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PRACTICAL MEASURE FOR THE BRIGHTNESS OF ELECTRON SOURCES

J.E. Barth, M.S. Bronsgeest

Delft University o f  Technology 
Lorentzweg 1, 2628 CJ, Delft, Netherlands 
J.E.Barth@tudelft.nl

To characterize electron sources, usually the reduced differential brightness 

SI
B.lfr =— lim lim --------- ( 1)

w  y  sa-.om-.o SASO

is given, with current SI, area SA solid angle S O , and extraction voltage V.

However, when electron sources are used for probe formation, the differential brightness is 
not the relevant parameter:
In a scanning electron microscope the virtual source is imaged in the probe. The virtual source 
has a bell-shaped intensity profile. The differential brightness, being the brightness at the top 
o f the source intensity profile, is therefore not applicable.

When sources are used for probe formation the only brightness with a real physical meaning, 
is the reduced brightness, as Crewe has pointed out [1]:

B = Hr- <2>
v - d l

4 ‘

where / ’ is the angular current density, which is taken to be constant over a finite solid angle, 
and dv is the diameter o f the virtual source. However, Crewe does not give a definition o f that 
‘diam eter’. In order to have a practical brightness a practical definition is needed. A measure 
that assumes no particular shape o f the source intensity profile is tlie diameter containing a 
fraction FC  o f  the current /  ' f l  coming from the virtual source as seen from the extractor.
To complete the definition a choice has to be made for the value o f FC. For a number of 
reasons we propose a fraction o f 0.5. We consider this value most likely to be generally 
acceptable to the charged particle optics community.

We have derived the relation o f the practical brightness to the differential brightness for the 
particular case o f  the Schottky source.

For Schottky sources the reduced differential brightness is (e.g. [2])

b t = ——V nkT

mailto:J.E.Barth@tudelft.nl
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PURIFICATION OF PLATINUM AND GOLD STRUCTURES AFTER ELECTRON- 
BEAM-INDUCED DEPOSITION

A. Botman, J. J. L. Mulders, R. Weemaes and S. Mentink

(A.B., S.M.) Philips Research Laboratories, High Tech Campus 34, 5656AE Eindhoven, The 
Netherlands. Electronic Mail: aurelien.botman@ philips.com.
(R.W.) Philips Research Laboratories, High Tech Campus 11, 5656AE Eindhoven, The 
Netherlands.
(J.M.) FEI Electron Optics, Achtseweg Noord 5, 5651GG Eindhoven, The Netherlands.

The technique o f electron-beam-induced deposition (EBID) [1], when performed with organic 
precursors, typically results in a relatively low metal content due to the partial decomposition 
o f the organic precursor, leaving carbon rich remnants in the deposition [2]. Solutions 
investigated elsewhere have included annealing in-situ after [3] or during [4] deposition, or 
deposition in reactive environments [5], These two approaches have apparently not yet been 
combined.
We described a method applied to noble-metal structures deposited using EBID, which 
consisted o f a post-treatment step of heating in a reactive atmosphere o f oxygen, whereby the 
amount o f carbon in the structure is strongly reduced [6]. As a result we have been able to 
increase the purity o f platinum deposits from 15 at% to nearly 70 at%, and gold similarly 
from 8 at% to nearly 60 at%.
The resistivity o f these structures has also been improved by up to 4 orders o f magnitude, to 
achieve (1.4 ± 0.2) x 104 //Ohm.cm in the case of platinum. Furthermore, STEM analysis of 
the treated structures has shown formation o f crystalline material (Figure 1).

mailto:aurelien.botman@philips.com
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SIGNAL DETECTION WITH SEGMENTAL IONIZATION DETECTOR

P. Černoch2, J. Jirák1' 2

'institute o f Scientific Instruments ASCR, Královopolská 147, 612 64 Brno, Czech Republic 
■^Department o f Electrotechnology FEEC BUT, Údolní 53, 602 00 Brno, Czech Republic 
xcerno07@stud.feec.vutbr.cz

The gaseous ionization detector [1] is often utilized for signal detection at a higher pressure in 
the specimen chamber o f the environmental scanning electron microscope. We study the 
properties o f halved segmental ionization detector with an electrode system consisting o f four 
concentric electrodes divided into left and right halves, as seen in Fig. 1.

Each electrode o f the detector can be connected to one o f the three following options: a 
potential o f 0 V to 500 V with signal detection, a potential o f -500 V to 500 V without signal 
detection or a ground. The electrode system connection at signal detection by the left smallest 
electrode (Ai ) at a voltage o f  350 V while the right smallest electrode (A r) is at a voltage o f - 
200 V and all other electrodes are grounded is illustrated in Fig. 2. For this electrode system 
connection, electron trajectories in the electrostatic field in a vacuum simulated via program 
Simion 3D 7.0 is shown in Fig. 3a and the image o f the semiconductor specimen is shown in 
Fig. 4a. Likewise, the electron trajectories simulation and the specimen image at the electrode 
system connection at signal detection by electrode A l at a voltage o f 350 V while electrode 
A r is at a voltage o f  350 V and all other electrodes are grounded are shown in Fig. 3b, 4b.

In the case o f a negative voltage on the non-detection electrode, signal electrons emitted from 
the specimen are repelled by the non-detection electrode (A R) and attracted by the detection 
electrode (A l). This effect is observed as a brighter specimen image with symmetrical shadow 
and diffusion contrasts in Fig 4a. In the case o f symmetrical voltages on the detection and the 
non-detection electrodes, signal electrons emitted from the specimen are divided 
symmetrically to the both electrodes A L and A r, therefore, the angle o f the signal electrons 
detection by the detection electrode (A L) manifest itself, as seen in 4b. The simulations 
correspond to the obtained specimen images, as illustrated in Fig. 3a and 3b.

According to the electron trajectories simulations and the specimen images, it is seen that the 
effect o f change o f contrast, shadow and diffusion, is possible to achieve not only by a change 
o f detection electrode position but also by a change o f voltages on non-detection electrodes 
influencing secondary electron trajectories.

This research is supported by project GACR No. 102/05/0886 and project MSM 0021630516.

mailto:xcerno07@stud.feec.vutbr.cz
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LOW VOLTAGE ELECTRON MICROSCOPE FOR BIOLOGICAL OBJECTS

A. Delong, P. Štěpán

Delong instruments, a. s.
Bulharská 48
612 00 Brno, Czech Republic

Understanding the three- dimensional structure o f proteins and other particles (viruses, 
ribosomes, enzymes, DNA) is critical in determining how they perform their biological 
functions. The usually used technique o f X-ray diffraction requires perfect crystals with 
approximately 101- molecules. Electron microscopy should be superior to X-ray diffraction 
and 200-400kV transmission electron microscopes (TEM) are used for obtaining satisfactory 
information. But today’s microscopes must overcome various obstacles connected with the 
properties o f biological objects. It is first o f  all very low contrast and sensibility to radiation 
damage. The result o f this fact is the necessity o f elaboration o f high quantity o f very noisy 
pictures ( 1- 100k) to get satisfactory results.
It seems that the low voltage transmission electron microscope developed specifically for 
application in biology will be more suitable for solving from above introduced task first o f all 
due to a much higher contrast. We shall compare the main parameters o f two different TEMs- 
200kV TEM dedicated for biological applications and a 5kV low voltage TEM.

Contrast
The usual objects are so thin that all impinging electrons in both microscopes are transmitted. 
We will now compare how the standard object (lOnm thick specimen composed from material 
with R= lg/cm  and a diameter greater than the resolution o f the microscope) influences the 
trajectories and the energy o f transmitted electrons. The results o f calculations are presented 
on the figure 1.[ I ]. There are in principle three kinds o f electrons in the transmitted beam 
electrons which were transmitted without any interaction
electrons which were elastically scattered. Their trajectories were changed due to deflection in 
electrical field o f the atomic nucleus and its electron shell. Electrons falling upon the rim o f a 
physical aperture are excluded from the beam and appear to have been absorbed. This 
electrons produce contrast
Some electrons are deflected by direct interaction with atomic electrons. A measurable 
amount o f energy is transferred, and the resulting deflection together with energy loss is 
called inelastic scattering. If we compare the results o f calculationsTn both microscopes we 
see that the contrast and the radiation damage are more favourable in the LVTEM.

Resolution
The resolution o f 200kV TEM is 0.27nm approximately. The resolution o f LVTEM is 2nm. 
The very low contrast o f biological objects in 200kV TEM must be increased by using the 
phase contrast. The necessary defocusing decreases the resolution to the value o f  1 -  
2nm.Nevertheless the correction o f both mean aberrations (spherical and chromatic) can bring 
new possibilities for LVTEM. We decided to correct the spherical aberration by means o f 
hexapol corrector and the chromatic aberration by means of inhomogeneous Wien filter. We 
used the proposal published by prof. Rose 17 years ago.[2] This proposal was never 
implemented, although its advantages are obvious. It is the rotational symmetry o f both 
correctors and minimum o f multipoles. Another advantage is the possibility to use the Wien 
filter alternatively as an electron energy loss spectrometer (EELS). The cross-section o f the
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Figure 1: Quantitative distribution o f electrons which transmitted the object with p=lg/cm 3 
and thickness t= 10nm. 1 -  elastically scattered (a > a opl), 2 -  not scattered and elastically 
scattered (a < a opl), 3 -  inelastically scattered.

Figure 2: Cross-section o f the electron optical column of CsCc corrected LVTEM
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ELECTRON BEAM MICROMACHINING

L. Dupák*, M. Zobač

Institute o f Scientific Instruments AS C'R, Královopolská 147, 61264 Brno, Czech Republic
* E-mail: ldupak@isibrno.cz

Electron beam micromachining is a well-known technology used in various industrial 
applications [1], It is based on the evaporation o f material by intense electron beam [2]. The 
construction o f  the e-beam micromachining equipment may be similar to an e-beam welder, 
but it needs a high performance electron optical system to achieve very high power density in 
the focus o f  the beam (usually 100 times or higher). We have studied ability o f a common e- 
beam welder to machine the materials like quartz glass, ceramics, plastics and metal sheets. 
The purpose o f our experiments was to 
create holes as small as possible [3],

In micromachining, a short-pulse beam 
is used instead o f  a continuous beam. If 
a continuous beam is used, a lot o f heat is 
supplied to the surrounding material. This 
has undesirable effects like growth o f the 
diameter, deformation and material tension.

In our first experiment, we have followed the growth o f the hole in the material exposed to 
a series o f the pulses (see Table 1). The highest growth o f the hole dimensions was observed 
after the first pulse. The effect o f the following pulses was decreasing with each step.

The effect o f focus point position was determined in the next experiment. The beam pulses 
were counted until the beam passed through 0.9 mm thick quartz glass slide. The lowest 
number o f the pulses was needed when the beam was focused exactly on the surface. But as 
seen in Fig. 2, the holes created by defocused beam had higher apical angle and lower 
minimal diameter.

The position o f the minimal diameter is not located on the surface, but a small distance 
from it, sometimes more than 0.1 mm. This is probably caused by a burst o f the evaporated 
material. The surface tension o f the melted material then forms the narrow neck.

We have been able to create openings o f 5 to 17 (im minimum diameter (measured by light 
microscope and scanning electron microscope -  see Fig. 3). Howevei^reproducibility o f such

Pulse count 1 2 5 10 20

Depth (mm) 2.78 3.42 4.06 4.19 4.7

Diameter (mm) 0.32 0.34 0.39 0.43 0.48

Depth/dia ratio 8.7:1 10:1 10:1 9.7:1 9.8:1

Table 1. Dependence o f  hole dimensions on pulse count 
(beam current 1 mA).

mailto:ldupak@isibrno.cz
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AN ENERGY ANALYSER FOR HARD X-RAY PHOTOELECTRON  
SPECTROSCOPY

M. Escher1*. M. M erkel1, J. R. Rubio-Zuazo2'3, G. R. Castro" 1

'Focus GmbH, 65510 Hünstetten, Germany 
'SpLine, Spanish CRG beamline at ESRF, Grenoble, France 
3ICMM-CSIC Cantoblanco, Madrid, Spain
* m.escher@focus-gmbh.com

Fig.I: Photograph o f  the H igh 
Voltage Cylinder Sector 
A nalyser HV-CSA

Analyser
We developed an energy analyser, FIV-CSA (High Voltage 
Cylinder Sector Analyser), for electron energies up to 15keV.
It is the first commercially available analyser for that energy 
range. The analyser is based on a cylinder sector with 90° de
flection [2], 300 mm slit-to-slit distance and an entrance lens 
with 50 mm sample distance. The result is a very compact 
design o f the analyser that is easily integrated into a multi pur
pose experiment with different techniques. A low noise /  low 
drift electronics is capable o f continuous energy scans from 0 
to 15keV with non-linear lens curves. The first analyser has 
been recently installed at the Spanish CRG beamline at the 
ESRF (Grenoble) at an end station where simultaneous surface 
X-ray diffraction is possible [3]. Fig. 1 shows a photograph of the analyser.

Entrance Lens
The entrance lens retards the high energetic electrons with a kinetic energy Ekjn up to 15keV 
to the analyser’s pass energy Epass (typically 
20..100eV) which results in retardation ratios 
R = Ehi,/ Epos* UP to 1000. To accept a large 
phase space at the analyser’s entrance slit
E , Mss A  A n a l y s e r  =  E tlA a mpA n , Ple - t h e  d e s i g n

goal was to have a large lateral magnification
M = j A : /■̂sample which is also well adapted

to a focussed synchrotron beam o f typically 
50)im diameter.
The entrance lens consists o f a unipotential 
lens near the sample followed by a three ele
ment retardation stage. Its properties were 
calculated with direct ray-tracing using

Mognificotion

Fig. 2: Range o f  useable m agnifications and 
retard rations o f  the entrance lens.

Introduction
Recently the interest in hard X-ray photoelectron spectroscopy (HAXPES) grew with the 
availability o f high brilliant synchrotron beamlines [ 1 ].With the longer escape depth of the 
high energetic electrons HAXPES has the capability o f prob
ing bulk properties, buried layers or interfaces down to some 
tens o f nanometers, which is not possible with the surface 
sensitive standard XPS.

mailto:m.escher@focus-gmbh.com
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THE DOPANT CONTRAST -  A CHALLENGE TO ELECTRON MICROSCOPY

L. Frank

Institute o f Scientific Instruments ASCR, Královopolská 147, 61264 Brno, Czech Republic 
ludek@isibmo.cz

The continuous reduction to feature dimensions in semiconductor structures enhances the 
need for high resolution imaging o f doped patterns in plan views o f substrates or on their 
cross-sections. In this way a tool is sought for checking the critical dimensions (CD) o f the 
structures and, moreover, for two-dimensional profiling the spatial distribution o f active 
dopants. Various surface-oriented electron microscopic methods have been used with varying 
success. The contrast levels are often achieved sufficient for CD measurements but detailed 
interpretation o f images keeps being unclear and hence, irrespectively o f some promising 
experiments [1,2], any reliable quantification o f contrasts, enabling one to determine the local 
density o f a dopant, remains for the future. This review aims at brief summarizing of 
achievements in this field.

Numerous o f  the attempts performed so far have relied upon imaging in the secondary 
electrons (SE). Great majority o f studies reported the p-type Si brighter than the n-type and in 
discussions usually three possible emission-controlling factors were mentioned. These include 
the SE generation rate, influence o f  electrical fields below or even above the surface, and the 
passage through the surface potential barrier. All these factors are interconnected through 
differences in the energy band structures, determined by the types and densities o f dopants. 
Older works ascribed the decisive role to the ionization potential, i.e. the surface barrier 
height, combined with above-surface “patch” fields balancing the local differences in the 
inner potential [3-8].

Figure 1: SE image contrast between the p- 
_| type ( 10 19 cm'3) patterns and n-type ( 10 15 

cm '3) Si substrate, plotted versus the 
K  electron energy, as- measured (two times) 
H  for working distances o f 16 and 8 mm; 

reproduced from Ref. 15.
400 700 1000 1500 2500 4000 7000 10000
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Further step was to admit that the surface conditions act not only via surface states but 
also the treatment and hence cleanliness play their roles. In particular, the carbon 
contamination together with silicon may form a planar junction o f properties similar to a 
metal-semiconductor junction; then the balancing electric fields remain below the surface but 
still they provide explanation for at least a part o f observations [9 -11]. This conception was 
verified by covering a p/n structure with metals o f different work functions, which led to 
mutually opposite contrasts [11 ,12 ]. As regards the surface barrier, its filtering action, 
similarly as that o f  the patch fields, concerns only the velocity component normal to the 
surface. This brings not only unequal flows surmounting the barrier but also the angular

mailto:ludek@isibmo.cz
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below about 3 eV, which was even capable o f changing its sign in dependence o f detection 
conditions (Fig. 3). The effect was found of a dynamic character, i.e. requiring the electron 
dose above a certain threshold and exhibiting a time constant in the order o f seconds. 
Explanation is based on a conception o f the p-type doped area to be negatively charged to 
about 1 V with respect to the surrounding substrate, which is enough to make the incident 
electrons totally reflected in a narrow "signal beam”. This pencil can either escape the 
detection through the central detector bore or impact against the active detecting surface (Fig. 
3). The proper phenomenon is then described as dynamic filling the conduction band to an 
extent sufficient for recombination o f the majority holes, which leaves the ionized acceptors 
unbalanced [17]. This immobile negative space charge is then responsible for the mirroring. 
Possible quantifiability o f this contrast type needs further examination.

Figure 3: P-type patterns (10 19 cm'3) on an n-type (1015 cm-3) Si substrate in the CL mode at 
1.5 eV, specimen tilt 0° (a), 0.45° (b), and 0.72° (c); scale bar 20 (.im, reproduced from Ref. 
17.

Another alternative o f  how to avoid problems with the SE images is to excite the low 
energy electron signal with photons instead o f electrons. Preliminary PEEM study o f doped Si 
wafers [21] brought several surprising results. Although the energy unfiltered photoemission, 
excited with the Hg lamp radiation, gives again the p-type areas brighter, if only fastest 
photoelectrons arc acquired, the image contrast inverts in both p/n and n/p patterned structures 
(Fig. 4). Further, the mutual shift between photoemission spectra from p- and n-type sites 
reaches only 0.12 to 0.14 eV (Fig. 5) and always the photo-threshold is larger for the p-type. 
Crucial is obviously the difference in amplitudes o f the spectra. These findings clearly 
indicate not the ionization energy or surface barrier or near surface electric fields being 
responsible for the phenomena observed, but simply absorption o f'ho t electrons on their 
trajectory toward surface. The main scattering mechanism is likely the e-h pair generation.

Figure 4: Photoemission micrographs o f the p/n and n/p structures (both lO1*’ cm '71015 cm'3) 
taken in the total photoemission (a,c) and filtered with the threshold -0.36 V (see Fig. 5) (b,d).
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POLY [METHYL (PHENYL) SILYLENE] LED DIODES - AS SEEN BY 
CATHODOLUMINESCENCE STUDY

P. Horák, P. Schauer

Institute o f Scientific Instruments AS CR, Brno, Czech Republic, horak@isibmo.cz

Organic light emitting diodes (LEDs) have attracted much interest because o f their potential 
for an efficient emission in visible region and for application to large area flat displays. LEDs 
utilizing conducting polymers have many advantages in terms o f simple fabrication process o f 
a thin film such as spin-coating or casting methods [ 1].

Polysilylenes (PSi) are linear silicon (Si) based organic materials whose basic building 
block is a chain built up o f Si substituted by alkyl or aryl groups [2], PSi are quasi one 
dimensional materials with delocalized a-conjugated electrons along the polymer backbone 
chain. Their optical and electrical properties are primary ascribable to the effect o f quantum 
confinement on these a-conjugated electrons. PSi exhibit a sharp photoluminescence (PL) 
with a high quantum efficiency in solid state. The use of PSi in LEDs is attractive since this 
can emit light in the range from the ultraviolet to the visible regions [3], But problems o f life 
o f PSi LEDs are discussed only in very few papers.

Organic LEDs generally show a degradation o f their characteristics with time, such as 
increase o f the threshold voltage and decrease o f the fluorescence yield [4], However, such an 
evolution depends on the polymer bulk modification and changcs of the injection mechanism 
at the polymer-electrode interface. Cathodoluminescence (CL) is an interesting tool to study 
the polymer behaviour since it eliminates the injection problems.

Poly[methyl(phenyl)silylene] (PMPSi) is a typical representative o f PSi. The 
absorption spectrum of PMPSi consists o f three bands (Fig. 1) [5], The electronic transition at 
338 nm arises from delocalised ct-ct transition. The PL spectrum of PMPSi consists o f two 
emission bands -  a sharp UV band at about 358 nm and a broad band in the visible part o f the 
spectrum (Fig. 1). The sharp UV a  -a  band is o f exciton nature. The exciton is localized in 
the Si backbone. PMPSi was selected for our CL study. The PSi specimen preparation and CL 
method o f the study were described previously [6].

71-71* a*- a

150 200 250 300 350 400 450 5«> 550 600

Wavelength X (nm)

Fig. 1. Optical absorption (solid lines) and photoluminescence (PL) spectra (dash line) o f PMPSi thin film [5]. 
The excitation wavelength for PL was set to 280 nm. Chemical structure of PMPSi is inset.
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THE H IG H -PASS ENERGY FILTERED P E E M  IMAGING OF DOPANTS IN 
SILICON

a,* a b b b b
M. Hovorka , L. Frank , D. Valdaitsev , S. A. Nepijko , H. J. Elmers , G. Schonhense

’Institute o f Scientific Instruments, AS CR, Brno, Czech Republic 
bInstitute o f Physics, Johannes Gutenberg University, Mainz, Germany 
*e-mail address: hovorka@ isibmo.cz

In the previous PEEM study [1, 2], focused on the origin o f contrast between differently 
doped areas in silicon imaged by slow electrons, strong contrast was observed between p-type 
and n-type areas with the p-type brighter. The crucial mechanism was identified in electron 
absorption phenomena that are relatively weaker with emission from the p-type Si. The 
energy-filtered images o f p- and n-type areas revealed differences in the energy distributions 
o f photoemission. For the filter adjusted so that only the fastest electrons can pass to the 
detector, the contrast inverts and the n-type became brighter than p-type. The shift between p- 
and n-type photoemission spectra indicated larger photoemission threshold for the p-type.

Continuation o f the study has produced results presented here. The photoemission 
spectra and micrographs for two sets o f samples, n-type areas on a p-type substrate as 
specimens A and p-type areas on a n-type substrate as specimens B - both with different 
dopant concentrations varying from 1016 to 1019 cm'3, are shown (Fig. 1 - 3). Si (100) wafers 
were prepared by standard procedures [1] and left in-situ uncleaned, i.e. with surfaces covered 
by a few nm layer o f the native oxide. The samples were irradiated by UV light from the Hg 
lamp with a line at 4.9 eV and additional radiation between 3.2 and 4.4 eV.

The contrast inversion and corresponding shift between the p- and n-type spectra is 
present for all concentrations o f dopants. While in the total-current photoemission image the 
contrast between p- and n-type area disappears when decreasing the dopant concentration, the 
inverted contrast behind appropriate threshold at the energy filter keeps to be distinctive. In 
the former image the surface relief is evident but in the fast-electron image the topographic 
contrast is suppressed which could indicate the electron signal acquired from larger depths 
(Fig. 2, 3).

The energy spectra exhibit some structure, possibly connected with multiple sources of 
photoelectrons (regular energy bands, bands o f surface states). The difference in 
photoemission thresholds between p- and n-type increases up *fo 0.2 eV at highest 
concentrations (Fig. 1). For the specimen B the PEEM spectra also showed the photoemission 
yield increasing with the increasing p-doping level [3-5], Furthermore, some changes have 
been detected in emissivity o f surfaces exposed to prolonged UV light illumination 
(particularly with the specimen A).
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Fig. 2: PEEM images o f  the specimens B (p-type doped patterns on the 1015 cm'3 n-type 
substrate) with various dopant concentrations (top to bottom: 1016 to 1019 cm '3). Left column: 
full photoelectron emission, filter bias o f +1.64 V. Right column: filter bias o f  -0.44 V.



DIRECT RAY TRACING OF ELECTRONS THROUGH CURVED MAGNETIC 
SECTOR PLATES
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Accurate ray tracing of electron trajectory paths through curved magnetic sector plates is 
required for a variety of different instruments, such as dispersion free beam separators [1] or 
energy spectrometer designs [2], Since magnetic sector field distributions are inherently 
three-dimensional in nature, and often involve curved boundaries, direct ray tracing of 
electrons through them is a non-trivial task. Numerical field solving techniques such as the 
finite element method do not in general provide enough accuracy to extract aberration 
coefficients from the trajectory paths of focused beams in three dimensions. This is because 
numerical meshes in three dimensions that model complex shaped boundaries typically need 
over a million free nodes, requiring prohibitively large amounts of computer memory and 
unmanageably long program run times. The situation is made even more difficult for 
retarding sector units, where an electric field is overlaid onto the deflecting magnetic field in 
order to slow down electrons to very low energies (a few eV). Another disadvantage of using 
a fully finite element approach is that high-order interpolation methods are needed to extract 
accurate field information from nodal potentials. While not impossible to carry out, it is quite 
a challenge on curved mesh geometries in three dimensions, and therefore, mesh-less 
methods are preferred. In this paper, a semi-analytical approach is taken, one which uses a 
modified two-dimensional finite element solution in combination with a Fourier Series 
expansion. This approach avoids the direct use of a fully three-dimensional finite element 
solution, and has the desirable feature of not requiring a mesh in the region where electron 
trajectories are to be plot.V-

A two dimensional finite-element solution capable of modeling curved boundaries is first 
performed in the plane of the sector plates (x-y plane), as illustrated in Fig. 1. In this 
example, circular sector plates have an inner sector plate, an outer sector plate, and an outer 
round casing. The outer sector plate is set to unity potential, while the inner sector and 
casing is set to zero potential. Fig. la shows the numerical mesh, Fig. lb shows the initial 
finite element solution, and Fig. lc shows a modified finite element solution where central 
nodal coefficient Po is adjusted by a factor of (1 + Ir/ld1), where h is the mesh size in the x-y 
plane, and d is the distance to a zero potential odd-symmetry plane in the out-of-plane 
direction (z-direction). In this example, d = 1mm, and h = 0.25 mm. As expected, the 
influence of the zero-volt odd-symmetry plane causes equipotential lines to bunch towards 
the sector plate edges. A Fourier-Series expansion then integrates the potential in the plane of 
the boundary and calculates field values for any point inside the sector unit. This semi- 
analytical solution provides reasonably high accuracy when compared to the full three 
dimensional solution, which in this case, can be calculated accurately by a rotationally 
symmetric finite-element program, since the in-plane geometry is circular. Fig. 2 illustrates 
the accuracy of the semi-analytical approach for electric field values in the x-y plane 0.1 mm 
above the zero-potential odd-symmetry plane. The accuracy is plot as a function of the 
number of terms used in the Fourier-Series. The maximum electric field variation is divided 
by the maximum field strength value along a line running through the centre of the sector
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ATOM OPTICS VERSUS CHARGED PARTICLE OPTICS - A FUTURE 
CONTENDER?

Marcus Jacka, Andrew Pratt*

Email: marcus@hazelshaw.com
*Department of Physics, University of York, Heslington, York, YOlO 5DD, United Kingdom

The manipulation of neutral atoms using resonant light gives rise to the possibility of novel 
forms of microscopy. We demonstrate the rudiments essential for achieving this, namely 
focussing and scanning, using metastable helium atoms as an example. In the second part of 
the paper we propose a novel form of ion microprobe, this time using resonance ionisation, 
which could overcome some of the disadvantages of conventional liquid metal focussed ion 
beams.

Introduction
The ease with which photons, electrons, and ions can be focussed and otherwise manipulated 
is reflected in the maturity of optical and charged particle microscopies. Sub-wavelength 
resolution can now be achieved with scanning near-field optical microscopy, whilst the use of 
aberration correctors has brought transmission electron microscopy to sub-Angstrom 
resolution. Neutral atoms, as their name implies, are much less susceptible to manipulation, 
however they have desirable properties in terms of surface analysis, microscopy and 
nanofabrication. At thermal energies, of tens of millivolts, there is negligible penetration of 
the atoms below the surface, meaning that the information area is confined to the size of the 
probe. Despite their low energy, the mass of atoms compared to electrons leads to small de 
Broglie wavelengths. Two other advantages of neutral atom beams must be mentioned. One is 
the lack of repulsive Coulomb forces between the particles and similarly the lack'of screening 
which gives rise to the Boersch effect. The other is that because non-conservative (for 
example velocity dependent) forces can be applied to neutral atoms with laser-cooling 
techniques, the Helmholtz-Lagrange relation does not apply. As a result the energy 
normalised brightness (Acm" sr" eV" ) of the microprobe at the sample is not limited to the 
brightness of the source.

Manipulation of neutral atoms
Laser cooling, or manipulation using light forces, is the newest, and also the most promising 
of a number of methods by which a beam of neutral atoms can be deflected, focussed or 
otherwise manipulated. The first methods were developed by Stem, Rabi and others in the 
20s and 30s, making use of the force exerted by an inhomogeneous magnetic field on atoms 
with magnetic dipoles. Later it was shown that magnetic lenses could be created from 
hexapole magnetic fields. Combined with laser cooling to first collimate and reduce the 
longitudinal velocity distribution of the atom beam, spherical and chromatic aberrations can 
be significantly reduced [1], Further techniques include the focussing of ground state helium 
atoms by specular reflection from clean silicon mirrors [2], and the use of Fresnel diffraction 
lenses [3],
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Ionisation can be performed efficiently and in a highly localised fashion with two intersecting 
focussed laser beams. One raises the atom from its ground state to an excited state, the 
second, possibly of the same wavelength, ionises the excited atom. The ions can then be 
extracted and focussed with a simple electrostatic lens. This process of resonance ionisation 
is well established in other fields, particularly mass spectroscopy, and schemes have been 
developed for every element except helium [8], It is suggested that a resonance ionisation 
focussed ion microprobe would have spatial resolution equal to current liquid metal ion 
sources, be able to operate at significantly lower energy (the energy spread of an LMIS is 
approximately 3eV, so has to be operated at high energy to minimise chromatic aberrations) 
and could be developed for virtually any atomic species.

Source diameter (micrors)

Modelling of ion trajectories for a resonance ionisation focused ion microprobe. It is predicted that a 
laser interaction volume of less that 25pm diameter would produce a focussed ion beam less than 
lOnm in diameter.

Conclusion
One of the encouraging aspects of this area of research is that current techniques for 
manipulating neutral atoms are very much in their infancy. In contrast, conventional charged 
particle optics is a mature subject, and advances are necessarily more incremental in nature. 
Its practitioners would do well to follow the progress of its younger rival.
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CALCULATIONS OF THERMIONIC ELECTRON GUN FOR MICROMACHIN1NG

P. Jánský

Institute of Scientific Instruments ASCR, Královopolská 147, 612 64 Brno, Czech Republic 
jansky@isibrno.cz

Kinetic energy of electrons incident on the surface is changing into the thermal energy. The 
beam with high current density can be used for melting or vaporizing materials and for 
modifications of the material surface. Beams with small diameters can be used for drilling 
very small holes and creating sieves. Magnetic deflection of the beam enables very high 
productivity of thousands holes per second.

The electron beam-welding machine [1] in ISI Brno is intended for joining components 
and materials used in electron optical instrumentation and vacuum engineering, but in the last 
years its capability was extended for experiments in micromachining [2]. As an electron 
source a thermionic cathode with tungsten hairpin filament is used. Typically the beam energy 
is 50 keV, the maximum power is about 1.5 kW. The optical part consists of four main parts 
(fig 1): electron gun, centering and stigmator coils, a magnetic lens and a deflection system.

Fig. 1: Scheme of the optical system of the electron-beam welding machine: I) cathode,
2) electron beam, 3) wehnelt electrode, 4) anode, 5) centring coils and stigmator,

6) magnetic focusing coil, 7) deflecting coils .

To achieve higher current densities and smaller beam diameters, we started with 
numerical simulations and optimizations of the electron-optical system. The beam properties 
depend mostly on the electron source, therefore we started with the simulations of the electron 
gun, where the space charge effect is significant [3].

For the simulations we use program EOD [4], Field calculation is based on the finite 
element method. Space charge distribution is iteratively evaluated from the ray tracing. From 
the field intensity and potential distribution near the cathode surface a new value of the 
emission current limited by space charge is established. Then the space charge distribution is 
recalculated for the new emission current until this process converges. The electron gun is 
simulated as a rotationally symmetric problem. Emitting surface of the hairpin filament 
cathode is approximated by a blunted cone with a spherical cap. The shape of the cathode 
makes the left border of the mesh. In our simulation (fig. 2) we set the filament on 0 V and the 
anode is on 50 kV.

We are testing and improving our new algorithms for space charge limited thermionic 
emission and analyzing current electron gun [1], In the next months we want start with the 
design of a new electron gun and focusing optics designed with respect to requirements of 
micromachining.
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SCINTILLATION SE DETECTOR FOR VARIABLE PRESSURE MICROSCOPES

J Jirák1'“, J. Linhart1'2 and V. Neděla1

1 Institute of Scientific Instruments AS CR, Královopolská 147, Brno, Czech Republic
2 Faculty of Electrical Engineering and Communication, BUT, Údolní 53, Brno, Czech Republic 
jirak@teec.vutbr.cz

Scintillation detectors are frequently used for the detection of secondary electrons in scanning 
electron microscopes. In order to achieve an efficient scintillation in these detectors, sufficient 
energy must be added to secondary electrons by an accelerating electrostatic field. This field 
is usually created by connecting a voltage of 10 kV to the thin conductive layer prepared on 
the surface of the scintillator. To add such a voltage to the scintillator of the detector may be a 
problem in the case when the detector with the scintillator is placed in a specimen chamber of 
a variable pressure microscope at a pressure of several hundreds Pa because of electric 
discharges in gas. In this case, the connection of a high voltage to the scintillator requires 
placing the scintillator in a separate room where the pressure does not exceed several Pa. 
Simultaneously, it is necessary to permit secondary electrons to travel from the specimen 
chamber to the room where the scintillator is located.

In case of the proposed detector, separation of the room with scintillator from the 
specimen chamber is accomplished by a system of two pressure limiting apertures with 
central openings diameters of several hundred pm and by a separate pumping of the rooms by 
a rotary pump and by a turbomolecular pump as is seen in Fig.la. Owing to the vacuum 
system the pressure of several Pa can be maintained in the scintillator room while the pressure 
in the specimen chamber reaches 2000 Pa, Fig.lb.

Evacuated 
by rotary pump

.______ Electrodes Apertures ,
Metalized H /

Evacuated by 
turbomolecular 
pump

200 400 600 800 1000 1200 1400 1600 1800 2000

Pressure in specimen chamber [Pa] 

b)
Fig. I. a) Schematic drawing of detector.

b) Dependence of pressure in scintillator room on pressure in specimen chamber.

A voltage of several hundred volts is connected to the pressure limiting apertures, and 
an electrostatic lens is created which together with voltages on other detector electrodes 
enables the secondary electrons to pass through from the specimen chamber to the scintillator 
room. In the scintillation room, the secondary electrons are accelerated by the electrostatic 
field with a voltage of 10 kV to the scintillator. Trajectories of secondary electrons simulated 
for one version of the detector electrode system are shown in Fig.2a. Trajectories were 
simulated by Simion Ver.7 program [1].
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SIMULATED PERFORMANCE OF A TIME-OF-FLIGHT ELECTRON EMISSION 
MICROSCOPE (TOFEEM)

Anjam Khursheed and Ding Yu

National University of Singapore, 4 Engineering Drive 3, Singapore 117576. 
eleka@nus.edu.sg

Over the last four years, proposals for time-of-flight electron emission microscopes 
(TOFEEMs) have been made, both with and without methods to dynamically correct for 
chromatic aberration [1, 2, 3]. Correction of aberrations in time is an important alternative to 
the more widely discussed tetrode mirror method [4, 5]. This is because the tetrode mirror 
method has a relatively complicated column design, where its photoelectrons are designed to 
trace trajectory paths around a multiply curved axis, requiring the use of special alignment 
strategies for its beam separator [6], The TOFEEM column in comparison, is relatively 
simple. Fig. 1 depicts the basic layout of a dynamic chromatic aberration corrected 
TOFEEM. Apart from the complication of pulsing the source irradiation with pulse widths in 
the sub-nanosecond range and modulating the potential on a lens electrode at a rate of 
several volts per nanosecond (indicated by Vc(t) in Fig. 1), the TOFEEM has a single 
straight electron optical axis where photoelectrons are successively focused and magnified 
using standard projection principles.. The TOFEEM also has the added advantage of 
inherently being an energy spectrometer, which can readily band-pass filter the 
photoelectrons that make up the final image by simply capturing them over a series of 
different time windows. In the tetrode mirror method, an additional energy spectrometer must 
be used.

In this paper, the possible advantages of TOFEEM, both with and without dynamic 
chromatic aberration will be examined. In particular, the residual resolution, dominated by 
spherical aberration, will be estimated for two different objective lens designs, and presented 
in a form that can be compared with predictions already made for the conventional PEEM as 
well as the tetrode mirror form of aberration correction. Wan et al have predicted that the 
tetrode mirror method will be able to provide 4 nm resolution at 2% transmission, as opposed 
to 20 nm at 1% for conventional PEEMs [5]. In this work, it will be shown that TOFEEM is 
predicted to provide better image resolution than a conventional PEEM, and that dynamic 
correction of chromatic aberration through TOFEEM is expected to achieve a similar 
performance as that predicted for the tetrode mirror form of aberration correction.
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PROGRAMS FOR ELECTRON OPTICAL DESIGN

B. Lencová, M. Oral

Institute of Scientific Instruments AS CR, Královopolská 147, 612 64 Brno, Czech Republic

1. Introduction
The computations in particle optics can be divided into “serious” ones, where the program 
packages provide a solution to a number of electron optical problems and express the final 
results in terms understood in electron optics like the aberration coefficients, and to 
approaches coming from outside of the electron optical community, which do not or cannot 
provide such answers. The basis of serious programs is an accurate computation of 2D 
electrostatic and magnetic focusing and deflection fields and programs/modules for the 
computation of optical properties from aberration theory or from accurate ray tracing [1-3].

Saturated magnetic electron lenses represent a very important class of problems, and the FEM 
is the only method which can analyze them (saturated lenses cannot be solved with CDM [4]). 
The advantage of CDM is, however, the ease with which electrostatic systems like FEGs with 
orders of magnitude difference in dimensions can be computed easily. Other problems like the 
deflection systems and their aberrations are not studied in 2D [5], Computation of magnetic 
lenses with FDM/CDM is not very promising [6], 3D computations in SIMION have reached 
quite an advanced level [7]; this was the first Windows program, although now it looks a bit 
old fashioned, and its biggest advantage is the low cost. When applied to electron optical 
problems, sometimes quite curiously looking results can be reached and the aberrations are 
not easy to dig out [8].

Electron optical design is done nowadays by commercial firms, so hardly any interesting lens 
geometries are found in recent literature. What is also difficult to find are accuracy and test 
cases or benchmarks, the only exception being an attempt in [9] which concentrated on 
electrostatic problems suited rather to CPO programs. Nowadays, more and more complex 
problems can be and are being solved. From the user point of view it is important to have 
simple but accurate and easy to use tools for the computation working under Windows XP. 
The software is not intended to people without some preliminary knowledge of electron 
optics, although quite often it is possible to meet a large degree of ignorance.

In this paper, attention will be given first to questions of accuracy of FOFEM as an example 
of computation method, followed by a discussion of the requirement of accuracy for the 
evaluation of optical parameters. Finally interesting recent result will be shown.

2. The FOFEM
Before starting a brief overview of the accuracy of FOFEM, let us briefly mention the user 
aspect of our software. The older 2D FOFEM packages were replaced with a new EOD 
program, in which we can analyze quite complex systems with many elements, lenses, 
deflectors and multipoles. Optimization procedures are used to adjust the image position, in 
particular with the accurate ray tracing, and space charge module allows the computation of 
intensive electron and ion sources, as discussed separately in these proceedings. Even if we 
want to improve the input and output of ray tracing, extraction of aberration coefficients from 
ray tracing results, and analysis of spot profiles and emittance diagrams, in its current form 
the program is stable, user friendly and easy to use, tested by a number of users as well as on
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air, which can be compared with analytical expressions even for tapered coils [17]. EOD 
computes the axial multipole function up to m=8. No accuracy tests are available as well, 
except for misleading information that only SOFEM provides the hexapole and decapole field 
function for deflectors [3], For multipole systems the exact shape of the field is actually less 
critical (quadrupole systems are often sufficiently characterized with SCOFF, even deflection 
aberrations do not strongly depend on the accurate shape of the deflection field [18]).

3. The optical properties
What accuracy of computation we need? With what accuracy do we need to know the position 
of the focus, the value of the axial aberration coefficient of the third and fifth order? We have 
stated that for the fields on axis the accuracy can be very high, below 0.01% (actually in the 
past a much stronger requirement was that the field is smooth so that it can be correctly 
interpolated). As a matter of fact, the focal distances and aberrations (3rd order geometrical 
and Ist order chromatic) can be computed often with the same or better accuracy than the field 
by solving the paraxial trajectory equation and by computing aberration integrals.

The low number of mesh points was actually the main reason why tracing could not be done 
properly or easily, the 2D data are more difficult to interpolate than ID axial result, and so 
they may produce uncontrollable local errors. The error estimate brings information about 
possible mesh errors [13, 16]. However, it is not so trivial to get the aberrations from the 
direct ray tracing by solving the equation of motion, otherwise one of the first published 
attempts to get aberrations of a simple dipole mirror would not fail [3, 19], Unfortunately Liu 
[14], who analyzed “typical” electrostatic lenses to up to 5th order geometrical aberrations 
with his own aberration formulas and with DA program, used just very weak electrostatic 
lenses, which are not a proper example to check our results against his results.

4. Aberrations from ray tracing and spot profiles
One of the difficult tasks is also the evaluation of spot profiles. For such a purpose, in order to 
get smooth representative curves, it is desirable to know the positions of a very large number 
of particles, say a few billions, in a given observation plane. We can then take into account 
the spot profile in the object plane, the energy width of the beam, the aperture position and 
diameter. The best procedure we use for this purpose is to get from a representative set of 
particles, say a thousand or so, computed by accurate ray tracing, the aberration coefficients 
of any required type and order [20], The coefficients are obtained by regression, so that the 
quality of the fit is easily estimated.

As an example of a difficult system to analyze we show here the'preliminary results of 
computations of probe profiles of a very low voltage scanning electron microscope. The 
system consists of an electrostatic lens followed by a cathode lens, slowing down the beam of 
5 keV electrons to just 1 eV energy. The figure at the left shows the beam profile after this 
system in the Gaussian image plane, demonstrating a good resolution of such an arrangement, 
even if the beam energy width is also 1 eV. After we switch the Wien filter on [21] (the filter 
is placed in the crossover above the lens, it acts as a weak electrostatic lens and an energy 
dispersion element. Without changing the lens settings, the beam size becomes larger, but 10 
micrometers towards the lens the beam shape changes, making the spot size smaller and 
astigmatic (see Figure 1).

5. The future
EOD is a modular program and it makes a good basis for further improvements. We hope to 
present more computation of difficult problems in electron optics such as mirror and
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EOI) (ELECTRON OPTICAL DESIGN) PROGRAM FEATURES

B. LencováJ'b and J. Zlámalb

J Institute of Scientific Instruments AS CR, Královopolská 147, 612 64 Brno, Czech Republic 
h Institute of Physical Engineering, Faculty of Mechanical Engineering, Brno University of 

Technology, Technická 2, 619 69 Brno, Czech Republic

From the point of view of a user of electron optical programs for the design in microscopy it 
is important to have simple and easy to use tools for the computation. Standard for most CAD 
programs is that they work under Windows XP, use a mouse, on-line help, and provide simple 
guidelines and examples for working with them.

Based on 15 years of experience with 2D FOFEM packages that were developed in the course 
of many years, partly at ISI Brno and TU Delft, and that were equipped with a graphical input 
and display interfaces in DOS [1], we considered that the whole system has to be transferred 
into Windows. The first but only a preliminary version we showed in 2000 at EUREM in 
Brno [2], All FEM programs for lenses and deflectors were integrated in a single program, 
their interfaces were programmed, and the modules for the computation of optical properties 
and ray tracing have been written completely from scratch in order to introduce a number of 
improvements in comparison to the old software. EOD is a modular program, compiled in 
Visual Fortran, allowing programming of all Windows graphics; use a mouse, pull-down 
menus, dialog windows, and on-line Help (see Figure 1). EOD uses a clearly defined project 
structure to analyze complex systems with many elements, lenses, deflectors and multipoles. 
Optimization procedures allow that the excitations are adjusted to achieve given image 
position, spot size or similar. Space charge module allows the computation of intensive 
electron and ion sources [3].

Field computation by the first order FEM is no more a critical issue; by using a large number 
of points (one minute computation is needed for around 700000 point meshes on 3 GHz P4 
PC), error of field can be quite small and it can be simply identified and estimated. The size of 
the coarse and fine meshes for FEM is virtually unlimited because of dynamic memory 
allocation. FEM meshes with a graded step are used and there is more freedom in automatic 
line mesh generation. Old type of data for FEM or tracing can be imported. In the background 
the geometry of other data can be shown as well as CAD DXF files, to which the coarse mesh 
can snap. The program displays axial potential or field and/or color-tnded saturation of iron 
or map of potentials or fields [4].

Recently we concentrated on the computation of optical properties from paraxial trajectories 
and aberration integrals for systems with lenses and deflectors. Let us stress that, in accurately 
computed fields, the ray tracing of suitably chosen set of rays provides paraxial properties as 
well as aberrations of any order. The number of data produced while ray tracing is quite large 
and there is a need to establish safe and easy to use procedures for the display of results and 
processing of ray tracing results for a given purpose such as the evaluation of given set of 
aberrations.

Future development of EOD will be aimed not only at improving further the input and output 
of ray tracing, to extracting aberration coefficients from ray tracing results, analyzing spot 
profiles and emittance diagrams. For example, the analysis of complex systems should allow
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IMAGING OF DOPANTS IN SEMICONDUCTORS WITH THE SECONDARY 
ELECTRONS IN A LOW ENERGY SEM

F. Mika and L. Frank

Institute of Scientific Instruments ASCR, Královopolská 147, 612 64 Brno, Czech Republic 
fumici (w isibrno.cz

One of the crucial parameters in characterization of semiconductor devices is the dopant 
distribution profile. Dimensions of the doped structures have decreased to the 102 nm level, so 
details in both lateral and in-depth distributions of dopants fall at least in the same order of 
magnitude. Consequently, the device characterization becomes a non-trivial task. Two- 
dimensional dopant profiling in this study was made in the cathode lens equipped low energy 
scanning electron microscope (LESEM). In addition to non-destructive imaging and 
availability of multiple signal modes, advantages of this type of the LESEM include very 
efficient signal collection and hence high speed of data acquisition. The dopant profile is 
determined upon magnitude of the secondary electron (SE) signal [1], namely by measuring 
the image contrast between doped areas and the substrate.

The contrast mechanism has been interpreted in terms of electric fields above [2] or 
below [3,4] the surface, variations in energy and angular distributions of the SE emission 
[4,5], and recently the primary electron dose delivered to the surface was taken into account, 
too [6,7], This study aims at examining the contrast behaviour as a function of the angular and
electron dose factors on two series of samples. Set A was with the p-type doped patterns

16 i q -3 15
(1x10 to 1x10 cm of boron atoms) made on an Si (100) n-type substrate (1x10 cm"-* of 
phosphorus atoms), and the set B had the opposite conduction types. Surface topography was 
checked in the AFM device, which revealed the steps on boundaries between the doped areas 
and substrate to be only 6.3 nm in height for the set A, and 36 nm for the set B.

Both sets of the semiconductor wafers, exposed to the same history of aging, were 
observed in the as-inserted status in a Vega TS 5130MM microscope. The landing electron 
energy was 1 keV and the image signal was collected with a standard Everhart-Thornley 
detector (ET) and with the cathode-lens detector (CL). At low magnifications and fast scan 
rates the p-type silicon appears brighter in the SE emission than the n-type Si (Fig. 1). As 
usually in standard-vacuum microscopes, any increase in magnification or decrease in the 
scan speed lead to more intensive contamination of the field of view with carbon, and also the 
local charging is more apparent. In the same time, decrease or even reversal of the contrast 
between differently doped areas is observed. With the set 5, the contrast reversal has been 
found dependent on the electron dose (Fig. 2) while for the set A only some decrease in 
contrast was established. No clear explanation of the contrast reversal is available yet. Let us 
add that the samples freshly cleaned in HF exhibit a monotone contrast development without 
inversions.

Imaging in the cathode lens mode indicated the contrast behaviour possibly connected 
with differences in the angular distribution of the signal emission. When comparing a 
micrograph acquired with the CL detector well axially aligned and hence not collecting the 
near-axis emission that escapes through the central hole (Fig. 3a) with the identical field of 
view as recorded with the detector laterally misaligned by about 100 jtm, which enlarges 
collection of electrons emitted near the axis (Fig. 3b), we meet the contrast inversion again.

Information collected so far obviously extends the scope of factors, connected with 
technology of preparation of the structure, its treatment before observation, environment in 
the microscope chamber, up to properties and intensity of the illuminating beam, which have 
to be taken into account if the image contrast of doped areas should be reliably (and even 
quantitatively) predicted and also utilized in diagnostic tasks.
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CATHODE LENS MODE IN THE SCANNING ELECTRON MICROSCOPE

I. Miillerová

Institute of Scientific Instruments ASCR, Královopolská 147, 612 64 Brno, Czech Republic, 
e-mail: ilona@isibmo.cz

The Cathode Lens (CL) mode of the Scanning Electron Microscope (SEM) seems to start 
attracting attention of developers as well as users of the microscopes. Based upon our nearly 
15 years experience with this experimental principle, mostly summarized in [1], a brief 
recapitulation of usefulness of this system is presented here.

Electron optical calculations show [2] that the only way of obtaining the high 
resolution in an SEM at very low energies (below 100 eV) is to use the CL principle, in which 
the sample is immersed in strong electrostatic field and forms the cathode of this electrostatic 
lens. When adapting a conventional SEM, a feasible solution consists in employing a 
sequential arrangement of the electrostatic field of the CL and magnetic field of the focussing 
lens with only weak magnetic field appearing in the specimen plane. The CL anode serves as 
a single-channel dark-field detector made from the YAG crystal with a small central opening 
(say, 0.3 mm) enabling passage of the primary beam. This detector is inserted between the 
specimen and polepiece of the objective lens, requiring hence a relatively large working 
distance (usually above 5 mm) as its main disadvantage. Calculated and measured spot size 
versus landing energy of electrons for one example of this simple adaptation of the SEM to 
the SLEEM (Scanning Low Energy Electron Microscope) mode is shown in Figure 1. Here 
the spot size was calculated by using approximate analytical equations [3] and aberrations of 
the combination of CL and focusing lens resulted from analytical equations [4],

Figure 1: The energy dependences of 
the spot size calculated for aberration 
coefficients of the magnetic focusing 
lens Cs = 10 mm and Cc = 12 mm; 
primary beam current was'5 pA, gun 
brightness 105 A cm'2 sr1, primary 
beam energy 10 keV and energy 
spread 2 eV; the fixed aperture was 8 
mrad. The image resolution, 
measured as a 25/75 edge width on 
the standard A^t/C testing sample in 
the Hitachi S-3500H SEM adapted to 
the SLEEM mode, is marked by 
points.

In modem high-resolution SEMs the specimen is immersed in strong magnetic field in 
order to secure the ultimate resolution, and detectors are mostly placed above the objective 
lens so that the working distance is preserved small. Should the CL mode be introduced, the 
specimen finds itself in both magnetic and electrostatic fields, namely strong and overlapped. 
Some data about aberration coefficients and probe diameters for overlapped as well as 
sequential configuration of the fields have been published [5]. We have measured the image 
resolution for the overlapped fields and arrived at 9 nm for lOeV [6], The overlapped fields 
surely promise better resolution than sequential ones but signal electron trajectories become 
more complicated so explanation of the contrast formation is more difficult.

electron enerav. keV
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primary beam energy, so very high efficiency of the scintillator or semiconductor detectors is 
secured at low landing energies.

0 10 20 30 40 50 60 70 80 90 
polar angle of emission, deg

Figure 3: Left: eight-channel collector of a multi-channel detector. Right: the radial coordinate 
in the detector plane versus initial polar angle of the signal trajectory; primary energy 10 keV, 
landing energy 2 keV, distance between the cathode (specimen) and anode (detector) is 10 
mm, curves labelled with the emission energies, detector segments indicated as the grey 
strips. (Reproduced from [7].)

Further indisputable advantage of the low, but also of the medium energy range is the 
interaction volume proportionally diminishing, opening hence possibilities for a kind of layer 
by layer in-depth tomography [15]. The SLEEM method was used for investigation of the 
cube phase in an Al-Mg-Si alloy [16], In these experiments, visibility of nanometre-sized 
precipitates without any surface relief was very clear thanks to small spread of electrons, 
advantageous mixture secondary and backscattered electrons, and enhanced crystallinity 
contrast. Consequently, multiple types of precipitates have been recognized in these 
micrographs (Figure 4), as distinct from the standard SEM.

Figure 4: Surface of an age- 
hardened Al-1.0 mass%Mg2Si 
alloy with 0.4% excess Mg, 
observed in (a) SE at 10 keV, 
(b) BSE at 10 keV, and (c) 
SLEEM at 1600 eV landing 
energy and 10 keV primary 
energy; the scale bar is 1 pm 
long. (Reproduced from [16].)

The contrast interpretation issues can be illustrated on doped areas in semiconductors 
[18]. In the example in Figure 5 two pictures are taken by so-called lower and upper SE 
detector [19] with the specimen immersed in the magnetic field while the other two snaps 
show the same field of view in the CL mode, i.e. with the specimen situated in both fields in 
an overlapped arrangement. Thus, we have four images, all taken at 1 keV landing energy but 
acquired with four different detectors. As regards the CL mode, difference was only in 
diameter of the central bore and consequently in the angular range acquired.
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DIFFERENTIAL ALGEBRAIC METHOD FOR ELECTRON OPTICAL DESIGN

Eric Munro, Liping Wang, John Rouse and Haoning Liu

Munro's Electron Beam Software Ltd, 14 Cornwall Gardens, London SW7 4AN, England 
e-mail: eric@mebs.co.uk Tel & Fax: +44 20 7581 4479

The Differential Algebraic (“DA”) Method [1, 2] is a powerful and elegant technique for 
computing the aberrations of electron optical systems. It is far more powerful than traditional 
methods based on evaluation of aberration integrals. It is particularly useful in the following 
situations: (1) Evaluation of high order lens aberrations (5th, 7lh order, etc.), (2) Aberrations 
of multipole systems, including Wien filters, (3) Curved axis systems, such as prisms, 
spectrometers and energy filters, (4) Electron mirrors, (5) Evaluation of asymmetry 
aberrations, and (6) Systems with high beam energy, where relativistic effects are significant.

The DA method is conceptually quite simple. We define a Differential Algebraic Quantity 
("DA Quantity'), of degree n in v variables, using the notation "„Q". The quantity ,,QV is a 
vector whose elements are the coefficients of a polynomial of degree n in the v variables. We 
also define a set of Algebraic Operations on pairs of DA quantities. Addition, C=A+B, is 
defined as the addition of the two polynomials. Multiplication, C=AxB, is defined as the 
multiplication of the two polynomials, discarding terms of degree greater than n. Subtraction, 
Division, Square Roots, etc., are also defined, to form a complete Algebra. In software terms, 
DA quantities form a new Data Type, which we call DA, with its own storage structure and 
operations, which we have programmed as a C++ Class. We can then write statements in our 
program like F = ((A+B)*C - sqrt(2.0*D)/E, where the variables A - F are DA Quantities.

These DA quantities dramatically simplify our software for computing aberrations. To 
obtain the aberrations, we need the electron’s final position (x„v,) and final slope (.v,',v/) at the 
image plane as a power series in powers of its initial position (.v,„v„), initial slope (x„ ,vQ') 
and initial energy deviation (50) at the object plane za. To express the aberrations as a power 
series in these 5 variables - (x0,y0, -v,/, v,/, Si>) - we use DA Quantities in 5 variables, i.e. v =
5. The degree n of the DA Quantities is chosen as the maximum aberration order we wish to 
compute. For example, if we require the aberrations to 7th order, we choose degree n = 7.

We write out the differential equations of motion, which describe an electron’s position 
(x(z), t’(;)) and slope (jc'(z), /(-)) as functions of its axial position z, ftnder the influence of the 
electrostatic and magnetic fields. These equations are written in curvilinear coordinates so we 
can handle general curved axis systems. In these equations, we replace the physical position 
and slope by their equivalent DA Quantities - X, Y, X', Y '. We also replace the physical 
clcctric and magnetic field components by DA Quantities. We fit the numerically computed 
axial field functions with sets of Hermite functions [3], which are continuously differentiable 
analytic functions. This is a crucial step, as the DA Method requires the fields be analytically 
delined and differentiable. We now solve the equations of motion, with a single raytrace, 
from object plane z„ to image plane z„ using a Runge-Kutta method. The code is a standard 
Runge-Kutta solver, except that all simple variables are replaced by DA Quantities. On 
completion of the single raytrace, the DA Quantities .V, Y, X’, Y ' contain all the position and 
slope aberration coefficients at the image plane. This is all achieved without any derivation 
of aberration integral formulae. This makes the software very robust and reliable.

mailto:eric@mebs.co.uk


'6"l (¿661) I Âdooso.i3tyq uoupaj'j fo  jm u tio f ‘a so y  -j-¡ pue SBzs^iajj (j [p]
'96-06 (1?002) £L Su3 omojpspou3ijA¡ ‘n q z  x  pus ojunjAj 'a  ‘n iq  H ‘ssn o ^  [ ‘Subm  q  [¿j

'68c-S8c (0002) 111 'Suaq3  g  puE Subx i  ‘Suem  j  [2]
>21-601 (6861) PZ suoivudpoDy a p iu o j  ‘z ja g  'W  [i]

poqjaiu Y Q  aqj qjivi pajB|imiis u o ijE U jq ii io a  j 0 j j | u j - u i s u d - s u a |  aqj q jiA \ ‘s u a |  a A ijo a fq o  |B3j 
v, j o  ’ )  p u E  s3  a q j  j o a j j o o  ubo u i s u d  p u B  jo j j iu i  a p o j j a j  B M o q  § u iA \o q s  sq n ssj j u a s a i d  [|im  s / \ \

j o j j i i u  d p o A ¡ d i  Jo s d n j ü A  33  puü  ŝ )  p 9 j n d w o ¡ j  '£ d j q v j  j o j j i i u  dpojjdf j v o i j D D j d  y  '£ d jn S ij

80061- 9998- i ¿ t e  i - 09 OOS 00001
U S S M - 6 LLS- 09 o o t 00001
S 1ČX i - i t c e - t -S 'O S I- 09 00 £ 00001
O L b L 1 - 60l I - 9 ť '6 S |- 09 00t 00001
S IS¿[- 06 £+ 9¿’89[ — 09 001 00001
( l i l  L il ( U l l U )

‘3
(sjioa)

'A
(s i |O A )

'A

<M[o\)
' A

(SJIOA)
‘ A

■paipouBo aq  os]E ueo sua j aA ijoafqo aq j j o  sq  a q j os ‘baijeSbu oj aAijisod m o jj 
‘aS irej opiM E J3AO pajsnfpB aq  ubo sj  's u a | aAijoafqo ub jo  a q j jo a jjo o  ueo ji os ‘aAijEŽau 
sX ea\|b si ' 3  -(z 9 |q E jJ  S u ijjas a8Ej|OA qoBa lo j  p a jn d u io o  ajaM  puE s3  'sn o o j aq j jsnfpE oj 

pni.iBA sba\ (E ijuajod |Buij aq j CA J°  S u ijjas qoB3 joj puB ‘s j j o a  09 1® PPM SBM l'A 3 § e j |o a  
A3>| 01 j o  X 3jaua ureaq  ju ap io u i ub qjiA\ ‘u m í 081“  = ” JB P3X!J ids?) aJaAV sauEjd aŽEiui p u s  

loafqo a q x  3Jba\jjos y q  jn o  qjiM p3jB ]nuqs ‘jojjiui s p o j js j  (EOijOEjd b jo  a |d u re x a  ub SA\oqs 
Z o jn ň i j  [^] jojjiiu a p o jja j e S u isn  p a jo a jjo o  aq  ubo sua] aA ijoafqo ub jo  p u s  aq j q jo g

(siiufi ¡s) siudiDiffdOD uoijvjjdqv pdjndw oj ¡ d¡qvj[ JOJ JÍVU UOJfDdjd dpoip IfllM. }Sdl Dl)Á]DUy [ BjnSij

/  6 0 £ 'č  1 0 8 ‘t , c ! LOÍ'Z +  08 't?ü LU O il{3  SUBJX

8 1 9  Z— 8 I 9 T - u io j i{3  |B ix y

! ZPÍ9  -  9ZÍPP- /  I K 9 - S £ £ W ^ - u o iy o js iQ

! ¿ I £ l  ■ ť l S ť /  9 1 £ I +  L\ÍV lu s i iB iu S i js y

ZLÍb 9íib Ajnj  p íš i¿

! 1 ¿ 6 9  +  6 'S X ť - Í 8 S 6 9 +  l'9St- BUJ0 3

o e i s l e i s • q y  |B 0 U 9 q d s

í in s o í j  v a J in s a y  3 i ;Á |B u y u o i j B j j a q y

% 2  0  >  IIe  3 J o a \  ( [ 3 |q B x )  s q n s a j  y q  a q j  u ;  s j o j j a  a q x  p o q j a u i  Y Q  s q j  q J !M  p a j n d u i o o  u a q j  

0 J3 M  BJEp 3UIBS o q x  '3 JJU 00  SU3[ o q j  JO  JJ0 [ o q j  o j  UllU c 8 9 ' ¿ 0 l  Ie  s j u i o d  o S b u ii  p u E  jo o fq o  p u E  

LA °  2  9 6 6 9 .1 °  X S jo u o  |B ij iu i  u b  i | j i a \  s u o j j o o |3  j o j  ‘s p | 0 i j  o ijX [B ue  a q j  q S n o j q j  o o b jjX e j  b  u i o j j  

POJOBJJXO S J3M  SJU3I01JJOOO u o ijB jjo q E  X iE u i i jd  o q j  p u B  s o i jo s  p s s o g - j o u n o j  q jiA \ p a j n d m o o  

a jo A \ s p |3 i j  a q x  d B §  l u u i  g  p u E  j a ja u i B ip  u iu i  p p  j o  s a o a i d a j o d  j  p u B  ‘d s S  u i u i  o i  p u E  

j a j a u r e i p  u i i u  Q p  j o  s a p o j j o a ] a  jE o u p u q X o  z  qii/vs. j o j j i i u  a p o i p  o i j a u S B U i-o i jE js o j jo a ja  p a u i q u io o  

b j o j  a [ d u r e x a  u b  S M o q s  [ a j n S i j  ' s p | a y  |a p o u i  o [ jX ]b u b  S u is n  p a> [o aq o  u a a q  s s q  X o e ju o o b  a q x

japjo pajinbaj Xub o j

•sju a io ijjao o  uoijE jjaqB  aq j jnoqE u o o b iu jo ju ; aq j |[B uiE juoa <: auE |d  aSEiui aq j j e Z ‘ á ‘ X ‘Z  
*,{ ‘X  saijijuEn£) Y Q  3ltl ‘30bjjXbj a]Suis b Ja jjY  's j tu y  ajaqAvXjaAa ajB sju au o d iu o o  
X)iao|aA pire ssjB uip jooo  s ^ u o j js s p  aq j aou is ‘ju io d  S u iu jn j aq j j e  sa ijuB jnS u is sa jE u ;u u |a  s iq x  

' Z  ' Á ‘ X  ‘Z LÁ 'X -  sa ijiju B n ö  Y O  JuaiEAinba j ia q j  Xq s ju a u o d iu o o  X jioo |3a puB sajBU|pjooo 
|EO|sXqd aq j aoE[daj puE V au iij j o  su o ijo u n j se ( ( i ) :  ‘ ( i ) á  ‘ ( j ) x )  s ju a u o d u io o  Xjioo[3A 
p u E  ( ( / ) :  '( j ) . \  ‘( i ) x )  sa jB uip jooo  s^uo jjoaja  aq j jo j  u o ijo u i j o  suoijB nba aq j u io jj  j j e j s  sm  
's iq j j o j  s jo j j i iu  U OJJ33J3 puB S3SU 3| spoqjEO síp ireq  o j p a ijip o iu  aq  Xjisbs ubo p o q jau i a q x



ENVIRONMENTAL SCANNING ELECTRON MICROSCOPE AQUASEM II - THE 
DESIGN AND APPLICATIONS

V. Neděla1, J. Maxa2, R. Autrata1

'institute of Scientific Instruments AS CR, Královopolská 147, Brno, Czech Republic, 
vilem@isibrno.cz
“The Faculty of Electrical Engineering and Communication BUT, Údolní 53, Brno, 
maxa@feec.vutbr.cz

Environmental scanning electron microscope (ESEM) creates new possibilities in the 
examination of various types of specimens and their phases. Experimental environmental 
scanning electron microscope AQUASEM II was built in ISI AS CR in cooperation with the 
TESC’AN Ltd. The main task of this microscope is the investigation and development of 
special detector systems working in high pressure conditions and the study of „in situ“ 
dynamic experiments.

The microscope is equipped with hairpin tungsten filament. The accelerating voltage 
(AV) can be adjusted from 0.5kV to 30kV and the probe current from IpA to 2nA. The 
resolution (high vacuum mode, AV=30kV, working distance =3mm) is 3.5nm, and for ESEM 
mode (AV=30kV, WD=3mm, specimen chamber pressure lOOOPa) is approximately lOnm. 
The vacuum system of AQUASEM II consists of two rotary pumps and one turbo-molecular 
pump. The microscope is equipped with Peltier cooled specimen holder with mechanical 
movement system in X,Y and Z axis. The pressure values are measured independently of the 
gas type by the capacitance pressure gauges in the specimen chamber and in the differential 
chamber.

The differential pumping chamber with detector unit (pressure up to 25Pa) are the 
main special parts of the microscope that enable to maintain high pressure (up to 2000Pa) in 
the specimen chamber and vacuum (0.001 Pa) in the optical column of the microscope. These 
parts make additional pumped space situated between the objective lens and the specimen 
chamber, shown in Figure 1. In the small circular hole (diameter approx. 7mm), situated in the 
centre of the detector unit, is placed with the yttrium aluminium garnet (YAG) single crystal 
scintillator, the main part of backscattered electron detector. The scintillator is also used as a 
pressure limiting aperture; a hole with diameter 0.5mm is bored into its centre. The 
differential chamber, the detector unit and the YAG single crystal are vacuum sealed with 
“0”-rings. The circular hole through the YAG single crystal must bý*centred on the optical 
axis by shifting the detector unit in direction of X,Y axis in the high vacuum mode, see Figure
2. The scintillator is used as the secondary electron detector (SED) [1] for variable pressure 
and ESEM mode. Secondary electrons are swept by the positive potential around 350V 
toward the electrode system deposited on the surface of YAG and switched to the current 
amplifier.

ESEM AQUASEM II is also equipped with a special temperature isolated hydration 
system situated outside the specimen chamber, see Figure 3. This system consists of water 
reservoir, water level meter, water vapour temperature meter, heating system with precise 
temperature controller and precise flow calibrated micrometric valve. This system ensures an 
efficient replacement of air in the specimen chamber by the water vapour from the hydration 
system. It also enables to maintain stable high humidity environment respecting the physical 
dependence of pressure of saturated water vapour on temperature.
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PROCESSING OF SIGNAL IN THE EVERHART-THORNLEY DETECTOR

L. Novak and I. Mullerova

Institute of Scientific Instruments, ASCR, Kralovopolska 147, 612 64 Brno, Czech Republic 
e-mail: kdovikdo@email.cz

The Everhart-Thornley detector has been used for detection of secondary electrons since I960 
[1], in order to increase the signal to noise ratio (SNR) in the resulting signal many 
configurations of this detection system have been developed. The collection efficiency 
corresponding to a full chamber configuration has become possible to simulate [2] as well as 
to compute and experimentally test the properties of the scintillator and the light guide [3]. So 
far description of individual parts of the detection route has been based on signal averages. 
This approach enables us to analyze the transfer of the signal and simultaneously to assess the 
noise characteristics of the detection route. As a matter of fact, this method disregards 
processes participating in the signal formation and besides, it is not applicable to low currents.

A new approach to the above-mentioned problem has been felt necessary in order to 
incorporate measurement of very small currents (>0.01 pA) coming into the detector. For 
experimental study, a special chamber equipped with two E.-T. detectors was fabricated. One 
of them has the standard position (on a side of the chamber) while the other is directly 
exposed to the impact of primary electrons. The primary current can be measured by means of 
a movable Faraday cup. In fact, three parts of the detection route were examined. Using the 
chamber described, the section starting with scintillator and ending with preamplifier was 
thoroughly investigated. In order to identify the influence of photomultiplier, its input was 
excitcd with a LED signal. Fig. 1 shows a pulse generated by one detected electron at the 
output of the preamplifier. Finally, the signal-processing electronics was tested by means of a 
voltage generator.

Two detectors of two different manufacturers have been examined. The main features 
observable in detection routes of these detectors proved themselves quite similar. 
Measurements exhibit an exponential decrease in the number of high pulses of Ijght coming 
out of the scintillator. In the photomultiplier/preamplifier section of the detector the shape of 
the tranported signal changes in two significant ways. The photomultiplier adds noise pulses 
whose number is proportional to voltage on the dynodes. In comparison with these pulses the 
dark current of the photocathode becomes negligible. The preamplifier smoothens the signal 
according to frequency of the filter chosen. As a result of this, SNR [4] in the output signal 
can rise but at the same time information about fast changes in the signal (edges, phase 
contrasts) becomes lost. In terms of the measurement accuracy* the signal-processing 
electronics does not increase the signal noise, introducing quantization noise only, as a result 
of the digitalization.

Taking into account the above-mentioned properties of the detection route, a computer 
simulation routine was created in Matlab. This is based on generation of single pulses that 
represent light pulses leaving the scintillator. They occur randomly but their heights and 
widths are correlated with the measured values. The artificial signal created in this way is 
then processed by means of individual operations, such as filtration, addition of noise pulses 
etc., in line with what actually happens in the detector. Comparison between the real pulses 
from the detector and the generated ones is pictured in Fig. 2. By dint of the simulation we 
obtain an image in which the SNR and blurring of edges at fast signal changes can be 
determined. This makes it possible for us to evaluate the features of the detection route in its 
totality. The line-scans across real and simulated images are contrasted in Fig. 3. The SNR of 
the simulated image and of those obtained by means of E.-T. detectors are then portrayed in
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METHODS OF DIRECT IMAGING OF THE LOCAL DENSITY OF STATES WITH 
ELECTRONS

Z. Pokorná and L. Frank

Institute of Scientific Instruments, Academy of Sciences, Královopolská 147, Brno 
zuza@isibmo.cz

The electronic properties of modem nanodeviees are determined by their electronic structure, 
the local density of states (LDOS) being one of the key characteristics. Various methods exist 
for the LDOS mapping with lateral resolutions ranging from macroscopic scale 
(Photoemission Spectroscopy) to the atomic one (Scanning Tunnelling Microscopy). Taking 
nanodevices as those having at least one dimension under 100 nm, we require a method 
probing in the scale of at least tens of nm. Another requirement is that the LDOS should 
directly depend on the quantity measured with the method in question.

Methods for mapping the LDOS are the following:
Photoemission (and Inverse Photoemission) Spectroscopy are macroscopic techniques 

for studying the band structure of occupied as well as empty electronic states. In the latter 
case, electrons of a well-defined energy are incident on the surface and so injected into empty 
electronic states above the vacuum level. From there they are de-excited into lower empty 
energetic states and the de-excitation energy is released as an ultraviolet photon. The energy 
of the lower state is determined by the difference between the incident electron energy and the 
energy of the released photon. The UV intensity versus UV photon energy plot gives 
a qualitative image of the distribution of unoccupied electronic states above the Fermi level. 
The angle-resolved version of this technique allows the 3D band structure E(k) to be mapped.

The tunnelling current in the Scanning Tunneling Microscope (STM) is influenced by 
the local density of states. According to the Tersoff-Hamann model [1], LDOS of the sample 
is directly proportional to the measured differential conductivity dI/dV(V), obtained by 
modulating the tip voltage. The model holds rather exactly at low voltages with respect to 
work functions of the tip and the sample (about 4 eV). However, the model generally requires 
s-like tip states, and although quantitatively correct concerning the spatial distribution of the 
LDOS, it is only qualitatively correct concerning the energy dependence. The energy 
resolution is inversely proportional to the temperature, which is why very low temperatures 
are used in the experiment.

Under certain specific conditions, the Scanning Near-field Optical Microscopy 
(SNOM) has also been used for the LDOS mapping [2],

Another approach to determination of electronic bands above the vacuum level is to 
measure the electron reflectivity R(E) by means of the Very-Low-Energy Electron Diffraction 
(VLEED), or the electron transmission T(E) by means of a closely related method of the 
Target Current Spectroscopy (TCS). Both methods employ an electron beam of kinetic 
energy E in the range of 0 to 30 eV, directed onto a sample surface. In VLEED the elastically 
reflected current is measured as a function of E, while in TCS the absorbed (transmitted) 
current is measured. The inelastic contribution varies very little in this energy range, so both 
R(E) and T(E) contain information about elastically scattered electrons, thus revealing band 
structure features [3], Analysis of the data is based on the matching approach of the LEED 
theory [4,5], The periodicity of the surface implies that the impinging electrons will only 
couplc to the Bloch states having the same reduced wave-vector component kg parallel to the 
surface. These Bloch states determine, through the matching on the surface, the amplitude of 
the reflected wave. For example, if for given E and Kg of the impinging electron wave there
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COULOMB INTERACTION IN ION AND ELECTROM BEAMS

T. Radlička

Institute of Scientific Instruments, AS CR Královopolská 147, 612 64 Brno, Czech Republic 
radlicka@isibmo.cz

The development of nanotechnologies in present days is often connected with the use of high 
density ion or electron beams. Unfortunately the physical description of such beams leads into 
great difficulties, because in high density beams the particle-particle interactions become 
significant. We can proceed in two main ways, the space-eharge method or discrete Coulomb 
interactions.

The spacc-charge method was implemented into computer programs [1,2] and is used mainly 
in high density beams, where the effect of Coulomb interactions may be averaged into an 
additional field. A disadvantage of the method is that it is not, in principle, possible to 
describe changes in the energy distribution. When we decide to calculate the Coulomb 
interactions directly from Coulomb's law as a many-particles problem [3], the energy 
distribution can be calculated very easily but the calculation time will be much longer.

The first Monte-Carlo calculations of particle-particle interactions in beams were started in 
the late eighties in TU Delft by Jansen [3], He described electron beams in free space or in a 
uniform electrostatic field and used Monte-Carlo method to calculate the beam properties like 
energy distribution and trajectory displacement. The calculation time even in this simple case 
was very long. The computers have become much faster in the last 20 years and we can now 
easily calculate more problematic systems like ion sources. Such calculations also take a long 
time, but it is possible to do it in several days or week on a PC. The Monte-Carlo method was 
implemented into a computer code by Munro [4] but it cannot be used for particles in the 
vicinity of the source.

The simulations of any system consists of four steps
• Calculation of the field in the system. We used FEM programs [5,6],
• Assignment of initial conditions to all particles (position, velocity and time of 

emission) so that the macroscopic properties of the simulated beam correspond to the 
properties of a real beam - Monte Carlo methods [7]

• Ray racing of the particle beam in the field including the particle-particle interactions. 
During calculation the position and velocity of particles-at the transition through 
selected planes are stored for later use.

• Analysis of the beam properties from calculated data.

The ray tracing is the longest and the most problematic part of the calculation. The equation 
of motion for the ilh particle reads

d - - i m — (yvl) = qEj + qv x B + q- 2_, ,3 
C*t j±i Ť*—p.

We use the non-relativistic approximation (y = 1) for ion systems.

The length of calculation is affected by two properties. The first one concerns the regions 
where the field is very strong. Even if they may be very small, it becomes a great problem if 
we consider particle-particle interactions, because all particles must be calculated
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DECAY KINETICS OF SCINTILLATION CRYSTALS FOR SEM ELECTRON 
DETECTORS

P. Schauer

Institute of Scientific Instruments. AS CR, Brno, Czech Republic, petr@isibmo.cz

1. Introduction
The principal quantities of image quality in SEM are contrast, spatial resolution, and 

noise. However, to quantify the overall performance of an imaging system, the detective 
quantum efficiency (DQE) is a better tool as it includes both the modulation transfer function 
and the noise power spectrum. This means that for a detector to have high DQE, it should 
possess not only high efficiency and low noise, but also good kinetic properties. A study of 
the decay kinetics of some single crystal scintillators for SEM is presented in this paper.

2. Cathodoluminescence decay measurement
The pulse mode utilizing a blanking system and 10 keV electrons for the excitation and a 

sampling oscilloscope for the cathodoluminescence (CL) detection were used for the 
measurement of decay characteristics [1], The measurement was controlled using the 
IEEE-488 interface and processed by software written in Microsoft Visual Basic. Single 
crystals of cerium-activated yttrium aluminum garnet (YAG:Ce), cerium-activated yttrium 
aluminum perovskite (YAP:Ce), cerium-activated yttrium silicate (Y2Si05:Ce3+), and 
europium-activated calcium fluoride (CaF2:Eu2+) were the scintillators studied as the most 
interesting ones for SEM.

Some typical CL decay characteristics of single crystals for SEM measured in our 
laboratory are shown in Fig. 1. The best decay characteristic belongs to the P47 single crystal, 
whose decay time is 34 ns. YAP:Ce single crystal, having the decay time of 38 ns, is also a 
very good solution. It has, however, a multi-exponential decay characteristic, so it shows the 
afterglow of 1 % (measured 5 ps after the end of excitation). If a scintillation detection system 
in SEM is to be able to operate at TV rates, its decay time should be smaller than 100 ns. 
Hence, the decay characteristic of YAG:Ce is a little problematic. Having the (Jecay time of
1 10 ns, it shows the afterglow as high as 2 %. Eu-activated calcium fluoride has the decay 
time of approximately 1.2 ps. and it is applicable only in slow scan rates.

It can be seen in Fig. 2 that the short-term decay component (decay time) of both YAG:Ce 
and YAP:Ce single crystals depends only negligibly on the duration of excitation. On the 
contrary, the long-term component of the decay characteristic depends strongly on the 
duration of excitation. Therefore, at a very short excitation, the afterglows of YAG:Ce and 
YAP:Ce are one and two orders smaller, respectively, comparing wifh a long excitation.

3. Kinetic model
It is evident, after a deconvolution of the decay characteristics from Fig. 2, that not only 

emission from the Ce activator is present in the CL recombination processes in YAG:Ce and 
YAP:Ce single crystals. Using the correction for the decay constant of the measuring device, 
the fastest decay constants at whichever duration of excitation are about 60 ns and 20 ns for 
the YAG:C'e and YAP:Ce, respectively. This corresponds to the single-exponential decay at 
the photoluminescence measurement [2], Therefore, the fastest decay constant of the multi
exponential decay characteristic can be ascribed to the emission from the activator. The other 
decay constants can be ascribed to both radiative and nonradiative transitions originating from 
unwanted defect and impurity centers. Utilizing the presented results and other CL 
measurements (first of all dependences of intensities and decays of spectral peaks on the 
activator concentration), a schematic kinetic model of radiative and nonradiative transitions in 
the YAG:Ce single crystal has been created in Fig. 3.
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OBSERVATION OF SPIN WAVES, OPTICAL NEAR FIELDS AND SURFACE- 
PLASMON OSCILLATIONS BY TIME-RESOLVED PEEM

G.Schonhense

Johannes Gutenberg-Universitat, Institut fur Physik, D-55099 Mainz, Germany 
(e-mai I: Schoenhense@uni-mainz.de)

1. Introduction
Fast processes on the sub-nanosecond time scale and transient states in nano-scale electronic 

systems are attracting high interest in basic and applied research. Full-field PEEM 
(photoemission electron microscopy) imaging with high lateral resolution provides an 
experimental tool to look into such phenomena. Owing to the excellent time structure of 
Synchrotron radiation and pulsed laser sources, high time resolution can be achieved in 
stroboscopic PEEM imaging. In the picosecond to nanosecond range remagnetisation processes 
and transient domain states [1] or magnetic high-frequency eigenmodes in confined magnetic 
structures [2-4] attract much attention due to challenging applications, e.g. in spintronics. In the 
femtosecond range the lifetime contrast of “hot electrons" [5], the properties of plasmon- 
enhanced optical near fields [6] or the dynamics of surface plasmons are directly accessible by 
time-resolved PEEM. In a Mach-Zehnder like all-optical pump probe set-up, a temporal 
precision of 50 attoseconds has been achieved by Kubo et al. [7],

In this contribution the state of the art of time-resolved PEEM is discussed with emphasis on 
two classes of applications, i.e. imaging of fast magnetization processes and femtosecond 
electron dynamics. In particular, we focus on stroboscopic imaging of precessional magnetic 
excitations via XMCD-PEEM exploiting the time-structure of Synchrotron radiation (magnetic 
field pulse pump - X-ray probe). The method is illustrated in Fig.l. In a special bunch- 
compression mode at the storage ring BESSY (Berlin), a time resolution of about 15 ps has been 
obtained. Further, we discuss recent PEEM experiments using femtosecond laser excitation. A 
current overview on time-resolved PEEM can be found in a forthcoming review [8].

Pulsed
CCD camera

Screen

time

pump probe

Field pulse pump - XMCD probe

Fig. 1. Schematic view of the experimental 
set-up (left) and principle of stroboscopic 
imaging (right). Hp denotes the field pulse 
(pump), hv the photon pulse (probe).
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Fig. 3 Left: Sketch and snapshots of magnetic domain patterns at the time t = 0 excited with increasing 
field amplitudes I, 11 and III. The bottom panel shows comparison of an analytical model and 
experimentally observed mean shift of the central domain wall. The inset shows an analog mechanical 
model. Right: Within a closed system, entropy maximization increases disorder. An open system with 
constant energy dissipation allows for an increase of local order. (Data from [2])

The magnetization distribution adapts itself to increase the energy dissipation and thus causes 
an overall increase of local order. The near-resonance spin wave mode causes an effective force 
perpendicular to the 180°-Neel wall that is balanced by the restoring force of the stray field 
energy. The system is excited with a significant oscillating field component of 1 GFlz (cf. Fig. 
2d), i.e., just below the resonance frequency of the free running system of about 1.25 GHz. If the 
domain wall shifts to the right, the resonance frequency will decrease in the left domain; 
therefore the amplitude (and the total energy) of the precession will increase in the left domain.
3. Observation of optical near fields and plasmon eigen-oscillations
In experiments using all-optical fs-laser excitation the delay between pump and probe pulse can 
be generated in a Mach-Zehnder interferometer like element. Thus, any electronic jitter is 
avoided and the time resolution is finally limited by the properties of the laser pulses. In phase- 
averaging experiments the resolution is of the order of the pulse lengths (about ten to several 
tens offs). In interferometric experiments the precision can be driven down to 50 attoseconds [7] 
(the exciting and probing waves still consist of several periods). Kubo et al. have clearly 
demonstrated changes of interferometric time-resolved PEEM images on a time scale of 133 
attoseconds. Femtosecond-laser excited PEEM also gives access to “hot-electron" dynamics [5] 
and to plasmon-enhanced optical near fields [6], An example is shown in Fig. 4. Upon excitation 
with femtosecond laser pulses at 400 nm, a Ag crescent fabricated on a Si surface does not 
appear in its true shape, but instead the spatial distribution of the optical near field becomes 
visible (b). A simulation reveals strong enhancement of the optical near field at 400 nm (e), i.e. 
the crescent acts as a resonant “nano-antenna” tailored for maximum response at 400 nm 
excitation. In contrast to SNOM, the PEEM technique does not influence the near field structure.
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USE OF A ‘FOIL CORRECTOR' IN A MULTIBEAM SOURCE: CORRECTION OF 
OFF-AXIS MACROLENS ABERRATIONS

M. J. van Bruggen, B. van Someren, P. Kruit

Delft University of Technology, Faculty of Applied Sciences, Particle Optics Group 
Lorentzweg 1, 2628 CJ Delft, The Netherlands

We present a irmltibeam source (MBS) based on splitting the broad beam of a Schottky Field 
Emission source into many sub-beams with a microlens array (see fig. 1). To avoid problems 
associated with skewed incidence in the microlenses we use an electrostatic collimator lens to 
illuminate the microlens array with a parallel beam. However, this collimator lens introduces 
unacceptably high deflection aberrations. We show that it is possible to create a negative lens 
in that MBS with negative spherical and chromatic aberration coefficients. This lens can be 
used to correct the off-axis aberrations of the collimator lens. The MBS will be mounted in a 
Scanning Electron Microscope (SEM) to produce multiple 1 nm beams. This multibeam SEM 
will be used as an Electron Beam Induced Deposition nanolithography machine [1],

In 1947 Scherzer published his ideas about a foil corrector that could be used to correct for 
both spherical and chromatic aberration in electron optical systems [2], However, the 
scattering of the electrons in the foil was a serious problem. That difficulty can be 
circumvented by using a silicon wafer with holes in it that are much smaller than the diameter 
of the macro electrode in front of it (see fig.2). In our case, we use the aperture lens effect in 
these holes to focus each sub-beam individually, while the negative macrolens can be used to 
compensate for the off-axis aberrations introduced in the collimator lens. This silicon 
microlens array, electrode number 3 in fig. 2, is fabricated with Micro Electro Mechanical 
System (MEMS) technology with sub-micron accuracy.

The configuration in fig. 1 is modeled using a thin-lens approximation with only one first and 
third order coefficient for each macrolens, describing the deflection angle at that lens: » •

A a = aih + aih' +0(h5)

Here aj is the lens strength and a_s the coefficient describing the third order geometrical 
aberration from the perfect lens effect; h is the height of incidence in the lens. In fig. 3 it is 
shown that the aj coefficient of the negative lens can be negative, depending on the distance 
between electrode 3 and 4.
With this model, expressions were found for the shifts in the two perpendicular directions in 
the paraxial image plane, separated in powers of h. This results in the Seidel aberrations with 
their coefficients expressed in terms of the single third order coefficient as- We expect that 
this approximation is valid as long as we use the model to see if there is an optimum setting at 
which both the third order geometrical aberration and the first order chromatic aberration, also 
taken into account in our model, of the two macrolenses exactly cancel. A full 3D field 
calculation and ray tracing of the configuration at the optimum setting will be necessary to 
check the validity of the model.
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DETECTION OF SIGNAL ELECTRONS IN THE LOW VOLTAGE SEM

P. Wandrol and I. Mullerova

Institute of Scientific Instruments ASCR, Brno, Czech Republic; wandrol@isibrno.cz

In the low voltage SEM (LV SEM) specific approach to the signal detection is needed. As 
usually, secondary electrons (SE) can be detected by the Everhart-Thornley detector situated 
in the specimen chamber or inside the final lens. However, energy of BSE is too low to 
produce a high quality image with standard scintillation or solid state detectors, and it is too 
high to allow for efficient extraction with a lateral electric field. Some of newest in-lens BSE 
detectors employ transformation to SE3 [1] or acceleration toward a scintillation detector [2].

Most efficient BSE detector for the primary beam energy 5 keV and higher is the 
YAG single crystal scintillation detector [3]. Low energy BSEs do not generate the number of 
photons sufficient for quality image - before they hit the scintillator, acceleration of them to at 
least 5 keV is necessary. Acceleration is carried out toward a positively biased electrode, 
which is formed by a thin layer of the indium-tin oxide (ITO), deposited on the scintillator. 
This layer is transparent for BSE and represents a high-voltage electrode at a potential up to 8 
kV. Naturally, the electric field accelerates the secondary electrons, too, so an energy filter at 
a negative potential of hundred volts is placed between the specimen and scintillator. A 
grounded tube inserted in the scintillator bore shields the primary electron beam, and the 
entire scintillator is surrounded with a grounded shielding as well. Schematic view of the 
improved BSE detector for LV SEM applications is shown in Fig. 1.

The detector has been installed in the specimen chamber of a field emission SEM with 
an immersion objective lens. In this microscope, secondary electrons move on helical 
trajectories, being collimated into the final lens. This has been revealed by computer 
simulation of the spatial distribution of fields as well as of the signal electron trajectories [4], 
performed by means of software packages MLD, ELD and Trasys [5]. We have found that not 
all SEs reach the final lens and 10 to 20 % of them can hit the scintillator of BSE detector. 
The proportion depends on the SE energy and emission angle. Computer simulations have 
been confirmed by experimental results that showed essential the application of the energy 
filter. Difference between signals acquired with the energy filter grounded or negatively 
biased is demonstrated by images of a blast furnace slag sample in Figs. 2 and 3. With energy 
filter grounded, a mixture of SE and BSE is collected (Fig. 2). Combined topographical and 
compositional contrast with dominance of the topographical one is obvious here because the 
SE yield at low energies is several times higher than the BSE yield. Only BSEs are collected 
when applying -200 V bias on the energy filter. Then the distribution of metal oxides in the 
slag is clearly visible (Fig. 3). In both cases the high voltage electrode on the scintillator is 
biased to +4.5 kV. Fig. 4 presents the signal levels measured on a gold surface - the 
characteristic energy dependences of SE and BSE yields are here appearing as limiting cases.

The detector can be retracted off the optical axis in order to suppress the impact of 
BSE and to detect preferably the secondary electrons. For efficient collection of SE, the 
energy filter must have a positive bias of hundreds volts (Fig. 5).

The above-described detector offers a solution to the BSE problem in the LV SEM 
mode for every scanning electron microscope. Signal of this detector is approximately three 
times larger in comparison with a standard YAG-crystal BSE detector at accelerating voltages 
from 0.5 to 3 kV. Besides detection of low energy BSE, this type enables one to detect also 
the SE signal and an SE+BSE signal mixture.

mailto:wandrol@isibrno.cz
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