2m+1 r m+1 (v2—v0)] 	
(17A) b = 0m[1 2 

	
r 2m+1 2m+ 
LT2 —r1 j 

ni+1 
find, am by 	(15A)*r1 - (16A)*DIrl, 

tn+1 2111+1 )  
_r2 (v—v) = a(r "  ' _ r2  

[m+]. 	 m+i 

	

-/-
M 
 r1 (V_v0) - r 2  (v2—v0J 	

(18A) 
in a = - 
	 [2m+i 2m+ r 	li 

	

2 	—r1  - 

Calculating OCin 

1 i 

	

= P2(0)/(2r+2) 	: 	P (x)dx = 
j P2r+l (x)d-x   

	

Pm 	 rn+i 
0 ODD 

(Arfken(1970),p552) 
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since [p  (X)] ? = LPm(_X 2 V m 

1 	 +1 
12 	V 

	

i!m(1 2 = 4 	2 ftP(x 	= 	
2rn+1 	m (Arfken(1970),p547) 

0 	 -1 

	

P 	(0) 

	

rn—i 	1 	=2m+]. )p 	() 

2rn+] 
= 	m+1 	 m+1 	rn-i 

substituting for 	in equations (17A) and (18A) and rearranging, 

- 	
2rn+l) 

 

	

RV -VO) - (V-V0 ) (r1/r2 )m+1  )(1/r)] 	
(19A) 

am - 	m+]. rn-i 	 11- (r 1/r2) 2m+11 

m m+il 

	

- 2m+1, 	
(v1-v0 ) - (V2—V0 )(r1/r2 ) )r1j 	(20A) 

b - 	m+1 rn—i 	 [i_(r1/r2 2rn+1j 

Substituting am  and b   in equation (1A) the final solution is given 

by 

(2m+i)P 	(o) (cosG) 

	

V(r,9) = V0  + 	 rn-i 	m 	X 
M=l 

(m+1) [1_(r1/r2)2m+1J 

ODD 

] (r
/r2)m  

[(v2_v ) -  ( V1—V0 )(r1/r2
)
m+1  

/ 	nfl 	m+i _f_ [(Vl—VO) - (V2—V0 )(r11r2 ) J(r1/r) 
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or 	
cc 

V(r,9) E=l
(2rn+i)P 	(o)p (cos9) x= 	+ 	 rn—i 	m 

 (m+1) Ii— (r1/r2)2m+J 

ODD 

(v 
—VO)[(r/r2)m - (

r1/r2 )m(r1/r )m+1j 

rn+i - (v1—v0 ) [(r1/r2 ) 	(r/r2) - (r1/r)m+ 
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APPENDIX 2 

The Inner Hemisphere Problem 

Problem A 

This problem consists of finding the potential distribution of a 

circular disc in an infinite plane as shown in Figure 4.4(a).The 

general solution of Laplaces equation in axially symmetric 

cylindrical coordinates is given by 

00 

V(p,z) = 	A( ).e 	J(p)d + B 

0 

The boundary conditions for this problem are, 

	

V( jo,z)=V5 	 Of.a,z=O 

	

= V0 	 f>a ,z=0 

: 

 

	

A( ~ ).J 0 ( E P)dt = VS_B 	0 	p 4 a 

0 	
= V0—B 

It is convenient to use the property 

00 

	

j sin(a ~).J.(tp)d ~ = (a2 
- 	

0 	a 

=0 	 10 >a 

(Bateman(1954)9p99) 

let B=V0  

2 2 
A() = (V S—Vo  )(a -f )sin(a) 

co 

2 21( 
V(p,z) = V0 

 + (V s
—V

O  )(a —p ) 2 
01 
\sin(a).eZ.J0(f)d 
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In terms of r,e 

= V0  + (V5 V0 )(a2 r2  sin 29) 0 
	

trcosO ° (rsine)d. 

at rl 	 / oO 

VA(rl,O) V0 +(V8_V0)(a2_rainG)' 

0 

	 (sinO )d. 
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APPENDIX 3 

The Inner Hemisphere Problem 

Problem B 

This problem is shown in Figure 4.4(b) and consists of a 

hemispherical surface on a 0 volt base.The boundary conditions of 

this problem are, 

VB(r,TT/2) = 0 

vB(rl,e) = vG(e) = V1 - VA(rl ,O ) 

= Vi  - V0 - 

where V
A 
 (5,G) is given at the end of Appendix 2. 

00 

VA(rl,ø) = V0  + ( v s O -v )(a2-rsin2Q)
J
sin(a).e1'100 

° J (r1sin)c1' 

= v0  +(o) 

= v0  + ( v s-vO  ).f(e) 
where 

= (v s-vO  ).f(e) 	 V  

and 	r(e) = ( a2_rsjn29)* sin(a)  -r OOZe 

	

.e 	1 	3 
0 

The general solution is given by, 

a r 	!r 	. VB(r,O) = 	( 	
m 	m+1 ).P 

M 	
+ b m' 	m (cos9)  

M=0 

applying the first boundary condition 

.0 

= 	(a in  r + b in
1 m-f-1 	

mr 	).p(o) = o 	,p(o) = 0 	odd 
M=0 
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thus even terms in m must vanish and a finite solution at r=O must 

exist and so 

'0 = 0 	Y  

.vB(r,e) = 1 armPm(COse) 

ODD 

and 

(r1,e) = VG  (e)
= 	

amr.Pm(cos8) 

ODD 

applying orthogonal conditions, 

71/2 	 11/2 

	

O 
v(e).P(cose). sinOd.O = a r m 	(cose)] 2sined.e  j [P m 1 

mODD 	 m. ODD 

Let 	m = 

= [P(x)] 2dx  

substituting for o 	/3m. and VG(e) 

- 11/2 (o).p m  (cose).sinede m (v1—v0) 	
m 	0 	 Pm 	

______= 
a r ml 

am is found by dividing the L.H.S by r hence the potential 

distribution for problem B is given by 

VB(r,O) = 	a m rm.pni 	 r 	) ( 00 se) = 	( v1—v) 	( / 
m 
.P 
m (cose) 

M=l 	 m=1 	IBm 

ODD 	 ODD 
z(V —v) S 0 /ir/r) ni p(cos)) 	f(x).P (x)ax 
 1 
	m 	 m 

ODD 
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substituting for f(x) in terms of r and e the full expression 

using v(e) = V0  + (v-v0)f(e) is, 

vB(r,e) = (v1-v0) 	(r/r1)m.p(0058) 

m=1 $ in 

ODD 

00 	 Tr/2 
- (v 

S
-v

0 ) 	
1.. (r/r1 )m 

L_ fr m=1 	 Lo 
ODD 

00 

	

sin(a).e 	1cose 
0 	

J0(r1sine)a 

/ 
0 and t are dummy variables. 
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APPENDIX 4 

Analytical Solution to Potential Field 

Inside the Feuerbaum Detector 

The deflection field of the Feuerbauni detector is similar to the 

field of the Banbury and Nixon(1970) detector whose potential 

distribution is given by Munro(p77,1971) to be 

00 

	

V(z,r,G) = 	a ' 	r L sinhEk (zi_z)IJ (k n
r) 

n=l 

csinh(kz)J(kr) 

bsin (k*z)  I  (k*r) 

7  Z mn n m n 
asin (k* z )I(k*r ) cos (me) 

m=1 n=1 

where J is the ordinary Bessel function of the first kind of order 

m,and I. is its modified form, 

k n 	n = x /r1 	 0 
(x =nth zero of J (x)) , d = 	8 (VD_VB)sin(m9D) 

n  mn 	
7TkzimIm(kri) 

a 	 2 = 
sinh(k z )r 2J2

(k r ) O VA(r)rJ(kr). dr 
n 	11 ni 

C
n 
 = 2 

sinh(k z )r 2J2
(k r ) O V(r)rJ(kr).dr 

n 1 11 ni 

* 	
z1  , b 	

4 (vDeD + VB( 17 _GD) k = (2n-1)W/ 	= __________________ * n 	
TTkzIkr) n 	ni 
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where V(r) and V (r) are voltages on the retarding and suppressor 

grids respectively in the Feuerbaum detector (Figure 4.8),VD  denotes 

the potential of the deflection gauze and e 	is the angle it 

subtends, for the Feuerbaum detector e =1T/2 (semi-circle),V is the 
D 	 a 

voltage on the cylindrical walls. 	- 
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APPENDIX 5 

Residual Equation at a Silicon Dioxide/Air Interface 

The relaxation star at a silicon dioxide/air interface is shown 

in Figure 5.3(c) in which medium B represents air and medium A 

represents silicon dioxide. The two boundary conditions at the 

interface are that the tangential field at the interface is 

continuous and that the normal component of flux to the boundary is 

continuous. These conditions imply the following 

V =V =V 
3a 	3b 	3 

V 
a  =V =V l 	lb 

V0 = Vob = V0  

and from the normal flux conservation 

D =D 
a 	b 

where Da and  D   represent the normal components of flux in mediums A 

and B respectively. 

Ea (v 4a -v2a )=E b4b_V2b) 

let 

= Ea/'Eb 	(in this case S=3.8) 

so 

V2b=V4b 	4a  -s(V -v
2a ) 
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Ea  and Lb are the permittivities of regions A and B. V 2 and V4a 

are fictitious and must be eliminated.Laplaces equation in 

finite-difference form for region A is 

V3k1+V1 
2  

k +V2a 3 	4a 4 k +V k -V 0 5 

	

k =0 	(1) 

where 

2D1 
' 	 = 

D3D].(D3+D1) 	 D3D1 (D3+D1) 

	

2D4 	 - 	 2D2 k3 	
D4D2(D2+D4) D4D2(D4+D2) 

k5  = 2( 1 + 1 

D1D3 D2D4 

D1,D2,D3 and D4 define points 1,2,3 and .4 on the asymmetrical star 

shown in Figure 5.3(c). Laplace's equation in medium B is given by 

V 3 k  1  + V  1  k  2  + V2bk3 + V4bk4 V0105  = 0 	(2) 

	

substituting in for V 	 in (2) 

V 
 3 
 k 1 + vk + k3(v4b_s(v 4a 2a)) 	4 	0 5 

-v 
)) ~ v k - V k = 0 

V 
 3 
 k 1 + V 

 1  k 
 2 + V4b(k3+k4) k 3 

sV
4a 	3 2a 	0 

+ k SV - V 	= 0 (3) 

eliminate V4a by calculating (3)k + 1c3S(1) 

so (3) becomes 

V 
 3 
 k 1 k 4 + V 1  k  2 k 4 + V4b(k3+k4)k4 	3 4 4a 	3 4 2a 

- k k SV + k k SV - V0k5k4  = 0 

(4) 
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equation (1) becomes 

V3k1k35 + V1k2k35 + V 1CS + V k k S - V01C51C3S = 0 	(5) 2a3 	4a43 

add (4) + (5) and finally 

+ v1(k4+k3s)k 
2 + v

2a 3 k s(k3 +k4 ) + v4b(k3+k4)k4 

- V0k5 (k3S+k4 ) = 0 

This is the residual equation used at the silicon dioxide/air 

interface. 
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123818 

INTEGRATED CIRCUIT TESTING ARRANGEMENTS 

This invention relates to integrated circuit testing and is 

concerned with the examination of integrated circuits by measure-

ment of voltage contrast. 

With the increasingly small size and closer packing density 

05 of integrated circuits it has become more difficult to test and 

examine such circuits, whether for flaws or for other purposes, by 

conventional microscope techniques. One technique that has been 

suggested is to examine the circuit in normal operation and observe 

the pattern of voltage contrast by the use of a scanning electron 

10 microscope. One form of this technique involves bombarding the 

surface of the circuit with a focused primary electron beam and 

collecting secondary electrons which are emitted as a result of 

such bombardment. The secondary electrons will have varying 

energies depending on the potential of the point from which they 

is were emitted. A retarding electrode is provided the potential of 

which can be varied cyclically. The field produced by the retard-

ing electrode causes the rejection of those secondary electrons of 

energy below a value determined by the potential on the retarding 

electrode. The secondary electron current that passes the retarding 

20 electrode represents an integration of the secondary electron 

energy distribution at the surface of the specimen above that 

value. The retarding field thus acts as a low-pass energy filter. 

Electrons that pass through the retarding field are deflected away 

from the axis of the primary beam and are detected in a suitable 

25 electon detector, for example, a scintillator. 

It is important that as high a proportion as possible of the 

secondary electrons are deflected and that the deflecting structure 

does not affect the primary beam or allow back scattered electrons 

to reach the detector. 

30 	It is an object of the invention to provide an arrangement in 

which the deflecting electrode structure has a high degree of 

efficiency. 

According to the invention an integrated circuit testing 

arrangement for use with a scanning electron microscope to obtain 
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voltage contrast imaging comprises an extractor electrode for 

secondary electrons emitted from the surface of a circuit being 

examined on bombardment of the surface by a primary electron beam 

provided by the microscope, a retarding electrode for filtering 

05 	out those secondary electrons of energies below a value determined 

by the instantaneous voltage applied to the retarding electrode, 

means for varying the voltage applied to the retarding electrode, 

deflection means for generating a deflected field to deflect 

filtered secondary electrons, and an electron detector for 

10 electrons deflected by the deflection means characterised in that 

the deflection means comprises a grid structure in the shape of a 

section of a bent tube having an input end facing the retarding 

electrode and an output end facing the electron detector, the grid 

structure being in two parts insulated from each other and separated 

15 along lines generally parallel to the axis of the tube, and means 

for applying different potentials to the two parts of the grid 

structure to generate a deflecting and focussing field for 

secondary electrons that pass the retarding electrode. 

In order that the invention may be more fully understood 

20 reference will now be made to the accompanying drawings in which:- 

Figure 1 and Figure 2 show diagrammatically an embodiment of 

the invention in side view and in plan respectively, and 

Figure 3 shows a family of curves explanatory of the invention. 

Figure 1 and Figure 2 show part of a scanning electron micro- 

25 scope and in particular an electrode system designed to extract 

secondary electrons from a specimen. The primary electron beam 1 

of the microscope passes the final lens 2 and traverses a short 

distance of the order of say 25 mm to impinge upon a specimen 3. 

Specimen 3 may be an integrated circuit which it is desired to 

30 examine or test. The circuit is used normally and it is the 

operating potentials which will be indicated. To this end 

secondary electrons generated by bombardment of the primary 

electron beam are examined. The energy distribution of the 

secondary electrons depends on the voltage of the joint on the 

35 surface of the circuit under examination from which they were 

emitted. 
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To provide for the efficient extraction of the secondary 

electrons and reject backscattered primary electrons the electrode 

system shown in the figures comprises an extractor grid 4, a 

retarding grid 5 and a deflecting grid which is in two sections 6 

05 

	

	and 7. The deflecting grid also acts to focus the secondary 

electrons. To measure the intenstiy of secondary electrons a 

scintillator 8 is provided positioned within a collector cage 9. 

The deflecting grid is in the shape of a bent tube having an 

input end facing retarding electrode 5 and an output end facing 

10 	scintillator 8. The general shape of the bent tube comprising the 

two sections 6 and 7 is that of a ship's cowl or ventillator. The 

two sections of the tube are separated along lines generally 

parallel to the axis of the tube to enable different potentials to 

be applied to the two sections. 

15 	In the construction of the electrode system an insulating 

plate 10 is provided having a generally cylindrical cut-out 

positioned to allow electron beam 1 to pass axially therethrough. 

Grids 4 and 5 are secured to opposite surfaces of plate 10. 

Sections 6 and 7 of the deflecting tube are secured to the top 

20 surfaces of plate 10 in insulating relationship to each other and 

to retarding grid 5. Extraction grid 4 and retarding grid 5 are 

respectively connected to external terminals 11 and 12. Likewise 

the two sections 6 and 7 of the deflecting electrode are connected 

to respective terminals 13 and 14. 

25 	To allow free passage of electron beam 1 a small hole is cut 

out of the top section 6 of the deflecting electrode and there 

are similar holes in the grids 4 and 5 in line with each other. 

In operation of the arrangement the extraction electrode 4 

has a potential of up to 1 kV applied to it. The potential of the 

30 retarding electrode 5 has a ramp waveform applied to it. The 

range of variation of voltage of the retarding grid may be 

between -40V and +40V. Section 6 of the deflecting electrode has 

a potential of -5V while section 7 of the deflecting electrode is 

given a potential of +IOOV. 

35 	The retarding grid allows passage of secondary electons which 

have energies above a value determined by the instantaneous potential 
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applied to it. The resulting relationship between collected 

secondary electron current and retarding grid voltage is approxi-

mately S-shaped and is known as an S-curve. The application of a 

ramp waveform to the retarding grid will produce an output current 

05 	corresponding to such an S-curve. The S-curve, and thus the 

current ouput when a ramp waveform is applied, will be displaced 

for different values of surface voltage. A family of S-curves for 

various surface voltages is shown in Figure 3. With a deflecting 

grid structure as shown in Figure 1 and Figure 2 the S-curves are 

10 uniform in shape and are displaced linearly with surface voltage. 

The effect of the deflecting electrode structure is such as 

to ensure extraction of practically all secondary electrons emitted 

from the specimen and all these extracted electrons are deflected •  

away from the axis of the primary beam to impinge on scintillator 8. 

15 

	

	The output of scintillator 8 can be displayed on an oscilloscope 

against the ramp waveform applied to the retarding grid. An 

S-curve will be displayed which will be displaced in accordince 

with the voltage of the point under examination. 
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