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Abstract 

Electron beam testi ng using voltage con­
trast in the sca nning electron microscope has 
been established as a useful tool for nonde­
struct ive and nonloading functional testing and 
fa ilure analysis of integrated circuits (IC). 
The accuracy of quantitative voltage measure­
ments within the IC with the electron beam 
probe is determined by the performance of the 
secondary electron (SE) spectrometer used. 

For simulati ng the performance of SE- spec­
trometers a program-package has been developed 
by aid of which the voltag e- and fie ld-di s tri­
butions within the spectro meters can be evalua­
ted using a finite element method. Thus it is 
possible to trace electron trajectories 
throughout the spectrometer. By considering a 
great number of SE-trajectories, the detected 
integral SE-signal for different voltages at 
the IC can be determined as a functi on of the 
retarding field voltage within the spectrome­
ter. In this way the perf ormance of an exis ting 
spectrometer is simulated. 

The experimentally measured SE-signals are 
compared with the simulation data. This compa­
rison showed that the program-package real is­
ti cal ly simulates the spectrometer properties. 
Therefore this program-package enable s an im­
provement of existing SE-spectrometers and in 
principle also the development of new spectro­
meter-assemblies . Here the suitability for 
optimizing a SE-spectrometer is shown. 

KEY WORDS: Scanning electron microscopy, secon­
dary electrons, voltage contrast, electron beam 
test techniques, integrated circuits, spectro ­
meter, field calculations, electron trajecto­
ries, secondary electron transmission, computer 
aided optimization. 
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Introduction 

At present various electron beam test tech­
niques for large scale and very large sca le IC 
exist which allow IC-internal function control 
as well as IC-internal failure analysis (e.g. 
l ogic state analysis or quantitative signa l 
measurements). Surveys of electron beam testing 
techniques for IC are given by Menzel and Kubalek 
(1981), Kubalek and Menzel (1984) and Feuerbaum 
(1983). 

In principle, these techniques are based on 
the fact that SE emitted from the specimen sur­
face gain different kinetic energies between the 
specimen and the SE-detector, if the specimen 
voltage i s varied. Due to micro-field potential 
bar rier s on the surface of the operating IC, the 
variation of the specimen voltage re sults i n a 
modulation of the measured SE-signa l (qualita­
tive voltage contrast). If a SE-spectrometer 
with a calibrated potential barrier is used, a 
well defined correlation between measured SE­
s ignal and specimen voltage exists and quantita­
tive measurements of specimen voltages are pos­
sib le. Especially for these quantitative voltage 
measurements, the undesired influence of micro­
fields (i.e., fields caused by volt age differen­
ces between the measurement point and its sur­
roundings) on the SE-trajectories (local field 
effects) has to be reduced as far as possible by 
an extraction field which has to be provided by 
the used SE-spectrometer. 

As for IC-internal sig nal measurements it 
is intended to obtain simultaneously optimum 
values of spatial, time and voltage resolution, 
the SE-spectrometer has to be optimized with re­
spect to the reduction of l ocal field effects, 
to the improvement of the signa l to noise ratio, 
and to minimizing the influence on the primary 
electron beam. 

In recent years, apart from many experimen­
tal attempts, Feuerbaum (1979), Wolfgang et. al . 
(1979), Ura et al. (1982), Ostrow et al. (1982), 
Menzel and Kubalek (1983 a,b) also theoretical 
efforts, Goto et al. (1981), Fujioka et al. 
(1981), Adachi et al. (1981), Khursheed and Din­
nis (1983, 1984), Deutges and Kubalek (1983) 
have been made to find SE-spectrometers which 
are optimally suited for special testing func­
tions. 

The theoretical simulation methods used un-
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til now are based on simple analytical models 
and exclude therefore a complete quantitative 
description of the spectrometer properties (Goto 
et al. 1981; Fujioka et al. 1981). Kursheed and 
Dinnis (1983, 1984), on the other hand, applied 
the more powerful method of finite differences 
for the determination of the voltage distribu­
tion within the spectrometer. Thus a complete 
quantitative description of the spectrometer 
properties is possible. This method, however, 
does not incorporate materials with different 
permittivities, which should be a drawback espe­
cially for the development of new spectrometer 
designs. Di nni s and Ku rs heed ( 1985) and Deutges 
and Kubal ek ( 1983) have used the method of fi -
nite elements which allows this incorporation 
and so overcomes this drawback . Based on the 
earlier results of Deutges and Kubalek (1983), 
here the simulation technique is extended, ena­
bling now the complete evaluation of the spec­
trometer properties . For proving the capability 
of this simulation technique, a design based on 
an existing SE-spectrometer is used. The detec­
ted SE-signal for different specimen voltages is 
s imulated and compared with experimental data. 
As a consequence of these si mulation data new 
ideas for further improvements of SE-spectrome­
ters for electron beam testing of IC are de­
duced, which led to the simulation of an im­
proved SE-spectrometer-design changed according 
to these ideas. 

The comparison of the simulation data with 
experimental data as well as the compari son of 
the s imulati on data for the two variants confirm 
that the pre sented computation technique can be 
used as a powerful tool for the optimization of 
electron spectrometers . 

Experimental 

In the following a SE-spectrometer assembly 
is presented . Its quality for quantitative s ig­
nal measurements is determined experimentally . 
The design of this assembly is the bas is for the 
simulat ions performed afterwards. In figure 1 
the cross-section and some views of the experi­
mental set up are shown. 

In order to reduce the l ocal field effects, 
the SE, which are generated by the primary elec­
tron beam impinging on the IC-surface, first are 
accelerated by an extraction field. Then they 
are decelerated again by the retarding grid 
before entering the deflection field provided by 
a cylindrical 127"-capacitor. Due to the voltage 
applied to the capacitor pl ates, only SE of 
energy within a limited range can pass the capa­
citor to the exit grid and thus reach the con­
ventional Everhart-Thornley-detector. By this 
construction a quite homogeneous extrrtction-field 
and a small deflection-field strength are a­
chieved so that a deformation of the primary 
electron beam and thus a decrease in spatial re­
solution practically is avoided. 

The characterizing and most important 
property of a spectrometer is its voltage reso­
lution. This can be determined experimentally 
after Gopinath (1977). The minimum detectable 
voltage dif ference .1V depends on the least ac-
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Fig. 1: Cross-section and some views of the 
spectrometer with: 
<a> base plate, <b> teflon-mount, <c> extraction 
grid with ceramic holder, <d> capacitor exit grid 
with ceramic holder and exit plate of the cylin­
drical 127° deflection capacitor, <e> shielding 
plates for the capacitor, <f > teflon-insulation, 
<g> inner plate of deflection capacitor, <h> 
outer plate of deflection capacitor, <i > hole for 
primary electron beam, <k> cylindrical casing, <m> 
ring made of ceramic or stain less stee l, <n> re­
tarding grid with ceramic holder . 
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ceptable signa l to noise ratio n the detec­
tio n bandwidth f and the used prim~ry electron 
current IpE: 

t:..v = Cn~ (1) 

The factor C in this formula determines 
the quality of the spectro meter: A smalle r C 
resu lts in a better voltage resolution. For 
estimating this spectrometer constant, a small 
square-wave voltage with ,1.V = 100 mV was applied 
to the spec imen and the detected SE-signal was 
measured (see f_ig. 2). Its peak to peak s ignal 
to noise ratio 1s about 3, the s ignal frequency 
1s 0.1 MHz, the primary electron current meas­
ured with a Faraday cage, i s 50 nA. In'serting 
these values into the Gopinath formula (1), the 
constant 1s ca lculated to be C=2.4xl0-8 Vy'As, 
which 1s certain ly an upper limit for the spec­
trometer constant, because the peak to peak 
value of the signal to noise ratio is l ower than 
the normally used rms value and because the sig ­
nal frequency is lower than the detection 
band-width. This value for C is by a factor of 
about 10 l ower than reported by Menzel and Brun­
ner (1983) for a Feuerbaum type spectrometer 
(C=2. 2xlo-7v /As), but it is still a factor 2 
superior in comparison with a former 127°-spec­
trometer of Menzel and Kubalek (1983b) 
( C=4xl0-8V /As). 

> Gopinoth-formulo : '-6 1 I I I I I 

' '- <- specimen voltage - '- - [Liv= c n~ I 
> - - voltage differen ce : -0 LIV= 100 mV 
10 signal to noise ratio : 
.- --• - L, ... L. n = 3 

~ Tl' 'C l r L I" LI L signal frequen cy : 
.- ... ,... f = 0. 1 MHz 

detected signal 
primary electron current : 

I PE = 5.0 ,o - OB A 
constant of spectrometer : 

5.0 10- 06 s /div. C = 2.4 10-0BV{As 

Fig. 2: Determination of the spectrometer-con­
stant C 

Computer simulation 

The simulation process, 0eutges and Kubalek 
(1983), includes the following steps: 
Evaluation of the potential distribution within 
the spectrometer 

With regard to obtaining the SE-signal 
curves, this has to be done for several differ­
ent values of the retarding-grid voltage. For 
each value of the retarding-grid voltage a 
boundary value problem of Laplace's differential 
equation ,1.V = 0 has to be solved. This can be 
achieved by minimizing the electrostatic energy 

wel = ½ /// E(r) - □(r) d
3

r = 
spectrometer 

(2) 
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which is stored within the spectrometer. For 
this minimizing purpose a finite element method 
is used, Munro (1973). Compared with the finite 
difference method used by Khursheed and 0inni s 
(1983) or the charge density method, Ste inbigler 
(1969), Singer (1973), this method has the ad­
vantage that different permittivities withi n the 
spectrometer ( insulation s, mounts etc.) can be 
considered. As a fully 3-dimensional eva luation 
of the potential distribution would exceed the 
capability of the computer used (Hewlett Packard 
1000), only such designs are chosen which can be 
constructed from parts with axial or transla­
tional symmetry. To calculate the potential 
distribution in one of these parts, its cross­
sectiona l area is covered with a rectangu lar net 
of 101 x 81 = 8181 meshes. These rectangles are 
now divided into triangular "finite elements" 
within which the potential is assumed to vary 
linearly (finite element approximation) . If the 
value s of the potential distribution are known 
on the boundaries of the spectrometer, the mini­
mizing of the energy-functional (eq . 2) then 
leads to a set of lin ear algebraical equations 
inter-relating each of the unknown mesh-point 
potentials with the potentials at the adjacent 
four mesh-points. The mesh-point potentials can 
be arranged easily in such an order that the co­
efficient matrix for the set of equations has a 
sparse banded structure and that the system may 
be solved by successive Gaussian elim in ation of 
submatrices. The accuracy of the so evaluated 
mesh-point po ten ti al s can be estimated. There­
fore, on the boundaries of the spectrometer-de­
sign values of an ana l ytically known potential 
distribution (e . g . of point charges on the axis) 
are taken instead of the actually applied volt-
ages. The other mesh-point potentials are 
calculated using the finite element method as 
described above. This quality test was done for 
the design presented here. The maximum relative 
error was less than 0.01 % · 
Calculation of electron trajectories 

For the simulati on of the spectrometer per­
formance a l arge number of electron trajectories 
has to be traced within the evaluated potential 
distribution. Therefore the computer programs 
are organized so that many electron trajectories 
with different predefined initial conditions can 
be calculated. The accuracy is determined by the 
length of the path between two points of an 
electron trajectory ("stepwidth"), on which a 
uniformly accelerated motion due to the field 
strength at the previous point on the trajectory 
1s assumed. This stepwidth is adapted optimal ly 
to the linear variation of the vol tage within 
the triangular finite elements used for the 
evaluation of the voltage-distribution. The 
programs were tested by means of a central force 
problem using cylindrical coordinates. In ac­
cordance with the finite element discretisation 
the analytical potential distribution of a pas~ 
1t1ve point charge Q was given only on the mesh 
nodes of the rotatio~al cross-section shown in 
figure 3a. The circular and elliptical electron 
orbits calculated with the programs are graphed 
1n fig. 3b. Thereby also the effects of differ­
ent initial conditions (electron ve locit y, off 
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Fig. 3: Test of programs for the ca lcul ations of 
electron trajectories by means of a central 
force problem. Further explanations are given 
within the main text. 

axis angle 00 , azimuthal angle <Pc,) on the accu­
racy could be examined. The small ina ccurac ies 
for some of the narrower e 11 i pses in figure 3b 
can be explained by the discretisation of the 
voltage especially near the point charge, where 
the mesh width of the used finite element net is 
too large in respect to the high field gradient 
there. 
Simulation of the transmission characteristic 

The simulation of the transmission charac­
teristic of the spectro meter for di fferent re­
tarding grid voltages is based on three assump­
tions: 

The SE emitted from a conductor track of an IC 
as a reponse to the inciden t primary electron 
beam have a kinet i c energy spectrum which is 
independent of the voltage applied to the re­
surface. 

- The primary electron beam impinges perpendicu­
larly to the surface of the conductor track. 
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If the Z-axis is defined to have a direction 
oppos ite to that of the impinging primary e­
le ctro n beam and if spherical coordinates are 
considered, then it is reasonable to assume a 
uniform SE-distribution for the azimuth angles 
<f>. and a Lambert-cosine distribution for the 
polar angles 0

0 
to the Z-axis. 

On the basis of these assumptions, the fol­
lowing procedure was chosen in order to achieve 
a rea li stic simulation for the SE-transmission 
as a function of the SE-energy: For each consid­
ered SE-energy 100 SE were traced, starting from 
the conductor track with the azimuth angle</?, 
varying from 0° to 180° in steps of 45° and the 
angle 0 varying from 0°=0° to 0 'g90° in suc h 
steps, that: 

0 0 

/

0i ,1 

0
; 0cos0d0 = 0.05 

0 

( i =l. .. 19) ( 3) 

Considering the symmetric properties of the de­
sig n, this choice cf SE gives a suff icient mo­
delling of the angular distribution of all SE 
having the considered initial kinetic energy. If 
one of these 100 SE reached the detector, a con­
tribution of 1% to the transmission ratio was 
associated, thereby taking into account the uni ­
form distribution of the azimuth angles<p

0 
and 

the Lambert-c osi ne distribution of the angles 0
0 

in such a way that the calculated transmission 
ratio is scaled to 100%, if all 100 SE reach the 
detector. A transmission-curve TSF(E) now can be 
obtained by calculating the transmission ratio 
for 10 different SE-energies for each set of 
voltages applied to the IC and the spectro meter . 
Simulation of the total detected SE-signal 

The transmission characteristic i s used to 
s imulate the total detected SE-signal as a func­
tion of the retarding grid voltage . To this end, 
for different retarding grid voltages UR, the 
transmission curves TSE(E, UR) have to oe con­
voluted with the SE-energy-spectrum ISE(E). 
After Chung and Everhart (1974) a spectrum 

IsE(UR) - (E-EF- <1> )/(E-EF) 4 (4) 

with the Fermi-level EF and the work-function<!) 
was chosen, a_nd in th~ si mulations, experimental 
value s EF+l.3<1> =1.3 eV and <1>= 4 eV for an 
aluminium surface were used . Now the total SE­
transmission of the spectrometer for the applied 
retarding grid voltage URiS given by: 

-100% (5) 

Note, that Ttot(UR) is directly proportiona ·1 to 
the expected detectable SE-signal and that 
therefore the whole simulation technique can be 
tested experimentally. 

Model 

In f i gure 4 the model of the spectrometer 
and detector assembl y is shown in a cross-sec­
tion for which the simul ations were performed. 
Regarding the comparison with experimental data, 
it is chosen to be as sim il ar as possible to the 
experimental set up of figure 1. 
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Fig.: 4 Cross-section of the simulated spectro­
meter. 

As the simulation technique i s 2-dimension­
al, the spectrometer was modelled by two parts: 
A rotationally symmetrical part with specimen, 
extraction grid, retarding grid, ceramic insula­
tor, and a translationally symmetrical part with 
the cylindrical 127°-deflection capacitor and 
another extraction grid. The dots in figure 4 
mark those nodes of the finite elements mesh on 
which the values of the voltage are known and 
consequent ly provide the boundary conditions for 
the ca lculation . The influence of the Everhart­
Thornley detector is simulated by some positive 
voltage on the right hand bottom of the trans-
1 ational ly symmetrical part of the model-design. 

Results of the simulation 

Equipotential lines and electric field pattern 
In figures 5a,b the equipotential lines and 

electric field patterns are given for the model 
design for two special sets of voltages applied 
to the different parts of the spectro meter. Fig­
ures 5a and 5b differ only in the voltage ap­
plied to the casing of the rotationally symme­
trical part. Comparing the field patterns, it 
can be seen that, by applying a negative voltage 
to the casing, the radial component of the field 
strength increases, and that, therefore, an en­
larged electrostatic focusing action on the SE 
is to be expected. 
Electron trajectories 

In figure 6b some simulated SE-paths within 
the spectrometer are graphed for the same volta­
ges applied as in figure 5a. All SE start on the 
specimen surface, where it is crossed by the 
axis of rotation (z-axis, see figure 6a) and 
have an initial kinetic energy Ekin=ZeV. The off 
axis angles are 20° (narrow lines) and 40° 
(broad lines) . Solid lines indicate that the 
electron travels in the plane of the diagram, 
the dash-dotted curves are projections of 
SE-trajectories with azimuthal start angles <p

0 

of 45° , 90° and 135°. 
Figure 7 shows SE-trajectories, if voltages 
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IOOV 

2mm Cal 

Fig. 5: Equipotential lines (so lid lines ) and e­
lectric field patterns (dotted lines) within the 
model-spectrometer for different voltages ap­
plied to the spectrometer. 

are applied to the spectrometer as in figure 5b. 
The initial energies of the SE are given within 
the plots. All other initial conditions are the 
same as in figure 6b. At first, the comparison 
of figures 6b and 7b shows the al ready mentioned 
focusing action on the SE, if a negative voltage 
is applied to the cylindri cal cas ing . Thereby 
the SE are forced to pass the retarding grid 
near the axis so that their transmission through 
the cylindrical capacitor is enlarged consider­
ably. 

Figure 7 also demonstrates the energy se­
lectivity for SE of the spectrometer. Slow SE 
(fig. 7a) are repelled by the retarding grid or 
fall upon the inner plate of the cylindrical 
capacitor, whereas all of the SE with an initial 
kinetic energy of ZeV (fig. 7b) can pass the 
spectrometer. The quicker SE of figure 7c cannot 
be deflected by the weak field of the cylindri­
cal capacitor, and consequently do not contri­
bute to the detectable SE-signal. 
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primary electron beam 

l 

Cal 

100V 

Cbl 
Fig. 6: (a) Coordinate system at the startpoint 
of the electron trajectories . (b) Simulated e­
lectron trajectories within the spectrome­
ter. The same voltages are applied as in figure 
5a . For detail s refer to the main text. 

Transmission characteristic of the spectrometer 
Transmission ratios were calculated bearing 

in mind three main considerations: 
- They should be the basis for modelling the 

SE-signal as function of the retarding grid 
voltage 
The SE-signal curves should be compared for 

different voltages applied to the specimen 
- The influence of the voltage applied to the 

rotational casing of the retarding part of the 
spectrometer was to be studied 

These considerat i ons led to the simulation 
of transm i ssion curves for voltages applied to 
the spectrometer as sketched in figure 8. For UR 
values were chosen suitable for building up the 
SE-signal as a function of UR using the result­
ing transmission curves. 

Note that the voltages applied to the 
capacitor part of the spectro meter are coupled 
with UR in a way that differences remain con­
stant. This not only considerably reduces the 
calculation effort but also has the effect that 
the deflecting property of the capacitor does 
not depend on the retarding grid voltage . 

With this in common two main cases were in-
vestigated: in case I the casing of the 
rotationally symmetrical part is grounded, 
whereas in case II the casing voltage, too, is 
coupled to the retarding grid voltage thus pro­
viding a constant focusing effect on th SE. In 
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Ekin= 5eV J 
--------
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2mm [C] 

Fig . 7: Simulated electron trajectories with in 
the spectrometer. The same voltages are applied 
as in figure 5b. For detail s refer to the main 
text. 

both cases, specimen voltages Us of DV and 5V 
were considered. Figure 9 and figure 10 show 
calculated transmission curves for these cases. 

As expected, all transmission curves show a 
band-pass characteristic, where the s l ope on the 
low-energy side is due to the retarding grid 
voltage and the s lope on the high-energy side is 
due to the weak deflection field of the 127°-ca­
pacitor. For decreasing retarding grid voltages, 
this transmission maximum is reduced. This re­
duction can be explained as follows: 



Computer simul ation and experimental performance data 

100V -~ ·· · oisiv· · · 

OV {case I) 

UR-10V (case II) 

Fig. 8: Voltages applied to the spectrometer 
for the simulation of its transmission cha­
racteristic. 

(a) The focusing or defocusing of SE within the 
retarding part of the spectrometer depends 
on the voltage difference between retarding 
grid and casing. Focusing is expected, if 
the casing is negative, defocusing, if it is 
positive relative to the retarding grid. 

(b) SE of higher energy are not focused to the 
centre of the retarding grid to the same ex­
tent as are the low energy SE. 

For case I the decreasing of the transmi s­
sio n maxima with UR and the different maximum 
heights of analogous maxima for Us=0V and Us=5V 
is mainly due to (a). In case II the voltage 
difference between retarding grid and casing is 
constant. Here the reduction of transmission 
maxima therefore exclusively is due to (b), and 
the analogous transmission curves for Us=0V and 
U =5V are nearly congruent. 
S The comparison of both cases again confirm s 

that by applying a negative voltage to the cy-
1 indrical casing, the SE-transmission of the 
spectro meter is increased. In addition, it turns 
out that for the constant voltage difference 
between casing and retarding grid, the transmis­
sion curves no longer depend on the spec imen 
voltage but only on the voltage difference 
between retarding grid and specimen. 
Simulated SE-signal 

Using the transmission curves of figure 9 
and figure 10, the total SE-transmission 
Ttot(UR) was evaluated. This is the percentage 
of the SE-current IsE which is transmitted 
through the spectrometer and can be detected as 
the SE-si gnal . The resulting SE-signal curves 
are pl otted in figure 11. As already could be 
assumed from the transmission curves, there i s 
an exact 1 inear shift of the signal curves with 
applied specimen voltage US in case II, whereas 
in case I the shift is only about 4V for a dif ­
ference in U of 5V. 

As a li~ear shift of the measured SE-signal 
with the specimen voltage i s a precondition for 
quantita tive volta ge determination, these re­
sult s show that quantitative vol tage measurement 
tech niques using a retarding gri d spectrometer 
can be improved considerably, i f the voltage 
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Fig. 9: Transmission characteristic of the 127°­
spectro meter for grounded casing (case I). 
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Fig. 10: Transmis sion charact eri stic of the 
127°-sp ectro meter for the casing voltage coupled 
to the retar ding grid voltage UR (case II). 
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applied to the casing of the retarding part of 
the spectrometer is at a constant negative level 
compared with the retarding grid voltage. Due to 
the focusing action on the SE and the thus im­
proved spectrometer transmission, an enhanced 
signal to noise ratio for the measurement should 
be achieved. 

Comparison of simulated and experimentally 
measured SE-signals 

For testing the performed computer s imul a­
tions, the spectrometer depicted in figure 1 was 
used to experimentally determine the SE-signal 
as a function of the retarding grid voltage. To 
match the two-dimensional design employed for 
the simulations (f igure 4), the shielding pla t es 
(see figure 1 < e >) were removed and the capaci­
tor exit grid was connected electrically with 
the capacitor exit plate (see figure 1 <d>). As 
specimen a Faraday cup was installed. The prima­
ry electron energy _'i'Jas 1 . 1 keV and the primary 
beam current was 10 A. A 1 kHz sawtooth voltage 
was applied to the retarding grid so that the 
SE-signal as function of the retarding grid vol­
tage could be visualized on an oscilloscope. For 
that a Tektronix 7854 oscilloscope was used, by 
means of which the SE-signal could be averaged 
over severa l cycles of the ramp voltage applied 
to the retarding grid (100 cyc les for the exam­
ples given below). The averaged, digitized 
signa l then was fed into a computer for furt her 
processing, such as fitting the signal height to 
the scale of the simulated data and plotting the 
results. 

Test measurements manife ste d a strong de­
crease in signa l height with measurement time(in 
several cases the signal even vanished tota 11 y 
within les s than 10sec) . As this signal decay is 
due to negative charging of the ceramic ring 
(s ee figure 1 < m>) by backscattered electrons 
(BE), this ring was replaced by one-made of 
stainless steel, which was electrically connec­
ted to the cylindrical casing ( see figure 1 < k>). 

With this slightly changed spectrometer now 
the SE-signal-curves were recorded in the 
manner already described . 

The other voltages applied are specified in 
figure 12 and are close to those values which 
were used for the simulation of SE-signa l -curves 
(see figure 8). 

In figure 13 , the measured SE-signal curves 
for the specimen voltages Us=OV and Us=5V are 
given for two cases. Analogous to the performed 
simulat i on of the spectrometer, the difference 
between the two cases is that the voltage Ucyl 
applied to the cy lindrical cas ing of the lower 
part of the spectrometer ( see figure 1 < k >) i s 
constantly OV (case I), and that in case II, 
Ucyl is coupled to URin a way that Ucy1=UR-8.8 V. 
Due to substituting the ceramic ring between ex­
traction- and retarding-grid (see figure l<m> by 
one made of sta inless steel, no deformation of 
the measured curves with time occurred. The exper­
imental curves show the expected energy selec­
tivity of the 127°-spectrometer . The shape of 
the curves and their shifting with the applied 
specimen voltage (especially, if the peak posi­
tions are considered)are in good agreement with 
the si mulated data. 
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Nevertheless some discrepancies remain. 
Remarkable i s the displacement of the SE-signal 
peaks to higher retarding grid voltages if com­
pared with the s imul ated values. The explanat i on 
for th i s should be that even after the elimina­
tion of the ceramic ring between extraction­
and retarding-grid, the ceramic holders of the 
retarding - grid had to remain within the spec­
trometer and were not shielded against BE-bom­
bardment. A negative charge on this holder could 
be responsible for it that the SE on their way 
to the 127°-capaci tor had to pass a higher po­
tential - barrier than given by the retarding-grid 
voltage.That is particularly true for SE passing 
the retarding fie ld far off the axis of the ro­
tationally symmetric part of the spectrometer. 
This idea is supported by the fact that in case 
II - where, according to the simul ation (see 
figure 6), these are focused to trajectories 
near the axis - the discrepancy is considerably 
lower than in case I . 

Other deviations between measured and simu­
lated SE- s i gnals certainly could be avoided, if 
the simulation is done in three dimensions espe­
cially in the region of the grids and the fi­
nite - sized 127°-capacitor. 

Considering all this, it can be said that 
the whole simulation process led to a better 
understanding of the spectrometer properties and 
to an optimization of the spectrometer design. 

Conclusions 

A s imulation technique has been presented, 
by which it is possible to predict the perform­
ance of SE-spectrometers. By a suitable jo inin g 
of parts with axial or trans l ational symmetry 
also sophisticated experimental set-ups can be 
handled. 

As an example, a retarding-field SE-spec­
trometer was investigated and the s imulation 
data were in acceptable agreement with experi­
mental results. The simulation technique also 
could be used to a chi eve a further improvement 
of the spectrometer. 

Nevertheless, it s howed up that not all de­
tails of a spec trometer s imulation can be dealt 
with by two-dimensional field calculations . As 
since some time software-programs for three-di­
mensional field calculations are available, this 
drawback can be overcome. Then the presented 
simulation-technique can be used even more ad­
vantageously as an aid for the further improve­
ment of SE-spectrometers for e-beam testing, a 
task which wi 71 become the more important the 
more the size of IC-structures is decreasing. 
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Discussion with Reviewers 

E. Munro: Since the potential varies with po­
sit i on on the surface of an operating IC, this 
will introduce lo ca l transverse electric fields 
near the specimen surface. Do such fields have a 
significant effect on the performance of the de­
tector, and could they be included in the 
computer simulation, or would this require a 
three -dimensional computer program? 

H. Fujioka: You mention that local field effects 
have to be reduced as far as possible. Did you 
estimate these effects by your program and did 
you measure them in the experiment? 

A.R. Dinnis: Have simulati ons been made which 
take account of the transverse fie ld s above real 
IC specimens? 

Authors: In this work no local fields were con­
s idered . Nevertheless it is possible to incor­
porate local fields e.g. above conductor tracks 
of an IC. Figure 14 shows the two-dimensional 
electric field above four passivated conductor 
tracks. The boundary conditions were taken from 
one mesh of the finite element network of figure 
5a just above the specimen surface. Note espe­
cially the potential barrier for SE emitted 
from the +5V conductor track. 

A. R. Dinnis: Does the focusing effect of the 
negative casing voltage improve performance when 
making measurements on narrow conductors? 

Authors: No measurements on narrow conductors 
were performed. 

A. R. Dinnis: Over what area of the specimen are 
good results achieved? 

Authors: This area is given by the center hole 
of the extraction grid. This grid is a copper 
mesh with 50µm bars and a center hole of 450µm 
squar e . 

E. Munro: In the 127° spectromete r, what was the 
length of the electrodes in the direction normal 
to the plane of the diagram in figure 5, in 
units of the in ter -electr ode spacing? ls it pos­
sible to assess the magnitude of the error in­
volved in using a two-dimensional field analysis 
program that neglect s the fringing fields in the 
transverse direction? 

Authors: The length of the electrodes in the 
normal directi on was 12mm, the inter-elec tro de 
spac ing 5mm. Of course, part of the errors wil l 
be due to the two-dimensional simul ation. On the 
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Fi9. 14: Local fields at an IC-surface . 

other hand, SE- signals curves measured with and 
without earthed shie lding plates (see figure 1 
<e>) show no sign ificant differences. The peak 
position is more or les s determined by the vol­
tages applied to the plates of the deflection 
capacitor (see figure 1 <g> and <h>) as should 
be expected. 

H. Fujioka: What is the total time required to 
ca l culate the performance of a spectro meter? 

Authors: The total calculation time for a com­
plete SE-signal curve on the used HP 1000 F-com­
puter was about four days. Thi s long calculation 
time is mainly due to the extensive using of 
mass-storage for the eliminating of the finite­
e l ement matrices. For comparison it may be 
mentioned that within an analytical rotationally 
symmetric field a complete SE-signal curve can 
be obta in ed in two hours (SE emitted on the 
axis) resp. 12 hours (SE emitted from an off ­
axis point). 

H. Fujioka: Is it possible to get an optimum de­
sign data for a high-performance spectrometer by 
your program-package? 

Authors: In principle yes. Due to the long cal­
cu l ation time needed, it is advisable to start 
the optimization process with analytical approx­
imations for the design and use the finite e le­
ment programs only for parts of the design or in 
the final stage of the opti mizati on process. 
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Fig. 15: Electron trajectories in an electro­
magnetic field. 

E. Munro: In figure 5, you show computed elec­
tric field lines as well as equipotentials. How 
are the electric field line s computed in the fi­
nite element program? 

Authors: Within each of the triangu l ar finite 
e l ements the component s of the electric field 
stre ngth are given by the differences of the 
voltages on the edges of the finite element. 
Starting from an arbitrary point within the de­
s ign the direction of the field strength of the 
finite element there is traced up to the bound­
ary of this element. From here the field direc­
tion within the new finite element is taken, and 
so on. The equipotentials are plotted in a simi­
lar way by tracing the directions vertical to 
the fie ld strength. 

A. R. Dinnis: Do you have programs which take 
account of magnetic as well as electric fields? 
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Authors: Yes. The programs plotting the electron 
trajectories and simulating the SE- signal curves 
are prepared for the consideration of magnetic 
fields. As an example, figure 15 shows a simpl e 
spectrometer set up consisting of a homogeneous 
extraction field, a homogeneous retarding field 
and an overlaid magnetic Glaser bell shaped 
field. 

A. R. Oinnis: Could you give a diagram of where 
the scintillator is situated with respect to the 
spectrometer? This can have a significant effect 
on the number of electrons collected, and I have 
found it worthwhile to simulate trajectories 
right to the scintillator to ensure accurate 
predictions . 

Authors: In figure 16 the cross-section of the 
experi men ta 1 set up with po 1 e piece, spectrome­
ter and the conventional Everhart-Thornley-de­
tector is drawn roughly to scale. 

56 

<--- ca. 6cm ~ .{ __ ~\ 

-200V ... +400V ) ___ _ 

Fig. 16: Experimental set up. 
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