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Summary 

An array of miniaturized electron columns (microcolumns) working at low energy have 

great potential for lithography applications. A microcolumn features the flexibility and 

high resolution of e-beam technology, together with the throughput capabilities of parallel 

writing. In addition, working at low energy reduces the proximity effect inherent to e-

beam lithography, and miniaturization reduces the cost of such a system. 

The concept used was originaly developed by T.H.P Chang and is based on an STM 

stage to align the tip which is operated in field emission with respect to the axis of a minia­

turized electron optical system. For low energy, such a system has been demonstrated an 

higher brightness than a conventional e-beam column. 

In this work, means to microfabricate the components of a microcolumn working at 

100 eV have been studied, developed, and applied. Special attention was given to de­

veloping processes suitable for batch processing of microcolumn elements or arrays of 

microcolumns. 

Fabrication of miniaturized lenses was the main part of this thesis, and two different 

processes have been successfully used for this purpose. First, lenses were made of silicon 

membrane as the electrode and Pyrex as the dielectric spacer, and assembled by anodic 

bonding. Second, lenses were fabricated in a completely integrated silicon chip using an 

epitaxial structure and selective anisotropic etching to fabricate the electrode in a highly 

doped epitaxial layer. The electrode isolation is performed by pn junctions in reverse-bias 
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mode. In addition, preliminary experiment and fabrication of a double deflection system 

haa also been performed. 

For this purpose, the following techniques have been developed: 

1. AC anodic bonding for fabricating the silicon membrane/Pyrex spacer/silicon mem­

brane stack. 

2. Electron beam exposure through thin membranes to perform high-accuracy align­

ment between the electrodes of the lens. 

3. High-quality membrane and multi-membrane fabrication by selective anisotropic 

etching and silicon epitaxy. 

4. Alignment procedure using thickness contrast with electron beam imaging. 

5. Gold-silicon eutectic bonding to achieve a electronicaly conducting bond. 

6. Technique allowing a freestanding electroplated structure on a glass wafer by using 

a photoetchable glass in which the exposed parts of the glass are used as a sacrificial 

layer. 

7. Very high-quality reactive ion etching (RIE) process to fabricate holes in a silicon 

membrane with vertical walls and a wall roughness of less than 10 nm. 

8. Selective passivation technique to prevent leakage currents at the silicon surface. 

9. Low stress plasma enhancement chemical vapor deposition (PECVD) of a silicon 

oxide-nitride layer (SiON) for use as a mask for silicon membrane structuration 

without deforming the membrane. 

Finally, first results of imaging and lithography with a 100-eV and 200-eV microcolumn 

are presented. 

8 



Chapter 1 

Introduction : Challenge in 

sub-100 nm lithography 

Lithography accounts for nearly 35 % of the cost of integrated circuit fabrication [I]. 

Presently the significant part of this is mostly done by optical lithography. Its leading 

position is explained by its high throughput and its relative simplicity. The next 10 years 

will be a turning point in microelectronic lithography, because the demand to reduce 

feature dimensions anticipates sizes which are not demonstrated by optical lithography. 

As an illustration of this evolution, table 1.1 gives the expected trend of the driving 

technology of dynamic random access memory (DRAM). The same predictions are made 

for the whole microelectronic world; for example microprocessors, high density logic chip, 

ASIC, etc. But this fact will not stop the need for smaller dimensions, and other techniques 

will start to be cost competitive for mass production. Hence, standard microelectronics 

will continue their down scaling. In addition new devices and applications like quantum 

effect devices will involve and do require sub-100 nm dimensions. 

Optical lithography is currently the major technology to be used for the fabrication of 

VLSI chips, it is considered to reach its resolution limits at 180 nm by using 193 nm expo-
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DRAM production year 

Feature size [nm] 

Bits [bit] 

Processing cost [J/cm ] 

Lithography cost [$/cm2] 

1992 

500 

16M 

4.00 

1.40 

1995 

350 

64M 

3.90 

1.37 

1998 

250 

256M 

3.80 

1.33 

2001 

180 

IG 

3.70 

1.30 

2004 

130 

4G 

3.60 

1.26 

2007 

100 

16G 

3.50 

1.23 

2010 

70 

64G 

NA 

NA 

Table 1.1: Estimated trend of the DRAM evolution for the next decade [2]. 

sure wavelength and phase shift masks [3]. Although optical lithography has constantly 

pushed its limits further down in the past, the sub-100 nm regime will most likely not be 

the optical lithography age. Therefore the following technologies are being considered to 

be the main techniques to play an important role for structuring sub-100 nm devices with 

high throughput: 

1. X-ray lithography. 

2. Electron lithography. 

3. Ion lithography. 

X-rays are generally used in proximity mode, where the mask is hold in close proximity 

to the wafer to be exposed. The key element is the mask, it consists of a very thin 

membrane (few microns thick) of Si, SiC, SiN or diamond and an absorbing layer of gold, 

tungsten or tantalum on top which is patterned by the structures to be exposed. The 

high resolution of this technique is due to the very low wavelength of the radiation greatly 

reducing the diffraction effects and the close proximity between mask and wafer. On 

the other hand the exposure wavelength should not be too small, otherwise the absorber 

layers need to be very thick which is quite difficult to pattern with sub-100 nm resolution. 

In practice, the wavelength used is between 0.4 nm and 1.2 nm (soft X-ray). The main 
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advantage of X-ray lithography is its throughput which is comparable to that of the optical 

lithography. However the technology is not yet mature with still many mask problems 

like membrane stress, distortion, stability, heating etc. to be solved. In addition, the 

approach is quite complicated and expensive because of the costly light source, vacuum 

operation and mask technology. Its resolution can be very high if the gap between the 

mask and the wafer is very small or in contact. Patterns with 30 nm of feature sizes have 

already been achieved in research [4], with a gap lower than 1 ^m. But for ULSI (Ultra 

Large Scale Integration) this small gap is not realistic, because the exposed area must be 

as large as possible to have the highest exposure throughput as possible, and fabricating 

membranes as flat as 1 //m is not feasible. The manufacturing limit is currently considered 

at 70 nm, corresponding at a gap of 5/mi [5]. An interesting new idea to simplify the mask 

fabrication, is to use a reflection mask [6, 7]. In addition, masks are easier to fabricate 

and also reduction exposure can be done. 

Electron lithography is the most established technique for large scale sub-100 nm 

lithography. The main technique used is the scanning of a focused electron beam on a 

wafer to expose shapes which can be as small as 5 nm [8]. Another advantage of focused 

e-beam is its depth of focus, allowing high resolution even over topographical steps on 

the wafer as they are present on microelectronic chips. The use of a very small focused 

beam to "draw" the structures results in very high resolution but it is a relatively slow 

process since the beam is addressing serially pixel after pixel. The throughput issue has 

been addressed by three approaches a) variable shape beam concept b) e-beam projection 

lithography and c) parallel beams. The variable shape beam is still a serial approach but 

it adapts the size of the rectangular beam dynamically according to the size of the shape 

to be exposed. The rectangular variable shape is formed by two mechanical apertures 

within the column. By changing the position of the two apertures, the rectangular beam 

shape can dynamically be adapted to the size to be exposed. This greatly reduces the 
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number of exposed pixels and hence considerably improves exposure throughput. This 

concept is today widely used in many commercial systems which operate in mask houses 

and are used in optical/e-beam mix-and-match wafer fabrication [9j. 

In electron projection systems^ the pattern on a stencil mask is being projected (with 

or without demagnification) onto the wafer [10, H] . Such masks are even more difficult 

to realize than for X-ray lithography and the resolution hardly reaches the 100 nm limit 

because of coulomb effects which cause aberrations [12-14]. 

The third approach to improve throughput makes use of parallel beams which are 

generated by an array of lenslets which are illuminated from a single cathode [15, 16]. Al­

though parallel approaches are inherently interesting for high throughput, the bottleneck 

of this approach seems to be homogeneity and stability of the beamlet array. 

Another parallel electron-based concept is proposing to use an array Scanning Tunnel­

ing Microscopes (STM) operating in field emission mode with the sample to be exposed in 

close proximity. STM lithography can achieve very high resolution by hydrogenisatîon and 

oxidation of silicon featuring sub-10 nm resolution [17], or by structuring self-assembled 

monolayers (SAM) with 20 nm feature size [18, 19]. However, the use of the sample 

as a part of the probe forming optics leads to severe tip-target interaction problems, in 

addition throughput needs to be improved. 

More recently, an interesting new approach has been proposed and explored by Chang 

et al [20] which is based a field emitter as proposed by Spindt [21], STM-type field emis­

sion alignment, and microfabrication techniques to build a miniaturised e-beam column. 

Besides its compactness, small size and low cost, the approach has great potential for 

batch fabrication of lens and column arrays. The latter feature and the high resolution 

of focused e-beam makes the microcolumn array very attractive for sub-100 nm high 

throughput lithography applications. 

A fundamental problem of e-beam lithography is the scattering of primary-, 
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backscattered- and secondary electrons when they penetrate, reflect or escape from the 

substrate or resist layer. This generates unwanted exposures of the resist layer depend­

ing on the exposures within the proximity of the pixel/shape of interest. Depending on 

proximity shapes, the exposed structures may be over-exposed or even deformed in its 

shape. This limiting effect for e-beam lithography is called proximity effect and was first 

described and characterized by Chang [22]. The problem has been reduced/solved by sev­

eral software proximity correction techniques which calculate for complete circuit layouts 

the total dose for every single shape received by the primary, backscattered and secondary 

electrons from the own and proximity shapes. Afterwards, the program determines a new 

primary dose for every shape such that each shape of the layout receives the same total 

dose. Many publications have successfully demonstrated uniform exposures and undis-

torted patterns for even large and dense layouts. However, for dense and large layout, the 

program require substantial computer power. Other solutions use very high (> 100 keV) 

beam energies to make the scattering range much broader but also more uniform or much 

lower beam energies (< 1 keV) to reduce the scattering range below the minimum gap 

between two shapes. 

Ion lithography makes use of the same principle concepts as electron lithography but 

is using ions instead of electrons. Its main advantage compared to electron lithography is 

the very low scattering range of the ions which greatly reduces proximity effect. However 

its disadvantage is damage or modification of the underlaying layers. The problem can be 

solved by using multilayer resist technique whereby the ions only expose the top imaging 

layer and do not penetrate through the thick bottom layer, hence the underlaying layer are 

not exposed to the ion beam. However the techniques requires additional dry etch steps 

to transfer the pattern into the bottom layer. Prototypes of ion projection lithography 

systems are already being in use and tested [23]. But as with all future mask projection 

systems, the membrane masks are very difficult to make and their life time is still a 
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problem since ion milling is degrading the mask quality. Space charge effects limit the 

resolution to about about 90 nm [24]. Similar to e-beam, ion lithography is also possible 

with focused ion beams. Systems are commercially available which are mostly used for 

machining and deposition of materials to repair masks and circuits or prepare samples for 

TEM investigations. 

In recent years many other approaches have been reported for sub-lQO nm lithography 

techniques, they include atomic lithography using light force [25], nanoscale modification 

of phase change materials with near-field light [26], field evaporation of metal clusters [27), 

or atomic manipulation for patterning on ultra thin film [28]. All these techniques are in 

their very early and exploratory stage and need considerable more work to be judged as 

valuable future approaches. The clearly most interesting and promising approaches which 

have been reported lately make use of imprint and stamping techniques. Provided that 

high quality and durable molds can be fabricated, they offer great potential for future 

high throughput sub-100nm lithography [29, 30] 

Figure 1.1: Basic concept of arrayed microcolumn lithography. 
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In this context, the idea of using an array of miniaturized focused low energy electron 

beam columns, proposed by Chang [31] as is shown in figure 1.1, offers great potential as a 

lithography tool for the future. It has the flexibility of the scanning based lithography (no-

mask needed), high deflection speed, and high throughput. The miniaturization allows 

the arraying and hence is increasing throughput to be competitive with optical and X-ray 

lithography. The miniaturization also reduces the fabrication cost of such tools. The low 

energy (< 1 keV) drastically reduces the scattering of electrons in the material, and will 

avoid many of the proximity problems. To summarize, table 1.2 compares the keys points 

of the most promising lithography methods for the near future. 

Lithography concept 

Optical 

(193 nm Stepper) 

X-ray 

(synchrotron source) 

Focused e-beam 

(conventional tool) 

Focused ion beam 

Electron Projection 

Ion Projection 

Arrayed STM 

Stamping 

Arrayed e—beam 

microcolumn 

System 

cost 

+ + 

. . . 

•-

• 

-
+ + + 

+ + + 

+ + 

Throughput 

+ + + 

+ + + 

--

--

+ + + 

+ + + 

+ 

+ + + 

+ + 

Resolution 

--

+ + 

+ + + 

+ + + 

--

--
+ + + 

+ + + 

+ + + 

Exposure 

over a step 

--

--

+ + + 

+ + + 

+ + 

+ + 

--
•> 

+ + + 

Vacuum 

N o 

Yes 

Yes 

Yes 

Yes 

Yes 

N o 

N o 

Yes 

Other 

advantages 

No mask 

needed 

No mask 

needed 

No mask 

needed 

Other 

disad vant ages 

Mask fabrication 

Proximity correction 

induce damage 

Proximity correction 

Mask fabrication 

Mask fabrication 

Tip scratch 

mold quality 

and degradation 

Table 1.2: Comparison of several key points between the most promising lithography 

concepts for the near future. 

Provided that arrays of microcolumns can be fabricated, this technique becomes very 
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attractive for sub-lOOnm lithography applications even for mass production. In addition, 

microcolumns (single and arrays) operating at low energies have other interesting applica­

tions in for in-situ inspection, microscopy, metrology, testing, recording, and holography 

(20, 32, 33]. 

It is the objective of this thesis to explore schemes and fabrication techniques suitable 

for integrated lens and deflector arrays because the parallel microcolumn approach is an 

attractive future possibility for lithography and many other applications. 
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Chapter 2 

From a standard electron system to 

a miniaturized system 

In this chapter the concept of e-beam lithography will be introduced by the presentation 

of a vector scan e-beam tool, which is the exposure technique foreseen to be used with 

the microcolumn. A presentation of the low energy miniaturized electron beam column 

will follow, by explaining what are the benefits of downscaling and work at low energy, 

and also their limitations. To place this work in the present state of the research in this 

field, an overview of other research teams working with microcolumns will be done. And, 

finally, the objective of this work will be specified. 

2.1 Concept of a focused electron beam lithography 

tool 

As already mentioned in the introduction, e-beam lithography is actually most often 

used to pattern sub-100 nm feature size. Its concept is perfect for experimental device 

fabrication in research or for mask fabrication, where the exposure time is not the crucial 
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issue. Basically, the focused electron beam is electromagnetically deflected over the surface 

of the resist-coated sample in such a way as to fill in the pattern. When, for example, 

using a positive tone process, the chain of the resist polymers of the exposed areas (or 

more precisely the volume) are dissociated by the energy supply by the beam producing 

a molecular weight contrast between the exposed areas and the not-exposed areas. By 

using an appropriate developer, this contrast can be revealed by a subsequently higher 

solubility of the exposed part. 

Electron beam lithography systems are currently available in a large range of capabil­

ities and degree of sophistication. They consist mainly of four subsystems: an electron 

optical column, a pattern generator and a beam deflection electronics, a specimen stage, 

and a mark recognition system (Fig. 2.1a). 

The electron optical system uses the conventional beam forming concept of a Scanning 

Electron Microscope (SEM), where a condenser and an objective lens focus the electron 

beam onto the sample surface by demagnification of the image of a thermionic electron gun 

source. The beam deflection scheme mostly used is the so-called vector scan technique, 

where for efficiency the beam addresses only the pattern areas requiring exposure. The 

usual approach is to decompose the pattern into a series of primitives shapes, e.g. rectan­

gles and parallelograms, whose specifications can be stored in a condensed data format. 

The role of the pattern generator is to generate digital beam deflection signals correspond­

ing to the filling in of these primitive shapes on a discrete position grid (Fig. 2.1b). The 

resulting X,Y position signal is used to drive the deflection coils (or electrostatic plate) on 

the column, and the beam is stepped with a dwell time at each grid point corresponding 

to the assigned area exposure dose for the resist. It can also be turned off completely by 

the pattern generator (blanked) when moving from one primitive shape to the next. 

Because the exposure field is limited in practice by deflection aberrations, a large pat­

tern is usually subdivided into a series of fields, which are written sequentially. The 
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lìl Electron gun 

* j / l _ Beam blanking 

Condenser lenses 

Objeciive lens 

Deflection coils 

Backscatt ered 
electron detector 

Specimen stage 

2a 

b> 

Beam spots 

mm 

Deflection path 

Rectangular 
primitive shape Exposure field 

E-beam 

Exposed pattern 
in resist 

Figure 2.1: a) Schematic electron beam lithography system, b) Vector-scan exposure 

scheme. The sample surface is subdivided into exposure fields(chips), in which the pattern 

is broken down into primitive shapes. Each primitive shape is filled in (exposed) by 

stepping the beam position at regular intervals over its area. 

necessary sample movement from one field to the other (stitching) is provided by a mo­

torized stage, and its position is controlled to a high precision by laser mterferometry. 
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The stepper doing the stitching is also one of the key elements for any other kind of 

lithography system (X-ray, electron, ion, optical) for sub-100 nm lithography. 

Finally, in order to ensure proper layer to layer positioning of the pattern, the lithogra­

phy system is capable of using alignment marks previously defined on the sample surface. 

The marks are located in the coordinate system of the beam deflection by relying on a high 

contrast in backscattered electron signal. An elaborate set of automated calibration pro­

cedures can then be used to map the coordinate system of the deflection to that sample, 

and to correct for various distortions (offset, rotation, non-orthogonality and improper 

scaling). 

The minimum achievable feature size is strongly influenced by two factors inherent to 

the electron beam: the diameter of the focused electron beam, and the so-called proximity 

effect due to the back scattering of electrons. The beam current I, the exposure field size 

5 2 , the beam-stepping frequency / , and the dose D required for a given resist are related 

by a dependence of the form: 

I cc DfP, 

which implies that an optimal choice of the beam current results from a trade-off between 

the exposure field size, the sensitivity of the resist, and the writing time. Both the field 

size and the stepping frequency can only be chosen in a limited interval due to hardware 

limitation. As an example of a commercially available system, the characteristic data for 

the ZBA 31 H lithography system from Jenoptik Technologie GmbH is given in table 2.1. 

A second main limitation to the achievable feature size originates from the undesired 

backscattering of incident electrons in the depth of the sample. This results in dose 

contribution to resist areas which are remote from the point of incidence of the beam, so 

that features of various sizes do not necessarily develop out simultaneously when exposed 

with the same area dose [34], This is referred to as the proximity effect, since it depends 

strongly on the density of the pattern layout as well as on the features dimensions. Most 
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schemes employed for the correction of the proximity effect consist of assigning lower doses 

to certain features so that the effective dose received by all exposed areas is uniform [22]. 

Wafer size 

Acceleration voltage 

Beam format 

Resist sensitivity 

Overlay accuracy 

up to 200 mm 

2OkV 

Shape beam 0-1 to 5 /im 

0.1 to 1000 fiC/cm2 

0.06 firn (3 a) 

Throughput 

Cathode 

Interferometer accuracy 

Stitching accuracy 

Resolution 

2 to 5 6"wafers/h 

LaB6 

5 nm 

0.05 firn (3 a) 

0.1 firn 

Table 2.1: Specification of the ZBA 31 H lithography system from Jenoptik Technologie 

GmbH [35] 

2.2 Lowering the e-beam energy and miniaturiza­

tion of the e-beam system 

Advantages of the microcolumn have already been enumerated in the introduction. But 

to achieve or to use such tools for lithography applications, different problem need to be 

solved and different rules need to be applied, such as improving the fabrication tolerance 

and using new very thin resists. 

2.2.1 Working at low energy 

One of the main resolution problems for VLSI in electron beam lithography is the prox­

imity effect due to backscattered electrons. In a microscopic point of view, the incident 

electron striking in the material can follow one of this three schemes: 
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1. unscattered electrons, which pass through the sample without deflection or suffering 

any energy Iosa, 

2. elastically scattered electrons, which are primarily collisions due to the screening 

of nuclear and can result in large (> 90°) deflections, although most are smaller 

angle deflections. Some of the electrons can also be scattered at phonons, suffer 

small (1-10 meV) energy losses and are indistinguishable from elastically scattered 

electrons. 

3. inelastically scattered electrons, which the angle of scattering depends on the energy 

lost by the incident electron. This occurs as discrete events, with the generation of 

secondary electrons from the outer shell at low energy (up to ~ 50 eV and with a 

maximum around 2 to 5 eV), excitation of density oscillations in metal electron plas­

mas, inner-shell ionizations that lead to X-ray emission and Auger electron emission, 

creation of electron-hole pairs followed by photon emission (cathodoluminescence), 

transition radiation, and lattice vibrations (phonon excitation). 

Generation of secondary electrons by the inelastically scattered primary electrons is 

useful for lithography, because one primary electron can hence generated many secondary 

electrons which will participate at the resist exposure. In contrary, the elastically scattered 

electron process, is a draw-back for the lithography application because, depending on 

the energy, the scattering can bring these electrons far away from the beam impact and 

generate secondary electrons not only at the desired place but also around this place. To 

evaluate the effect of this phenomenon to lithography applications, the following "Two 

Gaussian Function" is used: 

^ = ^ ^ ' + ' ^ 

This formula describes the absorbed dose at a distance r from the incident beam due to 

forward scattering (in the first term) and due to the backscattering from the substrate. 
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The dose is normalized to the dose needed for exposing an infinite shape in a resist, a 

describes the lateral extent of the exposure due to the primary and small angle scattered 

electrons, ß is the extent of the backscattered electron exposure, and Jj is the relative 

contribution of the backscattered electron exposure to the total exposure, a depends 

on the diameter of the incident beam, ß on the energy through the mean free path of 

electrons in the material, and r] to the sample material, while depending on the atom 

number Z, the screening effect of the nucleus is more or less large. These parameters are 

determined experimentally for each energy and substrate used [36]. 

To reach very high resolution e-beam lithography, two techniques are applied in order 

to cope with the proximity effect: (1) Applying complicated proximity correction com­

puting to modulate the dose given for each part of the pattern versus the density of the 

surrounding area to be patterned, using the above formula or, {2) increasing the acceler­

ating voltage up to 100 kV so that the higher energy electrons forwardscatter less in the 

resist and the backscattered electrons emerge over a large area (~ 20 /xm diameter) and 

provided a relatively constant dose background (ß is large). 

But a third method can be applied; it consists of using low energy electrons (< 1 keV) 

to minimize the penetration depth of electrons in the materials and so the area where 

backscattered electrons emerge at the surface. Hence the energy deposited in the resist is 

localized very close to the beam impact and does not contribute to the exposure any fur­

ther. Figure 2.2 [37], shows a Monte Carlo simulation of penetration depth of electrons in 

a silicon sample covered by 66 nm of PMMA. It clearly shows, the confinement of electrons 

with lowering of their energy; but also, by lowering their penetration in the substrate, 

much less secondary electrons are generated in this substrate, while more are generated in 

the resist layer. Hence because electrons do not interact anymore with the substrate, the 

exposure gets independent of the substrate. It also leads to a higher efficiency of lithogra­

phy processing for small features, since practically all secondary electrons are generated 
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in the resist and they can all interact with the polymer chain of the resist. Such a trend 

of reduction of the required dose with respect to the energy of the electron beam was 

observed many times for energies down to several hundred electron-volt with, of course, 

a resist thickness adapted to the penetration depth of the electron beam energy [37-39]. 

However, other experiments show that for very low energies (from several electron-volts 

to one hundred electron-volts), an inverse dependence of the required dose is observed [40, 

41]. In fact the approximation of the "Two Gaussian Function" is no longer valid at low 

energies. An optimum dose electron energies can be found to minimize the dose required 

to exposed a resist. 

10 kV 5kV 2kV 

-** 66nmPMMA 

Si substrate 

Figure 2.2: Monte Carlo simulation illustrating that less energy creates a smaller interac­

tion area, a smaller lateral electron scattering range, and a thinner surface imaging layer 

{after [37]). 

At very low energies, the electrons do hardly react with the resist or with the material 

since they are not sufficiently energetic. This is illustrated by the mean free path of 

electron versus their energy in different materials as shown in figure 2.3. Independent of 

the material, there is a minimum mean free path, representing a very high probability to 
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have an interaction of an electron with the material. 
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Figure 2.3: Mean free path of electrons in various materials (after [42]). Note the mini­

mum near 75 eV, and the increase approximative^ proportional to vE between 100 and 

2000 eV. 

This minimum of the mean free path at sa 75 eV was the principle motivation of starting 

a project to investigate the realization of a miniaturized electron system working in the 

100 eV range. But of course, looking at the extremely low depth of penetration of such 

electrons, new resists with a thickness in the order of 1 nm must be developed which can 

mask well enough for standard microelectronic processes like etching, implantation, etc. 

Possible candidates are, for example, passivation layers and self-assembled monolayers 

(SAM). Both have successfully been used in scanning tunneling microscope (STM) based 

lithography [40, 19]. 

A last advantage of low energy, is that since the electron penetration in the material 

is very low during the lithography, the damage caused to the underlaying material, which 

can be part of a microelectronic device, is reduced. 
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2.2.2 Miniaturized e-bea m column 

To work at low energy, the miniaturization of the electron beam column is a necessity to 

reaching a high quality electron beam. As we will see later, by downscaling the column, 

the effective brightness and the beam diameter can both be improved. However, the 

miniaturization has its limita (especially for the lens fabrication), given by the fabrication 

tolerance as well as the electrical breakdown voltage in the vacuum. The tolerances in 

the microfabrication techniques is for the best case in the 10 nm range. This will limit 

mainly the minimum diameter of the holes in the electrodes, the bores, to about 1 /im, 

to keep an acceptable roundness and smoothness of the bore shape (43j. The electrical 

breakdown, will mainly limit the minimum spacing between two electrodes for a given 

applied voltage. Generally, this value in the vacuum is on the order of 104 V/mm [20]. 

With very small dimension (in the micrometer range) this value can be 2 to 4 time higher 

[44]. 

The miniaturization of the e-beam system down to an inch cube offers other significant 

advantages. An obvious benefit in having a very small tool to be used as a mini-SEM is 

cost reduction in mass production. But new applications would be possible, like in-situ 

inspection in, for example, the chamber of an evaporator or of an MBE (Molecular Beam 

Epitaxy). It can also be used in conjunction with an APM and an STM to realize a nanolab 

with a wide type of surface inspection and scan range. Its small size allows also e-beam 

system to be built with many of such microcolumns. As already mentioned, an array of 

these columns would overcome the main problem of electron beam lithography; namely, 

the throughput. In addition, the throughput is also a key challenge in meteorology, and 

such arrays can be attractive for such a field. Non-contacting integrated circuit testing 

can also be an application; for example, the microcolumn can be used for injecting charge 

in the electrical circuit, and also to visualize the resulting signal with another column in 

voltage contrast imaging. Other applications can be found as a miniature spectrometer 
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to provide material analysis capability, or using a microcolumn in a flat panel display or 

for high density storage [31}. 

2.3 State of the art in microcolumn fabrication 

If in the previous discussion the idea of a miniaturized electron system was mentioned 

[45-47), the actual starting point was done by Philip Chang and co-workers at IBM T.J. 

Watson Research Laboratory [48, 49, 20]. His idea was to combine micromachined lenses 

with an Scanning Tunneling Microscope (STM) where the tip wilt be used in field emission 

mode and where the scanner is used to align the tip with the source lenses, creating a 

so-called STM Aligned Field Emission (SAFE) microsource. This configuration allows 

one to use a broad type of tip material, to bring the tip far away from the lenses, for 

preparation (flash annealing) or for exchanging. It also allows one to have a very precise 

positioning with regard to the lens axis, which is crucial for the quality of the beam. 

Chang also developed a selective scaling method [20] showing a significant improvement 

of the effective brightness over a conventional source with low energy electrons. In his 

work, he focused mainly on the 1 keV microcolumn, which is a compromise between 

the possible miniaturization and the problems you can have with lower energy (charging 

effect, coulomb interaction). To this date results as good as 10 nm resolution at 1 nA and 

1 keV have been achieved by this group [50]. Their present setup is shown in figure 2.4. 

They used as a source, monocrystaline tungsten tips, transition metal carbide tips in 

field emission [50], and Z r / O / W Schottky emitters [51]. Lenses are made out of silicon 

membranes as electrodes and Pyrex as spacers. The assembling is made by an anodic 

bonding technique and aligned manually under an optical microscope [43]. The deflection 

system was done by fine machining, but a micromachined version is planed [52]. They 

also fabricated an integrated secondary electron detector based on a Metal-Semiconductor-
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Metal diode (MSM) [53]. This Ph.D. work was based mainly on the approach of Chang 

which, to my knowledge is the only demonstrated technique with a performance good 

enough to be competitive with a conventional e-beam system. 

SAFE MfcfiOSOURCE 
(5 um dia. extractor, 

100 pm 4a. anode) 

UMrTlMG APEFTTURE 

BfCELLENS 
(ZOO i n (Sa. electrodes 
•1 250 (im sparino) 

DETECTOR (REFL) 

DETECTOR (TRANS.) 

Figure 2.4: Current microcolumn setup used by T.H.P. Chang and co-workers [50}. 

However, other approaches were also developed to fabricate a specific element of the 

microcolumn. D.A. Crewe and co-workers at the Microfabrication Application Laboratory 

of the University of Illinois at Chicago proposed a kind of "self assembled" technique for 

the fabrication of the lenses. While the electrodes are also made out of silicon membrane, 

the spacers are made by optical fibers. In the electrode chips, grooves are machined 

to receive the fibers and thus have an alignment between the electrodes [54, 55]. They 

also studies the feasibility of an array of microcolumns made of capillary tubes {cover 

with gold) as electrodes positioned in silicon V-grooves [56]. R.F. Pease and co-workers 
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of Stanford University have investigated the possibility of using miniaturized magnetic 

lenses and more recently started to study the performance of a microcolumn working at 

10 keV with a final retarding electrode reducing the energy to 100 eV at the landing [57]. 

D. Rugar's group had also fabricated a miniaturized magnetic lenses [58]. The National 

Nanofabrication Facility of Cornell University are also involved in microcolumn study, 

mainly by the fabrication of a fully integrated gun (tips and electrodes) [59, 60]. Tips 

are made in silicon, and electrodes of tungsten are deposited and patterned by a plating 

technique. Precise alignment of electrodes is done by adding an electrostatic actuator to 

the electrode structure. They are also involved in the fabrication of Titanium Nitride 

Coated Tungsten cold field emission sources [61]. Micron-scale lenses were also fabricated 

by Fink and co-worker in IBM Zurich Laboratory in collaboration with Philips. They 

have tested two element lenses for holography applications [44]. The technique used, is 

a combined thin film technology and Focused Ion Beam (FIB) drilling. Finally, at the 

University of Tübingen, in the group of D.P. Kern, activities in this field have been started 

few years ago mainly with integrated secondary detectors based on MSM diode [62, 63}, 

but now extended to microlenses fabrication [64]. 

2.4 Objective of this thesis 

The goal of this work is to microfabricate the elements of a microcolum working at 100 eV 

as shown in figure 2.5. As already mentioned, this work is based on the Chang set-up. 

The same SAFE approach will be used, but with a configuration more suitable for lower 

energy (100 eV). It consist of: 

1. A scanning tunneling microscope (STM) operated in field emission mode 

2. A source lens to extract and accelerate the electrons from the tip, and to limit the 

beam diameter with an aperture. 
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3. A scanner-stigmator stage, to scan the beam and correct its astigmatism. 

4. An objective lens to focus the beam at the sample level. 

Because we are mainly focusing on lithography applications, a special effort was done 

to find fabrication solutions allowing the batch processing of microcolumn elements, or 

even the direct fabrication of arrayed elements. If a parallel c-bcam lithography system 

is to have the potential to compete with optical lithography in terms of throughput and 

effective cost of the lithography process, then the array must contain hundreds of single 

columns [31]. It would be not realistic to process and to assemble the microcolumns 

into such a huge array by serial processing. However, the batch processing can not be 

performed to the detriment of quality; e-beam lithography must achieve a sub-100 nm 

resolution in order to be attractive. 

STM Positioning 

Field Emission Tip 

Source Lens 

' - • -•^•"-•H . g poles 
~~ "T" Scanner 

•*,: :-¾-*?;- :V--1 Stigmator 

"I-*"' '^Vi Einzel Lens 

—^ Sample 

Figure 2.5: Basic setup of the microcolumn built-up during this Ph.D. work. 
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The above cited group working in this area did not really resolve the problems of batch 

processing. This is apparent if we look at the methods for the fabrication of the stack 

forming the lenses used by the Chang group, the method used by the Crewe group or the 

method used in the Cornell University. The assembly and the alignment in the first group 

are made manually under an optical microscope with the help of a micromanipulator. In 

the second group, they use reference V-grooves made in the silicon chips containing the 

different electrodes of the lens. The chips are assembled together trough an optical fiber 

insuring by its positioning in this groove the alignment. In the third group, it is planned 

to integrate actuators for doing the fine positioning of each electrodes. In the first case 

even if the result is quite good (alignment in the 1 /xm range was achieved [43]), it is 

not really a simple process suitable for large array fabrication. In the second case it is 

more batch processing oriented, but the accuracy of such a technique is not very high 

(around 5 fixa) and certainly not enough for high-resolution optics. The third case allows 

batch processing, but shifts the problem to another place; i.e. having additional wiring 

and electronic control for positioning each electrodes individually, and then for the whole 

array. 

It is not a simple problem, since this is really a 3D microfabrication. The lateral accu­

racy of the electrodes alignment is in the range of the very high quality microprocessing 

(sub micrometer), but this alignment is between two devices which are usually not in the 

same chip, and which are separated vertically by a couple of tens of micrometers. It is a 

very specific problem which has not already been solved in low cost fabrication manner 

suitable for fabricating arrays of microcolumns. 

Developing new techniques allowing the fabrication of such devices is one of the goals 

of this thesis. This is true not only for the lens, but also for the octupole. Two parts 

of the microcolumn will not be discussed: the tip as was fabricated by my colleague 

Camille Stebler [65], and the detector. A brief survey of both of these topics is done in 
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the following chapter to have a global overview of the system. Also, magnetic lens theory 

will not be treated since even if from the aberration point of view, they are better than 

the electrostatic lenses, it is really quite difficult to realize them in very small dimensions. 
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Chapter 3 

The miniaturized electron column 

system 

In this chapter, an overview of the different parts of the microcolumn shown in figure 2.5 

is presented. The electron optics is described in such a way so as to give an intuitive 

understanding of how electrons can interact with electro-magnetic fields to be slowed 

down, accelerated or deviated. The general rules of T.H.P Chang approach to optimize 

the electron optics of the microcolumns is also described. To have more information 

about the theory of electron optics, there is references [66-70J, and for the microcolumn 

optimization, there is [48, 20, 50]. 

3.1 Electron optics 

When a charged particle travels trough a region containing a magnetic field or /and an 

electrostatic field, forces will be exerted on it so as to deflect and alter its speed. This 

effect is described by the equation of motion; 

F = mf = -g(E + u x B). 
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Where F is the force acting on an electron having a charge qt a mass m, a speed u, and 

a trajectory r, while passing through an electric field E and a magnetic field B . 

The term of electron optics is used because all electrostatic and magnetic fields with 

either circular or planar two-dimensional symmetry possess the properties of optical-

light lenses. They can project electron-optical images, or form highly focussed spots of 

electrons. Useful descriptions of electron trajectories can thus be obtained by applying 

the laws of geometric optical image projection. Hence the electron optic system can 

be simplified by talking about optical planes and focal, rather then needing to have 

a complex description of the electro-magnetic field distribution. One major difference, 

however, between the two optics is that the electrons have much more aberration, since 

the refracting regions formed by the electro-magnetic field cannot be shaped as well as 

the glass lenses used in light optics. 

This similarity between electron and light optics is illustrated by the law of refraction 

of an electron in an electrostatic field, which is the basis of electron optics. We assume an 

electron traveling at a constant speed m through a region of uniform potential Vi. Suppose 

the electron passes through a potential step into another space of uniform potential V2. 

At the step, the path of electron will suddenly change as shown in figure 3.1. Assuming 

that potential V2 is greater than V1, the normal velocity component Uy of the electron will 

be increased, causing the electron to accelerate in a direction perpendicular to the step. 

The tangential component Ux of the velocity, remains unchanged. Expressing electron 

speeds in terms of the potential, 

sin #i v ^ 

sin $2 y/V[ 

This equation is the same as Snell's law in light optics, where the square root of 

the potential is equivalent to a refractive index. Whereas light travels more slowly in a 

material of higher refractive index, electrons travel faster as the voltage is increased. Even 

if this concept of voltage step is not realistic in electron devices, a gradient of potential 
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Figure 3.1: Refraction of electron trajectory at a step change in potential. 

can be seen as a multitude of small voltage steps, and from this an equivalent step at a 

given location can be associated. This is used in finite elements numerical computation 

under the paraxial approximation. 

The term paraxial means that only electrons ray closed to the optical axis are taken 

into account, and therefore only electron paths at small angles with respect to the axis 

are considered. 

3.2 Electron emission 

To have electrons emit out of a conductor, they must overcome the work function ¢0 

due to the surface potential. This can be done {1) by increasing the temperature that 

some electrons have an high enough energy to overcome the potential barrier, namely 
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thermionic emission, or (2) by tunneling of electrons through the potential barrier by 

applying a very high electric field (up to 109 V/m), the cold field emission, or (3) by 

lowering the potential barrier upon application of an electric field and by increasing the 

energy of electrons with a temperature increase, the Schottky emission. These three kinds 

of emission, are illustrated in figure 3.2. These different possible operations of an emitter 

coupled with a wide range of materials and tip shapes, offer many different characteristic of 

emission. The most important properties of an electron emitter for use in a microcolumn 

are: 

1. The beam energy spread 

2. The size of the virtual source 

3. The beam current noise 

4. The angular current intensity 

5. The operating vacuum required 

6. The stability of the geometry and the emission distribution 

7. The processing required to prepare the tip during operation 

At low energy, the beam spread is an important factor since it will influence the 

chromatic aberration which is proportional to the ratio between the energy spread and 

the mean emitted energy. For lithography application, a high angular current intensity 

and a very stable emission are required, because of dose and homogeneity of the dose 

consideration. 

Thermal emission is not suited for microcolumn application, because of its high energy 

spread emission, its relatively low emission density, and the high temperature required to 

have a sufficient emission current ( up to ~ 20000C) which can affect the other parts of 

the microcolumn, since the emitter work in close proximity to the optic column. 
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Thermal 

Schottky 

Cold field 

Figure 3.2: Diagram of the electron potential energy at the surface/vacuum interface 

showing the potential barrier deformation (F) due to the electric field applied and the 

emission energy distribution (N(E)) for the thermal, Schottky, and cold field emission. 

The cold field emission cathodes most commonly used are fabricated from <310> 

and < l l l> -or ien ted tungsten. The slightly oxidized, <100> direction is sometimes used 

since it yields, as does the <310> and <111> directions, a low work function plane on 

the emitter apex. Typically the radii of the cold field emission cathodes are < 0.1 fim. In 

contrast the Schottky emission cathode most commonly used is a ZrO coated, W<100>-

oriented emitter which provides a substantial, but localized, lowering of the work function 

from 4.6 to 2.8±0.2 eV for the (100) plane. In addition, the Zr/O/W(100) cathode is 

extremely thermally stable due to the low volatility of the ZrO layer and the underlaying 

tungsten at the operating temperature of ~1800 K. Table 3.1 presents several typical 

values of the field emission and Schottky emission tips described above. 
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Current stability SI/I [%] 

Angular current density [mA/sr] 

Tip radius [/xm] 

Energy spread AV [V] 

Working pressure [torr] 

Schottky emitter 

0.1 t o i 

0.2 

0.3 to 1 

0.3 to 1 

<lxl0~ 8 

Cold field emitter 

4 to 6 

0.2 

< 0.1 

0.2 to 0.3 

< lx l0" 1 0 

Table 3.1: Summary of the various emission parameters for the Schottky emission and 

cold field emission cathodes. 

Both of these tip types have advantages and disadvantages for low energy lithography 

applications. The Schottky emitter has an higher stability than the cold field emitter, 

which is crucial for the lithography process. For example, a current fluctuation of less 

than 1% in a few hours, is required for lithography. This is not the case with cold field 

emitters. Nevertheless, for our experiment we will use cold field emission cathodes, since 

their fabrication are simpler, and because at very low energy the energy spread emission 

will be a bigger problem than with a system working at a more conventional voltage. 

Finally to demonstrate the feasibility of microcolumns for low energy lithography, the 

high current stability is not that critical. 

In our experiment, therefore, we have used DC electrochemically etched single crystal 

W<111> and W<310> wires ( 0 0.125 mm) [71]. These types of source have a virtual 

source size in the 5 nm range. 
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3.3 Electrostatic lens 

In this section, the focusing effect of an electrostatic lens is described in an axially sym­

metrical system and under the paraxial approximation. The system will be describe in 

cylindrical coordinate (r, z, ¢). Since the system is axially symmetrical, the potential is 

not dependent on <j>. We assume a power-series expansion in r 3 for the potential (66], 

V(r, z) = V0[z) + ca(z)r2 + cA(z)r4 + ..., 

where Vo(^) is the potential on the axis. The potential distribution is described by the 

Laplace equation, 

V7V = 0, 

where V is the voltage potential distribution given by the electrode geometry and 

the resultant shape of the equipotential line. To determine the coefficients, the Laplace 

equation is used in cylindrical coordinates and with no dependence on <£, 

Id1 dV^ O7V rt 

r orv dr Oz2 

Performing these operation on the power series, 

-Tri'ir) = 22¾ + 4 ^ 2 + 6V 4 + ..., 
r ö r Or 

82V « 
J^ = V0 + c2r

2 + ctr
4 + ... 

The power series is therefore, 

V(T1Z) = V0(Z) - V0"(z)^ + V0
lv(z)^ ~ .... 

This equation allow us to know the whole potential distribution by just knowing its 

distribution on the axis z. 

In the case of the equation of motion, and taking into account that no magnetic field 

is applied and there is no dependence on ¢,. 
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-___q_dv_ -__q_dv 
m dr ' m dz 

Time can be eliminated and the two equations combined into a single radial trajectory 

equation, 

dr . .. dr_ <Pr . , 

and by using the energy conservation 

\m(r> + z2) = -qV, 

the two equations of motion can be fused into one, 

*Vdz>-{dr dzdz)K^{dz] h 

This is a nonlinear differential equation but because we are under the paraxial approx­

imation drfdz is small, and the second term of the right part can be approximated to 

one. For the same reason V, dV/dr, and dVjdz can be approximated by the first terms 

of their respective series of the potential distribution equation. Thus 

8V „ r 3V 

v « « W , ±- « -voM-2, ^ «v.M. 
This leads to the final form of the paraxial ray equation: 

dz* dz^2V0 4V0' 

This equation has several interesting features. First, it is independent of the ratio q/m. 

Second, the derivatives V0' and V0" are normalized with respect to V0; hence, it is the field 

distribution and its shape that gives the electron trajectory and not the field intensity. 

This meaning that the same focusing can be made with scaling down the lenses, which is 
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very important for miniaturized lenses. And second, the equation is unchanged in form 

if a scale factor is applied to r; i.e. two beams parallel to the optical axis but not at the 

same distance from the axis will cross the axis at the same point, thus allowing us to talk 

about electron lenses. In reality, this last point is an artifact that arise from the limited 

series taken for describing the potential distribution, and if extra terms are added, various 

aberrations of these lenses are revealed. 

Figure 3.3: Electron trajectory, potential distribution, and their first and second deriva­

tives, in an electrostatic lens formed by two cylinders at different potentials and separated 

by a small gap. 

The lenses have a convergent region where, the axial potential curves concavely upward, 

and a divergent region, where the potential curves concavely downward; but the global 
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effect is convergent. To explain the converging nature of electron lens, figure 3.3 illustrate 

the simple case of two element lens. The electrons going through the first part of the lens 

(convergent) find potential lines which have a bigger longitudinal component than in the 

second region (divergent), since the focusing effect of the convergent part bring electrons 

closer to the lens axis, and because they are closer to the axis they find potential lines 

which have a lower longitudinal component, they will be less deflected in the divergent 

part. 

However depending of the electron path (from the higher potential to the lower, or 

inversely) a different focal length is found. This is due to the accelerating or decelerating 

effect of such bipotential lens. An electron coming from a high potential area is slowed 

down when arriving into the lens, hence it has a lower velocity in the divergent area than 

in the convergent one. As a consequence, the divergent effect will be larger since the 

electron flying time in the divergent area is larger than in the convergent area, leading 

to a lower global focusing effect and a bigger focal length. The same argumentation can 

be give for an electron coming from a low potential area to a high one; in this case the 

electron is accelerated, and its flying time will be larger in the convergent area compare to 

the divergent area, hence the global focusing effect is larger, and the focal length smaller. 

If the potential distribution is known then the two focal length of the lens can be 

calculated from the paraxial ray equation. In the example of figure 3.3, the following 

relation can be found: 

where J1 and /3 are the focal length for a beam coming from the top and from the 

bottom respectively. This is similar to the law in light optics for a lens of two different 

media. The magnification of the lena M is in this case is: 

M — h.hi — v^-^3 

~ hli 'VV1Li' 
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where Ly and Li are the object and image distances to the lens, respectively. 

Tip 

Extraction electrode ^ ^ ^ M 

Spacer (insulator) \ \ - ' 

Acceleration electrode M H 

Spacer -, \ ".'. 

Aperture B t t aB^ 

Figure 3.4: Basic microsource configuration. 

The configuration of the gun is shown in figure 3.4. It consists of three electrodes; (1) 

the extraction electrode where a potential is applied to allow a field emission of electrons, 

(2) the accelerating electrode, to give to the electrons the desired energy, and (3) an 

aperture to limit the diameter of the beam. We can talk about a source lens because 

during the extraction-accelerating process, there is also a focusing effect. Typically, the 

source tip will operate at a distance to the extraction electrode of 20 /xm. This present 

a compromise between the efficiency of the extraction and the electric non-desired field 

deformation, due to the roughness and the cleanness of the extraction electrode, which 

must be kept low in order to avoid beam aberrations. The energy of the electrons is 

defined by the applied voltage between the tip and the acceleration electrode. But the 

accelerating electrode can also play the role of a retarding electrode (deceleration) if the 

voltage between the tip and first electrode is too high and to have the right electrons 
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energy (100 eV in our case) they need to be decelerate. The aperture, since it is placed 

in a field free region, is chiefly a limitation of the emission angle provided by the source, 

will define the electron beam current of the microcolumn which is: 

where 0¾ is the semiconvergent angle at the exit of the source and dl/dSlo is the charac­

teristic angular emission density. It is clear that for having the maximum beam current, 

the semiconvergent angle should be as high as possible. 
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^v1 

\ \ \ \ \ - ^ Sample 

Figure 3.5: Basic micro-objective lens configuration. 

The configuration of the objective lens is given in figure 3.5, which is in this case an 

Einzel lens, while both external electrode have the same potential. It consists of three 

electrodes, each with generally the same bore diameter and the same spacing. Its goal 

is to focus the electron beam on the sample surface. If the voltages of the two external 

electrodes are at the same voltage with the same distance from the central electrode 

and the same bore diameter, it is a symmetrical Einzel lens, and its focal length can be 

evaluated as [68]: 
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4«^(- ^)2 . if i ^ u « l . 

Tbis configuration can be used with both V1 > V2 and V2 > V1. However with V1 > V̂  

there are fewer aberrations. Different external potentials can be also applied; in this case, 

the lens has an additional retarding or accelerating effect. The design of the lens and the 

voltage combination must be tuned to have the lowest aberrations. For that purpose an 

optimum semiconvergent angle can be calculated for a given working distance [W). 

3.4 Deflection System 

To be able to scan an area of the sample surface, the electron beam must be deflected. 

The system performing a deflection in one direction, can be just two plates where an 

opposite voltage is applied, as shown in figure 3.6. 

1 C V, 

e" energy: Ve 

s 

Figure 3.6: The deflection of electrons by two electrostatic plates with opposite potential. 
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In this case, the deflected angle is: 

tpVP 

which is approximately ap at small angles. For high energy electrons, the length of the 

plate must be large, since their high velocity decreases the flying time in the electric field 

area, and the deflection efficiency will be decreased. But in our case, with low energy 

electron, this length can be small (typically in the 100 ^m range). This fact will help us 

to integrate the deflector. 

The deflection of the beam is done by applying a symmetrical potential between the 

poles in both sides of the deflection plane as shown in figure 3.7a. There is also a focusing 

effect during the deflection, since the electrons closest to the positive electrodes will move 

faster and will be deflected less. In practice, the deflector has height poles, called an 

octupole or scanner-stigmator. With this type of deflector one can not only have x-y 

deflection (which would need only four poles), but also a correction of the beam shape. 

If there is a misalignment between the different elements in the source, the beam shape 

will be elliptical distorted (astigmatism). To correct it, an elliptical field will be added 

(figure 3.7b) to have a orientation-dependent focusing effect which will form a circular 

beam shape at the sample level. 

3.5 Detector 

In our experiment, the microcolumn was mainly used in transmission mode. In this mode, 

a mesh was used as a sample, and by scanning the beam the mesh image was recorded 

with a channeltron located on the other side of the sample. This technique cannot be 

used to visualize the front side of the samples, and, since in the microcolumn the space 

between the sample and the bottom of the objective lens is less than 0.5 mm, such a 

system or a microchannel plate device cannot be used. The detector device to record 
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Figure 3.7: The two operating modes of the octupole; a) the deflection, b) the beam 

astigmatism correction. 

the backscattered electrons must therefore be a very compact device with a thickness of 

less than 0.3 mrn. Such a device must also have its sensitive part at the very top of 

its surface', because backscattered electrons have a very low energy of several electron-

volts, resulting in a low penetration depth and because there is no room for an electron 

accelerator device. Therefore, for 1 keV electron energies, a metal-semiconductor-metal 

diode (MSM) in silicon [62] or in gallium arsenide [53] has been fabricated and tested 

successfully. A critical issue for these detectors is the dark current, since such a diode is 

located at the surface of the chip and no passivation layer can be incorporated (otherwise 

the diode is buried and will not receive any electrons), the surface leakage current is quite 

important. 

A similar technique can be used for the 100 eV microcolumn, albeit with a lower 

efficiency, since the number of backscattered electrons is compared to 1 keV, thereby 

lowering the ratio of signal current to dark current. The challenge would therefore be to 
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fabricate an integrated electron multiplier. 

3.6 A b e r r a t i o n s 

The greatest limitation of the beam diameter is imposed by the aberrations of the lenses. 

That the electrons emission is not monochromatic, the lens fabrication suffers from im­

perfections, and the electrostatic field produced by the lens does not act as a perfect 

lens, all lead to an increase of the beam diameter. The real beam size is approximative^ 

the geometrical sum of the beam diameter without aberration and all the confusion disk 

diameters of each kind of aberration: 

°b*am ~~ ^beam without aberrations "•" 2—i »becrstion i 

3.6.1 Spherical aberrations 

Since the electric field producing the focusing effect in a lens is not ideally curved; the 

electrons have a different focal length depending on their radial distance from the optical 

axis. This defect is caused by a stronger focusing effect near the electrode as shown in 

figure 3.8. 

The disk diameter of confusion at the image crossover, d„ is 

d, =0 .5C ,a 3 , 

where C, is the spherical aberration coefficient which is directly proportional to the 

focal f, and a is the semiconvergent angle in the image space. It is impossible to correct an 

aberration introduced into a beam by a lens with subsequent beam reshaping. Therefore, 

it is imperative to have an electrode configuration that produces the most suitable electric 

field, The equation above shows that d, can be reduced by limiting the convergent angle. 

Since the spherical aberration coefficient increases with the focal length, the more efficient 
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Figure 3.8: Schematic of the spherical aberration induced by a lens. 

possibility to reduce the beam convergent angle is to add a limiting aperture, but this 

will lower the beam current. The optimum will be a trade-off between the spot diameter 

and the beam current. 

3.6.2 Chromatic aberrations 

Since, at the emission, the beam have not electrons with all the same energy, their be­

haviors into the lens will be different depending of their specific energy. A high-energy 

electron will have a weaker focusing effect than a low-energy electron (see figure 3.9). The 

term " chromatic" is used analogously with the visible light optic in which photon energy 

is correlated with the colors of the light and, depending of their color, have a different 

velocity in the glass media of the lens, producing a different focusing effect of the glass 

lens. 
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Figure 3.9: Schematic of the chromatic aberration introduced by a lens. 

The disk diameter of confusion due to the chromatic aberration, dc, is 

AV 
dc = Cc~a, 

where Cc is the chromatic aberration constant, which is also directly proportional to 

the focal / , AV is the energy spread, and V0 is the mean energy of the beam. For 

low energies this effect is quite important since this aberration is proportional to the ratio 

AV/V0 , and the energy spread is independent of the mean energy. Hence, for low energies, 

the electron emission process must keep the energy spread very low (field emission). As 

with the spherical aberration, reducing the convergent angle will reduce the chromatic 

aberration, but at a lower rate (linearly instead of to the third power). 

The chromatic aberration will occur also in the deflection process during scanning. It 

will limit the quality of the beam with large deflection. 
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3.6.3 Astigmatism 

Astigmatism occurs when the element of the optic are misaligned with regard to the 

optical axis. It can be that the electrodes are not perpendicular to the optical axis, or 

they can be shifted with regard to the optical axis. The result is an elliptical shape of the 

beam as shown in figure 3.10. 

Figure 3.10: Schematic of the astigmatism introduced by a lens. 

The minimum disk of confusion da is directly proportional to the semi convergent angle, 

a , through the astigmatism constant Ca\ 

da = Caa. 

This imperfection can be corrected by a stigmator as mentioned in the previous chapter. 
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3.6.4 Diffraction 
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Figure 3.11 : Schematic of the diffraction introduced by a lens having a limited aperture. 

When the electron beam passes through a limiting aperture, as with a light beam, the 

beam is diffracted. The spot due to this diffraction (see figure 3.11) is 

dd K 0 . 6 - , 
0 

where A is the de Brogue wavelength of the electrons, which can be approximated with 

the following expression:: 

A « 2 . 5 - j = = [nm] with V0 in (eV] = » ^ » 1 . 5 - 1 - . 
V Vo V VoQ 

Here also, the lowering of electron energy does not improve the beam quality. However, 

contrary to spherical and chromatic aberrations, decreasing the convergent angle by re­

ducing the diameter of the aperture will increase the diffraction rate. We can conclude 

already that an optimum convergent angle is necessary to minimize the beam diameter. 
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3.6.5 Electron-electron interactions 

In the region where the density of electrons is very high, the electrons are close enough to 

interact. This leads to an energy broadening (commonly referred to as the Boersch effect) 

and to a displacement of their trajectories. In the microcolumn this effect is mainly 

confined to the cathode region [50], where the electron density can be very high and 

the electrons velocity very low. The consequence is au augmentation of the chromatic 

aberration of the electron probe. The displacement trajectory occurs mainly in the region 

before the aperture, after, which the current drops, hence lowering this effect in the rest 

of the column. 

Once again, in the context of electron-electron interactions, working at low energy is 

not an advantage, but it can be compensated for by the miniaturization of the source 

region. 

3.6.6 Lens imperfection aberration 

Many other effects can add aberrations and/or increase the aberration coefficients of the 

above-mentioned cases. The roughness of the electrodes will disturb the electric field in 

the lens area and can change locally the focalisation effect. The roundness of the electrode 

creates a rotation asymmetry, which can induce an angle dependence on the focusing rate 

(astigmatism). This two imperfections must be kept under 1% of the electrode diameter 

to limit their effect on the field. 

The spherical aberration coefficient usually given in the literature is determine within 

the paraxial approximation. If the dimension of the beam becomes non-negligible com­

pared to the radius of the electrodes, the coefficients will be higher. This is illustrated by 

the following relation, which has been determined experimentally [68], 
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where / is the focal length and R the radius of the electrode. 

A misalignment between electrodes is also a source of deterioration of the beam quality 

because it introduces coma into the beam (5O]-

3.7 Microcolumn design rules 

Lens aberrations occur in both source and objective lenses, but their proportion and am­

plitudes are different. Figure 3.12 illustrates and gives a global view of the microcolumn, 

and highlights the areas where problems that decrease its performance, are generated. 

The first improvement of the miniaturization and the piezo alignment stage for posi­

tioning the tip is that the distance between the tip and the extraction electrode can be 

kept very small (between 20 and 50 ^m) . Therefore the extraction voltage for a given 

extraction current will be significantly lowered compared to that of a conventional source. 

This is quite important because the lifetime of tips is usually limited by erosion due to ion 

impact generated by high-energy electrons hitting the extraction electrodes and dispelling 

ions from the electrode. Due to the electric field these ions will be accelerated back to 

the tip and mill it, This precise positioning also allows one to reduce the diameter of 

the extraction electrode to 1 ^m, which is a limit given by the quality of its fabrication. 

Since aberrations scale with the lens size [66], this important downscaling will reduce 

significantly the lens aberrations of the extraction electrode. Another advantage, is that 

many aberrations with low-energy electron beams are expected to come from the extrac­

tion area [3Ij because this region has a very high field gradient, which will strongly affect 

electrons with low velocity. By shortening this area, the mean flying time of electrons 

can be reduced and hence the global effect on them as well. The energy spread due to 

electron-electron interaction can also be reduced by shortening the distance between the 

t ip and the first electrode, and the trajectory displacement of the electron due to this 

54 



Ci 

P 
O 
l-i 
3 
O 

O 
U 

Û 

C 

<ü 

> 
' •S 
O 
(U 

S" 
O 

Tip ions sputtering 
Energy spread (e-e interactions) 

diffraction, Cs, Cc 

Trajectory spread (e-e interactions) 

Deflector aberations 

Trajectory spread (e-e interactions) 

diffraction, Cs, Cc 

Figure 3.12: Overview of the weak points in the microcolumn which decrease its perfor­

mance. 

same effect can also be reduced by decreasing the source lens thickness. 

To estimate the electron-electron interaction in the different regions of the microcolumn 

having different electronic currents, the number of electrons simultaneously in the parts 

of the column and the mean distance between them must be calculated. The number of 

electrons n is given by 
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It 
n = — 

9 

with I the electronic current, t the flying time for electrons to go through the column 

part, and q the electron charge (1.6 x 1Q~19 [Cj). The velocity v of electrons having energy 

Eis 

with m the electron mass (9.11 X 10 31 [kg]). Since the flying time can be replaced by 

t = l/v, where I is the length of the column part, the number of electrons is 

q^2qE' 

But the interaction between two electrons is also proportional to, first, the repulsion force 

F between two electrons, which is inversely proportional to the square of the electron 

distance, r . This electron-to-electron distance can be evaluated by a mean value equal to 

lfn. Second, it is proportional to the time t the electron stays in such an environment. 

Hence an electron-to-electron interaction factor k, valid if n > 1, can be calculated: 

ra \lj v q2 \2qEJ 

k = 0 if n < 1 . 

It shows that this effect will be proportional to the square of the current and it is linear 

with the length of the area. To get an idea of the electron-electron interaction for the 

three parts given above, considering that in the tip-extraction electrode area the current 

is typically 5 ^A and represents a distance of about 50 pm, in the extraction electrode-

aperture area the typical current is 3 nA and 500 /im long, and in the aperture-sample 

area the current is 500 pA and 3 mm long. Taking an electron energy of 100 eV in the 

three parts, we have: 
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1. In the tip-extraction electrode area: n = 265 electrons, and k = 235. 

2. In the extraction electrode-aperture area: n = 1.6 electrons, and k = 0.0005. 

3. In the aperture-sample area: n = 1.6 electrons, and k = 0.00008. 

The k value in the tip-extraction electrode area is seven orders of magnitude greater 

than in the rest of the column. Even if this is just an approximation, it is clear that 

the main electron-electron interaction problem will be between the tip and the extraction 

electrode. This is perfectly illustrated by the simulation done by Thomson [72]. He 

calculated that for a field emission source, which at 300 K has an energy spread of 0.25 eV 

when the extraction current is low, the energy spread can increase up to 0.4 eV for an 

angular density of around 10 | tA/sr under operating conditions relatively similar to those 

that yielded above. Nevertheless keeping the column length as small as possible will 

always be better in view of the electron-electron interaction. 

But working with low-energy electrons also has advantages regarding to the aberration 

problem. It allows, for the same focusing effect, to reduce the applied voltage and thus 

the lens dimension to be reduced (less aberration). The limitation of this downscaling 

is first the breakdown voltage in vacuum (VB •*•- 10 V/fim), and second that the beam 

diameter in the lens area must be much smaller than the bore diameter (in general the 

beam diameter is kept less than 10% of the bore diameter) to avoid an excessive spherical 

aberration coefficient (C4 oc (bore diameter) - 2) . The beam diameter into the objective 

lens depends on the distance between the virtual source and the objective lens and on its 

emission angle. The emission angle is imposed by the given required current; again the 

improvement of the objective lens quality, depends on our ability to minimize the column 

length. 

For the first electrode of the source lens, the beam is as large as the electrode bore, and 

considerable aberration will be generated by the non-paraxial part of the beam. Hence 

the source aperture is necessary to cut the edge of the beam where the aberrations are 
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the largest. 

The second part of the source lens is not reduce as much as the first part, because the 

breakdown voltage in the vacuum (10 V//im) does not allow such a high downscaling. 

If the accelerating electrode also acts as a lens; because its goal is only to accelerate 

or to decelerate the electrons, its focusing effect can be kept small. Hence, its position 

and diameter is not that critical compare to the first part and th size limitation due to 

the vacuum breakdown voltage will not be a significant restriction of the source quality. 

Reducing drastically the dimension of the first part of the source lens and less drastically 

the second part is the selective downscaling approach developed by T.H.P. Chang's team 

[20, 48j. As a result, they show that the source brightness for low-energy beams can be 

increased by at least two orders of magnitude. 

Now that the various generations of beam distortion have been revealed and the means 

to reduce them have been given, their effects on the brightness, which depend on the ratio 

between the electron probe current and its diameter, must be evaluated. Figure 3.13, show 

a decomposition of the microcolumn into two parts, which will help us to differentiate the 

parameters related to the source from those related to the objective lens. The current is 

determined by the source, which is given by 

3 & 
/2 = /1 = "«Q-rr- if Ot0 is small , 

dito 

where Z1 and /2 are the beam current after the source and at the sample level, respectively, 

CtQ the semiconvergent emitting angle of the source given by the aperture, and dl/dSlo the 

angular emission density of the gun. To find the diameter of probe size d;, the optimum 

semiconvergent angle a j must be found with regard to a minimum of the aberrations: 

<fe = (CWl)
a + <& + 4.2 + 4 ï J ) l / â 

where Mt = 0:1/0:3 (if a is small) is the magnification of the objective lens, d\ the source 

diameter given by the gun (tip and source lens), and fa the different disks of confusion 
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Figure 3.13: Decomposition of the microcolumn into two parts, the source and the focal­

isation part, in order to determine the electron probe brightness. 

of the principal aberration of the objective lens (spherical, chromatic, and diffraction). 

The value of d\ depends, first, on the virtual size of the tip ^0 multiplied by the 

magnification factor of the lens formed by the source lens effect M\ and, second, on its 

aberration 

^ = ( ^ 4 ^ + 4 + 4 , , + 4^)1/2. 
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If we assume that the a focusing effect of the source is kept low, to minimize the aberration 

coefficient due to the focusing effect: we have Qi ~ Q0 , di ~ do, and the absolute value 

of Mi is equal to 1. 

If we take again the equation for d3, with rfi fixed by the source quality which was 

optimized by limiting its focusing effect and by its miniaturization; this results in 

and the optimum a j minimizing dj is given by 

002 

The a2 optimum is dependent on the working distance, so a mere geometrical considera­

tion yields 

5L L 

a*=w=aow-
Hence, with 0¾ given by the current required and W given by the working distance, an 

optimum column length can be found to minimize the beam diameter <f3. Unfortunately 

we were not equipped with a simulation program to optimize the microcolumn taking all 

the appropriate parameters into account. But from the calculation done by the Chang 

team for an energy of 200 eV, a working distance of 1 mm, and a beam current of 1 nA, the 

optimum length of the column is in the range of 1 mm, and the smallest beam diameter 

achievable is 16 nm [31]. For 100 eV the optimum would be for an even shorter column 

length, but such a small length cannot be achieved with our actual. Nevertheless it gives 

a global information on the way in which the lens and microcolumn development should 

progress. 

Other improvements and optimization can be performed. As an example, using an 

asymmetric objective lens (neither the diameter of the bores nor spacing are all the same 

dimension) [50]. Since we did not have the optimum length for low-energy electrons (our 

'/< 

60 



microcolumn is too long), a configuration in which the beam energy is higher in the 

column and slows down just before landing (retarding mode) into the objective lens can 

be used. 

All these considerations are valid for an on-axis beam, but optimization of the beam 

diameter during deflection is also desirable. For example a pre-objective lens double 

deflection system offers a significant improvement during scanning. In the other hand 

such a system must be kept very short for the above-mentioned considerations. Another 

possibility is an integrated deflection system in the objective lens to perform a moving 

lens concept with vertical landing can result in a significant improvement during deflection 

[50]. 

All these techniques are possible, but a trade-off must be made between maximizing 

the microcolumn quality and minimizing its complexity. 
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Chapter 4 

Arrays of source lenses fabricated 

with silicon membranes and Pyrex 

spacer 

This chapter describes the fabrication and testing of arrays of source lens made of silicon 

membranes for the electrodes and Pyrex for the insulator spacer. 

4.1 Design and fabrication 

The fabrication of source lenses using silicon membranes as electrodes and a Pyrex spacer 

plate as insulator was pioneered by Chang's group [43]. But their process is not well 

suited for batch fabrication of lenses. Their approach, consists of fabricating the electrodes 

separately, and then assembling and aligning them under a microscope with micromina-

pulators, the bonding being done anodically. In our first fabrication schémas, the same 

materials were used. Other possibilities where investigated such as using a Polyimide 

spacer which can be spun to a layer thickness of several tens of micrometer and is TJHV 

compatible, or using an evaporated layer of metal for the electrode. But because we were 
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not working with large samples or wafers, it proved too difficult to spin an homogeneous 

Polyimide layer on the sample. Also, patterning a high quality hole in a metal layer {by 

etching or by plating) was found to be difficult. 

4.1.1 Choice of materials and design 

The choice of using silicon membranes and Pyrex as the base materials to fabricate the 

source lens is motivated by the following points: 

1. Monocrystallin silicon membranes are mechanically very stable which is desirable 

since they will be subject to electrostatic forces during operation and, at a lot of 

manipulation during fabrication and mounting in the test device. 

2. These membranes are fabricated using a highly boron doped etch stop technique 

[73]; hence, they have a good electrical conductivity. This is especially important for 

the first electrode which intercepts the biggest part of the extracted current (up to 

10 fiA). 

3. Monocrystallin silicon is a very often used material in micromachined devices, and 

very high quality machining techniques are commonly available for it. Since for the 

lens bores, the quality of the fabrication is really crucial, such techniques will be 

invaluable. 

4. Pyrex is of course a good dielectric material (its breakdown voltage is higher than 

that of vacuum). But its most helpful characteristic is the possibility of bonding 

it with silicon by anodic bonding. This technique has the advantages of being low 

temperature (below 450 0C), Ultra High Vacuum (UHV) compatible, and simple to 

perform. Also, Pyrex has a thermal expansion coefficient a well matched to silicon 

{aPvrex = 2.9 x 10~6 K - 1 , aailtcm = 2.6 x IG"6 K - 1 ) [74], thus avoiding stress in the 

final structure after cooling. 
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If lens array or lena batch processing is to be done, a process must be developed able 

not only producing fine bores in the electrodes, but also of having a high alignment 

accuracy of the bores forming a lens, and this for each lenses of the wafer or chip. This 

is especially true for the objective lens where misalignments introduce coma aberrations, 

but is also desirable for the source lens. Figure 4.1 shows the configuration of a source 

chip containing only one tens. 

1.5 mm 

Figure 4.1: Basic source lens configuration, 

The thickness of the electrode membranes is 1.7 /mi, making them stable enough even 

with a lateral size of 1.5 x 1.5 mm. The Pyrex spacer is 50 firn thick; while for low energy 

electrons, such a thick inter-electrode space is not needed, this is about the minimum 

of what we were able to polish down and to manipulate safely. The space between the 

accelerating electrode and the aperture is 470 fim. To avoid electron trajectory spreading 

due to the electron-electron interaction in this region where a high electrons density will 

be, it would be preferable to minimize this distance (with a smaller aperture) However, 

it is constrained in practice to the thickness of the wafer. The bore in the first electrode 

has a diameter of 1 /an, which is, according to down-scaling theory, suitable to provide a 
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high-brightness low energy source, and simultaneously does not challenge the machining 

limitations so that high quality hole pattern can be achieved. The acceleration bore is 

10 firn in diameter. The aperture has a diameter of I1 2, or 5 fan depending of the lens 

in the array. Hence, different beam sizes can be tested. 

4.1.2 The process 

The source lenses chip fabricated is an array of seven lenses placed as a 3 x 3 matrix shown 

in figure 4.2, with a top-view picture of the firBt electrodes and a one-lens details after 

fabrication. Two prealignment crosses occupy two corners of the array, while the seven 

other positions are the actual source lenses. Each one consists of a 1 /un diameter hole, 

with four triangular shapes used to have an optical feedback of the bore position during 

the alignment of the tip, and four crosses used for the electrode alignment procedure. 

Note that around the bore nothing is patterned to avoid forming parasitic electron beam 

that might interfere with the primary beam. A safety distance of 50 /un is used to prevent 

this. 

M e m b r a n e fabr ica t ion 

Membranes are made by wet etching, using a highly boron doped etch stop technique 

[73] and ethylenediamine-pyrocatechol (EDP)-based as an anisotropic silicon etchant (75). 

This technique is commonly used to fabricated silicon membranes as a support for X-ray 

masks. Although this etch stop technique also works with the more commonly used 

potassium hydroxide (KOH) or tetramethethyl ammonium hydroxide (TMAH) based 

anisotropic etchant, these do not give the same etch stop quality. With EDP, etch rate 

selectivity of up to 104 is achievable at a dopant concentration of 7 x 1019 cm - 3 , which de­

creases the timing accuracy necessary to achieve a given membrane thickness. The highly 

doped layer is 1.7 fan thick and grown by a chemical vapor deposition (CVD) epitaxial 
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Figure 4.2: Picture showing the first electrode of the source lens array, and a close-up view 

of one component of the array, with the optical alignment marks, the electrode alignments 

marks, and the 1 ^m bore. 

technique [76]. Epitaxy was preferred over implantation/diffusion techniques because, 

during implantation, the channeling of boron ions in the silicon crystal results in a non 

homogeneous doping profile [77]. This in turn results in an insufficiently backside of the 

silicon membrane after etching. This difference between epitaxy and diffusion membrane 

material is clearly visible in figure 4.3, where the back side of both types of membrane is 

shown near a 1 /xm micromachined hole. The ion channeling effect leaves a corrugated 

texture on the surface, which is not desirable for lens electrodes because it can disturb 
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the electric field and, for the first electrode, a smooth surface is essential for the optical 

tip alignment (mirror effect). 

Figure 4.3: SEM pictures of two membrane back-sides made from two different boron 

doped layers. One was made by epitaxy (left), and shows a very smooth surface. The 

second was made by boron implantation and diffusion, and shows a roughness of the 

surface due to the channeling effect during the implantation (right). In both membranes 

a 1 pm hole was etched as a size reference. 

B o r e fabr icat ion 

Bore patterning requires a very high definition. High quality e-beam lithography was used 

with a deflection system carefully calibrated to have exactly the same deflection in i and 

in y directions in order to achieve the required roundness of better than 1 %. Masking 

is done using a 500-nm-thick layer of Plasma Enhancement Chemical Vapor Deposition 

(PECVD) silicon oxide nitride (SiON), and the pattern imaging layer is 500 nm of KRS, a 

high performance IBM e-beam resist [78]. The relative proportion of oxygen and nitride 

in the SiON film can be tuned to zero stress induce by the film on the membrane, and 
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hence, deformation and even cracks are avoided. The SiON deposition was found to be 

stress-free at a refractive index of 1.554. 

The pattern delineated in the KRS is transferred into the SiON by reactive ion etching 

(RIE) using a standard C H F 3 / 0 2 process ( flow rate for CHF3 of 50 sccm and for O2 

of 2.5 sccm, RF density of 0.16 W/cm2 , and pressure of 50 itbar). After stripping the 

remaining resist in an oxygen asher, the SiON pattern is transferred into the silicon 

membrane by RIE with an Ar/Clj mixture (total flow rate 35 sccm, 14 % of CI2, RF power 

density of 0.16 W/cm2 , and pressure of 20 ttbar). Finally, the SiON film is removed by 

a buffered hydrofluoridric acid (BHF). Figure 4.4 shows a 1 /xm electrode bore machined 

in a 1.7-/xm-thick silicon membrane, with very small edge roughness (about 10 nm) and 

very vertical side walls. 

Figure 4.4: 1 /xm lens bore fabricated in a silicon membrane with very vertical side walls 

and a roughness of less than 10 nm. 
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Silicon m e m b r a n e / P y r e x spacer/sil icon membrane stack fabrication. 

Anodic bonding was used to assemble the silicon membrane/Pyrex spacer/sili con mem­

brane stack. To avoid charging effect on the Pyrex surface, no insulator material must 

be around the optical axis area. Hence, the Pyrex spacer is made out of two bars posi­

tioned to have a large opening between them. In addition, this configuration facilitates 

the out-gassing of the microlenses in the UHV environment tremendously and makes the 

operation of the microcolumn more reliable. 

This bond must be mechanically stable enough to withstand normal handling and fur­

ther chemical etching processes which can occur during the lens fabrication. Whereas the 

anodic bonding of silicon to Pyrex at a single interface is well known [79], performing such 

a strong bond on both sides of a thin Pyrex plate is not that easy. The first experiments 

we performed, consisted of bonding one interface after the other using the silicon chips 

as contacts. We found great difficulties in obtaining an adequate second bond even with 

perfectly controlled parameters (of voltage, temperature, time, etc). We explain this fact 

as follows: during the first bonding, the Pyrex near the bonded interface is densified and 

completely depleted of the sodium ions (Na+) which drift towards the Pyrex-side contact. 

This zone is then no longer a medium permeable to ion-diffusion current because of the 

densification. As a consequence, the second bond will be incomplete. This is illustrated 

in figure 4.5, where the current during the first and the second bonding of a silicon-Pyrex-

silicon stack are shown. It is clear that the total charge, which is proportional to the 

area under the curve, provided to the bond is much higher for the first bond than for the 

second one. The way around this problem is to control the first bond formation to be 

good enough to be mechanically stable, but "bad" enough to allow an ionic current in the 

Pyrex. In practice, the depleted zone at the first bond interface should be kept thin, or 

not done in the whole area, so that a current can be generated for the second bond. 

For this purpose we developed an AC anodic bonding technique [80]. This new ap-
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Figure 4.5: Current peak during the first bond (solid line) and during the second (dotted 

line) of a double-sided bond formed sequentially . 

proach relies on square-wave bonding voltage which leads to a simultaneous bonding of 

both interfaces. The depletion layers are formed and alternately widened on both sides 

of the glass. To be sure that both bonds start at the same time, the right frequency must 

be found. Since this frequency varies a lot depending of the bond configuration, a sweep 

from high frequency to low frequency is applied. At high frequencies, the bond does not ' 

have the time to form. When the frequency starts to be in the range of the t ime constant 

of the anodic bonding process, the two bonds will be initiated. First this formation will 

be "soft", while the frequency does not allow the generation of a lot of charge, but as the 

frequency is decreased the waveform phase periods will increase, slowly strengthening the 

bonds, until the process stops. Figure 4.6 shows the setup for the AC anodic bonding. 
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The frequency is swept from 10 to 0.005 Hz over 15 min. A first order, low-pass filter 

with a cut-off frequency of 2.5 Hz is added, with the purpose of smoothing the ampli­

tude increase around the frequency where bonding starts. The chosen frequency range 

is relatively wide, to ensure independence of parameter modification. To monitor bond 

formation, the current integration during the positive and negative waveform phases are 

evaluated to determine the bond quality, since we have no means to inspect the propa­

gation visually as we would for a single-face bond trough the Pyrex. The voltage used is 

350 V and the temperature 420 0 C. 
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Figure 4.6: Setup for AC anodic bonding. 

Isolated and regulated hot plate 

In a comparative test between a DC single-sided bond and an AC double-sided bond, 

the mechanical and chemical strengths were checked. No significant difference was mea­

sured between the two techniques; a shear force between 1 and 2 MPa was applied before 

rupture in both cases, and both structures could withstand more than 3 hours in a BHF 

{7:1) bath. For comparison, a double-sided DC bond shows a shear force rupture lower 

than 0.5 MPa and cannot withstand more than 30 min in a BHF bath. 
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Bores al ignment 

In order to achieve precise alignment between the lens bores for each lens in an array, 

we develop a technique consisting of fabricating the lenses chip layer by layer. The bore 

pattern in the first electrode is machined first, and provides reference marks for aligning 

the two other electrodes. This idea is presented in figure 4.7. After the fabrication of the 

first electrode and its assembly with the Pyrex and the second electrode, reference mark 

openings in the first electrode are used as a shadow mask to e-beam expose a resist spun 

on the back side of the second membrane. 

Figure 4.7: Schematic of the trough-membrane alignment, where a reference mark in the 

first electrode is transferred by e-beam exposure into the resist spun on the back side of 

the second electrode. 

For this process, two techniques must be tightly controlled: the exposure trough a 

membrane, and the spinning of a resist into the window of the membrane. Since the 

lenses were fabricated individually while developing this process, the resist deposition 

was done by spinning with the membrane centered with the spinner axis. In this way an 

adequately homogeneous resist layer was obtained. For batch processing this is of course 

not possible, but other techniques can be used, such as resist spray coating and resist 

electrodepositionning [81]. 
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Exposure through a membrane is possible using an e-beam because, first, the electron 

penetration depth in the material is relatively high and having an electrons penetration of 

several micrometers at an electron energy of several tens of kiloelectronvolts is perfectly 

feasible (see chapter 2), and second the depth of focus of the e-beam system used is large 

enough to ensure relatively small projected image on the second electrode, even though it 

is not possible to focus on it accurately. The electron energy must be chosen high enough 

to allow electrons to go through one membrane but not two, otherwise the first electrode 

will not play its role as a mask. The quality of such an exposure is mainly limited by the 

electrons scattering in the membrane. Figure 4.8 shows two examples demonstrating the 

feasibility and the resolution limits of an exposure trough a 2 /im-thick silicon membrane. 

It was done at an e-beam energy of 35 kV. The first exposed pattern consists of the two 

words "Back Side", and after development of the resist the mirror version can be read. 

The second shows the quality limitation of such an exposure due to electron scattering 

into the membrane; a 1 ^m square exposed pattern results in a 1.3 /im circular shape in 

the resist, with a sidewall roughness of about 50 nm, Nevertheless the quality of such a 

mark is adequate for use it as a reference for the second electrode. 

To achieved high accuracy, the lithography through the membrane must be charac­

terized (in terms of exposure dose, electron energy, and development time) for a given 

resist layer thickness. In our application, where the bore fabrication process require a 

double mask layer of SiON and resist, the lithography must be characterized for a com­

posite membrane consisting of a 1.7 /un silicon layer, 500 nm of SiON, and 500 nm of 

resist. Figure 4.9 shows a characterization sample. The experiment consisted in leaving 

the electron beam in one place during various times and at various energies. It shows 

how the forward scattering effect can spread the electrons in dependence of the energy 

and the dose, and hence, expose the resist at a distance from the point of impact of the 

beam. The inner circle visible for energies larger than 12 kV is due to reversal of the 
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Figure 4.8: SEM pictures demoi ' u the feasibility of the exposure trough a mem­

brane. a) The two words "Back Side" were patterned from the other side of the supporting 

membrane, b) Due to the scattering of the electrons, the pattern is distorted. Here a 

1 /an square was patterned, resulting in a 1.3 /im circular shape. 

resist. Polymers which are broken by electrons in this positive resist are relinked when 

the dose is too high (i.e. it act as a negative resist). 

To do the exposure trough the shadow mask, the e-beam is raster-scanned over an area 

overlapping with the reference mark openings in the first electrode (the marks typically 

have a feature size in the 700 nm range). The beam is scanned at a relatively high 
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Figure 4.9: Exposure trough a membrane, with different energy and different dwell time. 

magnification (writing field :¾ 1.5/rni) so that the deflecting angle is small enough to 

affect the alignment accuracy. Another consideration is that the electron current may not 

be too high, as the exposure time must be kept large compared to the couple of second 

necessary to center the alignment mark openings with respect to the scanned area. The 

exposure time will also increase with the ratio between the scanning area and the opening 

area in the shadow mask. From figure 4.8, and given that the ratio between the scanning 

area and the opening area in the first electrode is about 2:1, we chooae an exposure time 

of 30 sec, an electron beam energy of 12 kV, and a development time of 45 sec. 

Another issue during the electrode alignment Js the tilt between the e-beam axis and 

the axis of the future source lens. A misalignment of 0.1 deg when the two electrodes are 

separated by 50 ^m produces a shift error in the alignment mark position of 100 nm. In 

practice, the lenses chip was always leveled to better than this value, so that we were able 

to achieve alignment with an accuracy better than 200 nm between the two first bores, 
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which is a 5 times improvement over current capabilities [50]. But the main advantage 

of this technique is that it can be combined with the batch processing and assembling of 

lens arrays. 

Figure 4.10: Process flow chart of the alignment procedure. 

The different steps in the alignment procedure are summarized in figure 4.10. After the 

machining of the first electrode and the bonding of the Pyrex and the second electrode, 

the resist is spun on the backside of the second electrode (a). The sample is then mounted 

on the stage of the e-beam exposure tool and leveled. The reference mark in the first 

electrode are centered with respect to the e-beam deflection field, and projection-exposed 

in resist trough the second membrane. The resist is then developed to reveal these marks 

(b). Finally, the sample is mounted upside down in the e-beam lithography tool and 
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the second electrode's bore pattern is exposed using the projected mark structures in the 

resist for conventional e-beam alignment (c). 

Gold-silicon eutect ic bonding. 

Since the potential of the accelerating electrode and of the aperture must be the same, it is 

desirable to simplify the wiring by assembling the two silicon chips supporting these mem­

branes using a conductive bond. But because of the already made silicon membrane/Pyrex 

spacer/silicon membrane stack, such a bond must be done at low temperature (< 5000C). 

A gold-silicon eutectic bonding technique [82] was chosen because it is performed at a low 

temperature and owing to its conductive propriety. This is in fact the eutectic alloy with 

silicon, which is formed at the lowest temperature (363 "C). A layer of 10 nm of chrome 

and 100 nm of gold is deposited on one of the silicon chips. The chrome layer is used as an 

adhesion promoter for the gold layer, and simultaneously act as a diffusion barrier for the 

gold where diffusion is not needed. Thus, the gold will react only with the second chip. 

Since silicon oxide is also a good diffusion barrier for gold, the native oxide on the chip 

surface is removed using a short BHF etch before bringing the two chips into intimidate 

contact. 

Figure 4.11 shows a bonding interface, where the upper part is the chip on which 

the chrome-gold layer was deposited (no diffusion), the lower interface, which is not as 

sharp, displays interdiffusion. Figure 4.12 shows a cracked bond obtained by applying a 

shear strength larger than 2 MPa. The star patterns characteristic of an eutectic material 

germination are visible [83], together with piece from the second chip which demonstrates 

how strong such a bond can be. The chrome-gold layer is deposited selectively on the 

frame of the future aperture membrane using a lift-off technique. 

For our application, conductivity and bond strength are already good enough with only 

a fraction of the interface bonded. Thus only a very light pressure is applied between the 
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two chips, and the stack is put in an oven at 400 0C in nitrogen atmosphere (to prevent 

oxidation problems) during 10 min. 

Final process 

To summarize the fabrication of this source lens, figure 4.13 shows its process flow 

chart. The silicon membrane is first fabricated by EDP etching using an SiON mask 

pattern by optical lithography and etched with BHF(a). Then the 1 /xm bore, the optical 

marks for tip alignment, and the reference marks are patterned and etched by RIE into 

the first electrode (b). The silicon membrane/Pyrex spacer/silicon membrane stack is 

assembled and bonded by AC anodic bonding (c). In the next step, the reference marks 

of the first electrode are transferred into the resist spun on the back-side of the second 

electrode by an exposure trough the membrane (d). These marks are used to align the 

Figure 4.11: Gold-silicon interface of a cleaved sample, showing the interdiffusion of the 

two components. 
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Figure 4.12: Gold surface after gold-silicon eutectic bonding and after the bond was 

broken. The characteristic star structures of a eutectic alloy can be seen. 

bore of the second electrode, which is then patterned and is transferred by RIE (e). To 

add the aperture, a third silicon membrane chip is bonded to the already made stack 

by eutectic gold-silicon bonding (f). Finally, using the same process as with the second 

electrode, the aperture pattern is aligned with the lens axis, and transferred into the 

membrane (g). To conclude this section, figure 4.14 shows an optical photograph of a 

completed source chip, which contains an array with seven precisely aligned lenses. 

4.2 Source lens testing 

The testing and characterization of the microcolumn as well as the lithography experiment 

were mainly done by my two colleagues Camille Stebler and Urs Staufer. This section 

gives only an overview of the experiments done with the lenses described above. For more 
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Figure 4.13: Process flow chart of the source lens process. 

Figure 4.14: Picture of the fabricated source lens array mounted on the lens holder. 

details about the testing, low energy lithography, and the instrumentation, the reader is 

referred to the thesis of Camille Stebler (to be presented at the Institute of Physic of 

Basel University), and the following papers [71, 65, 84, 85], several examples can be find 

in the appendix. 

The test setup consists of several components which are outlined in block diagram 

in figure 4.15. There is a device for positioning the field emission tip, a microlenses 
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stage containing also a miniaturized fine machined scanner-stigmator, a sample stage, a 

channeltron (photom ulti plier), a microchannel plate, and an electronic controller unit. 

[ccpj 

MicroChannel Plate 

Channeltron 

Sample 

Einzel Lens 

Deflection Unii 
Limiting Aperture 

Source Lens 

FE Tip 

Piezo Tube 

Friction Walker 

Figure 4.15: Block diagram of the microcolumn test setup. 

A source lens was mounted together with an objective lens obtained from the group of 

Philip Chang. First, the maximum applicable voltage between the two electrodes of the 

same lens was checked. No instability or arcing was found up to 700 V, yielding an electric 

field of 14 V / ^ m . This is greater than the usual value given for the breakdown voltage 

into vacuum, but is not too surprising, as an increase of the breakdown voltage is generally 

observed when the dimensions are decreased. Nevertheless, we can conclude that we are 

not limited by other effects such as, for example, instabilities of the membranes under 

electrostatic forces, or surface breakdown voltages on the Pyrex walls. 

When operating the instrument at an energy of 200 eV and using perforated carbon-

films as samples, a resolution of better than 60 nm in transmission has been achieved (see 
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figure 4.16). In the cross-section shown in figure 4.16b, two fibers separated by 60 nm 

can still be resolved. This optimum beam was obtained with a 2 /xm aperture and with 

a current of approximatively 10 pA. 

, . 1 . . . , , , , , , , .—• . i—r 

Figure 4.16: a) Two carbon fibers are stretched across a hole in carbon foil. The fibers 

are 60 nm apart and can still be resolved as it can be seen in the cross-section depicted 

i n b ) . 

At 100 eV, the resolution drops considerably and the beam shape displays a lot of 

distortion suggesting a charging effect (the beam have a star pattern). The most probable 
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explanation for this is charge trapping in a native oxide that has grown on the silicon 

surfaces of the limiting aperture. Such native oxides appear spontaneously in air, and 

saturate at a thickness of 2 to 3 nm, which corresponds approximately to the range of 

electron penetration at 100 eV. We expected that, by performing a short BHF etch to 

remove the oxide and hydrogen-passivate the silicon surfaces just before mounting the 

lens in UHV, this charging effect would be decreased or disappear entirely. This type of 

passivation can withstand a couple of days in air and if during operation hydrogen-silicon 

bond can be crack under the electron impact, in UHV the oxidation process should be 

negligible. These was, however, no notable. This means either that the charging elsewhere, 

or that the passivation was not intact by the time the lens operation was started. In reality 

the time between the BHF etch and the mounting of the electrode in the UHV was not 

very well controlled (time required to assemble the microcolumn components) underwent 

several heat treatments (baking after electrode contacting with silver paint outgassing 

in the load lock) which are done, may have compromised the passivation and caused 

some oxidation. Further experiments would be necessary to check the efficiency of this 

passivation technique. 
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Chapter 5 

Fabrication of an integrated 

silicon-based array of source lenses 

The fabrication method described in the previous chapter already brings substantial im­

provements to alignment and assembling techniques. Although it avoids tedious align­

ment operations, however, the assembly of multiple components remains a drawback for 

the batch processing of such lenses. 

To cope with this drawback, we developed a new lens fabrication technique designed 

especially for an electron energy of —100 eV. Lenses are fully integrated in silicon, allowing 

a spacing between the electrodes of —10 /im, which ia suitable for 100 eV and not possible 

with the previous technique since polishing Pyrex strips to a thickness less than 50 /im 

makes them too delicate to manipulate. Also a simpler bore alignment procedure with 

a precision in the 100-nm range is possible with this new process. Finally, the adequacy 

for batch processing and array fabrication of these lens on single wafers is improved. The 

thickness of the lens was also reduced, first, by using thinner wafers (270 /JIB) , which will 

reduce the distance between the accelerating electrode and the aperture, and second, by 

reducing the distance between the extracting electrode and the accelerating electrode to 
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a strict minimum. Hence the spreading of electron trajectories in the source, due to the 

electron-electron interactions (where their density is large) will be reduced by decreasing 

this critical distance. 

In this chapter only a two element source lens fabrication will be developed, the ad­

dition of the aperture was not done. Nevertheless the feasibility of such a lens has been 

demonstrated, and extension to a three element source lens and to an objective lens 

fabrication can be done. 

5.1 Concept and fabrication technique of a two ele­

ments lens 

Mesh to facilitate undcretching 
for creation of the cavity 

\ / 0 !-um bore /Extraction electrode 
S p++ Si, 1.5 urn thick 

* Spacer 
». n- Si, 15 um thick 

^Accelerat ion electrode 
». p++ Si, 1.5 Mm thick 

^ Wafer (n-type) 

Figure 5.1: Basic configuration of an integrated two-electrode source lens. 

Figure 5.1 is a schematic of a two-element source lens that we have fabricated. The 

conceptual approach is to start with an epitaxially grown structure made of a 1.5-/im-

thick p + + layer, a 15-^m-thick n~ layer and another 1.5-jim-thick p++ layer to create two 

freestanding electrodes by machining a cavity in the n~ layer and using the p-n junction 

in reverse mode as isolation. The choice of such a silicon epitaxial structure to fabricate 

a lens was motivated by several points: 
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1. At 100 eV, the interelectrode spacing of the source lenses can be limited to 10 ßm. As 

mentioned earlier, this space must be minimized for its e-beam quality to be as high 

as possible. It is not trivial to have an insulator spacer in the 10-/xm range, which is 

quite thick for thin-film technology and too thin for bulk technology. Using silicon 

epitaxy, it is feasible to grow a well-controlled layer with a thickness of between 

practically 0 up to 50 pm or more. 

2. As monocrystalline silicon is mechanically a very stable material and allows fine pat­

tering by reactive ion etching (RIE), this is a material of choice for making electrodes 

that must be a Btable thin membrane with very fine micromachined bores. To our 

knowledge, a p++n~p++ silicon epitaxy structure is the only way to fabricate a stack 

comprising a monocrystalline silicon layer, an isolation layer, and a monocrystalline 

silicon layer without bonding or assembling. 

3. A very precise profile of dopant concentration can be made during growth to de­

lineate the p++-n~ junctions used for isolation. By carefully choosing the dopant 

concentration of the n layer, a breakdown voltage of the junction in reverse mode 

higher than the UHV breakdown voltage can be achieved [86], and hence it is not a 

limitation of the lens efficiency. 

4. The p layer can be highly doped with boron. Such a material has a very low etch rate 

in an ethylenediamine-pyrocatechol(EDP)-based anisotropic silicon etching solution. 

Hence a cavity can be etched in the n~ layer without significantly altering the boron-

doped layer, which will be the lens electrode. 

5. Such a structure is UHV-compatible. It also supports a temperature treatment up 

to 800 0C (limited only by the diffusion of the boron atoms into the silicon). It is 

interesting in the case of using a Zr /O/W tip in Schottky mode as electron emitter, 

which must be heated to 1500 0C to be operated [51]. In this case, even if the tip is 

in close proximity to the lens, it will not alter the lens. 
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6. The fact tbat the spacer is no longer of an insulator material avoids charging effects 

due to trapped electrons at its surface. 

To achieve such a thick epitaxial layer, a chemical vapor deposition (CVD) technique 

was used [76]. The critical part is the n~ layer, which must be carefully adjusted in order 

that the breakdown voltage be as high as possible. As in a Thyristor, for a given thickness, 

the dopant concentration is chosen to minimize the punch-through effect as well as the 

avalanche effect [86]. They are evaluated for the case of an abrupt junction with a heavily 

doped p layer with the following equation: 

The avalanche breakdown voltage: 

VA = 5.34 x 1013(ATn)"075 [V] 

The punch-through effect: 

V P T ^ ^ — [ V ] 1 

where Nn and Wn are the dopant concentration and the thickness of the n layer, respec­

tively, q the elementary charge, and e, the specific permittivity of silicon. With a thickness 

of 15 /im, the optimum dopant concentration is approximately 1.5 x 1015 cm - 3 , which 

allows us to apply a voltage of higher than 200 V to the pnp junction without breakdown. 

Figure 5.2 show a graph of the optimum thickness of the n layer and the corresponding 

breakdown voltage versus the n doping concentration. 

To avoid electric field deformations around the optical axis by the electric field in the 

depleted zone of the pn junction, a cavity is created by etching far away from the optical 

axis of the n layer. For this purpose, a so-called EDP-based anisotropic solution is used 

[75]. It has the advantage of a strong etch-rate reduction (up to 104) for the highly 

boron-doped layer (1 X IO20 c m - 3 ) , which allows the n layer to be etched without altering 

the electrodes significantly. To create a cavity, a mesh surrounding the platform where 

the bores from the first electrode will be located is etched by RIE in the first p + + layer. 
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Figure 5.2: Graph showing the optimum thickness of the n layer and the corresponding 

breakdown voltage versus the n doping concentration. 

It is formed by squares rotated 45° compared to the (111) silicon planes to have a high 

underetch rate (see figure 5.3). The n silicon layer under the mesh area will be removed 

until the etch is stopped at the buried p + + layer. During this procedure, a very strong 

underetching also takes place under the platform, whereas the design allows any etch to 

stop on the (111) planes. Hence, two freestanding silicon membranes are made without 

assembling or bonding. 

To illustrate this, a process flow chart for the fabrication of a two-electrode miniaturized 

lens is shown in figure 5.4. After deposition on both sides of the wafer of a low-stress 

silicon oxide by plasma enhancement chemical vapor deposition (PECVD), a window is 
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Figure 5.3: Design of the first electrode. The mesh squares axe rotated 45° compared to 

the trace at the surface of the ( i l l ) crystallographic planes. The 1-^ra hole from the first 

bore and the alignment marks (crosses) are also visible. 

opened into the backside oxide by buffered hydrofluoric (BHP) acid etching. Then, by 

tetramethylammonium hydroxid (TMAH) anisotropic etching, the backside of the lens is 

pre-etched until about 50 /ini before the buried p layer (figure 5.4a). From the front side, 

the 1-fj.m hole for the first electrode, the mesh, the contacting pad for the buried electrode, 

and the alignment marks — which will be used to align the hole of the second electrode 

— are then patterned into the p + + top layer (figure 5.4b, see also figure 5.3). Because the 

l-fim bore must be very round and have little roughness, high-quality e-beam lithography 

is used, followed by two RIE steps as explain in the previous chapter. The pattern is 

transferred from the resist into the SiON mask with a C H F 3 / 0 2 RIE and from the SiON 

into the p + + silicon layer with a Ar/Cl2 RIE. With this process, l-/xm bores with very 

vertical and smooth walls (roughness < 10 nm) have been obtained in a 1.7-jxm-thick 
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Figure 5.4: Process flow chart of the fabrication of a fully integrated, two-electrode source 

lens. 

silicon layer. The cavity is then etched in the n layer using EDP, simultaneously with the 

alignment marks, the contacting pad for the second electrode, and the remaining 50 /im 

of the backside opening (figure 5.4c). Figure 5.5 shows the platform area after its release 

by the EDP etch. 

The fabrication of the second electrode starts with a second PECVD evaporation of 

SiON and the spinning of the e-beam resist on the backside (figure 5.4d). Because the 

alignment between bores is a very critical parameter of lens quality, a special alignment 

technique was used. The alignment marks delineated in the same exposure as the first 

electrode bore (meaning that they are perfectly referenced with respect to first bore) are 

dimensioned such that , after being transferred through the n " layer by the EDP etch, 

they have a dimension of a few 100 nra range when the etch reaches the second electrode. 

This is a very well-defined transfer of the alignment mark because the etch follows the four 

(111) cry stall ographic planes forming the inverted pyramid, yielding a perfect reference at 

the second p + + layer with which to align the second bore. Because any surface contrast in 

the backside of the second electrode can be seen to recognize these marks, a transmission 
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Figure 5.5: SEM image showing the platform area after its release by the EDP etch. 

contrast or, more precisely, a thickness difference contrast is used for the alignment. From 

the backside, when the e-beam scans the alignment mark, the number of backscattered 

electrons is less than when the e-beam scans outside of the alignment mark because a 

significant part of the primary electrons go through this thin membrane (~3 ^m) without 

generating secondary electrons. 

The shift between the e-beam position and the alignment mark is then corrected to 

pattern the second bore exactly under the first one (figure 5.4«). Using the same RIE 

process as for the first electrode, the pattern is transferred into the second electrode, 

resulting in a completed two-electrode lens after removing the resist and the silicon oxide 

(figure 5.4f). Figure 5.6 shows a SEM image of the backside of the second electrode 

fabrication. The square shape corresponds to the cavity area and the small points located 

at each membrane corner correspond to the alignment marks. The areas appear darker, 
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Figure 5.6: SEM image showing the back side of the second electrode after completed 

processing and demonstrating thickness contrast. The square in the middle is delineated 

by the second electrode membrane, and the small points at the corners are the pattern of 

crosses used as alignment marks transferred into the second electrode. The areas scanned 

during mark recognition are also visible. 

because less electrons are backscattered. This thickness contrast is visible even with 

conventional electrons energy which was 25 kV, for this picture. The areas scanned 

during the mark recognition are also visible (upper left and lower right corner), because 

the resist was exposed during this operation and subsequently transferred into the second 

electrode. 

This fabrication process offers other advantages. It not only enables the fabrication 

of very small lenses and very accurately aligned bores, it also allows fabricating a full 

array of lenses on the same wafer, with individual bore alignment. The dimension of 
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the array is only limited by the stability of the membrane delineated by the backside 

opening. Because silicon is mechanically very stable and the main part of the membrane 

has a thickness of 18 /zm (the thickness of the entire pnp structure), it should be perfectly 

feasible to achieve arrays with a side length as long as 100 mm. 

Second lens of the array 

Suspended platform 

with I- pm bore 

Mesh 

Extraction electrode 

n layer (spacer) 

Part of the accelerating 
electrode 

Figure 5.7: Cleaved array of source lens. The two electrodes shown are made in a highly 

boron-doped layer, and the cavity between them is etched in a low-doped n layer. 

Figure 5.7 shows a part of a lens array fabricated by this process. The wafer was cleaved 

through one lens, showing the cavity between the two electrodes. We can see a part of 

the accelerating electrode (bottom membrane) and the extraction electrode formed by the 

platform suspended from the mesh. At the back a second lens of the array is also visible. 

Figure 5.8 shows a bottom view of the lens bores and the quality of their alignment. The 

10-/xm bore of the acceleration electrode and the 1-jzm bore of the extraction electrode, 

which are separated by 15 /im, have a alignment accuracy in the 200-nm range. 
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Figure 5.8: SEM bottom view of the lens bores. The alignment accuracy between the 

ÎO-fim and the l-/xm bores is within approximately 200 nm. The space between them is 

15 pirn. 

5.2 Surface leakage current and active s t ructure 

confinement 

On a silicon surface not covered by another material, many impurities can act as dopants, 

producing a bending of the electronic band at the surface. This effect creates a surface 

currents when a voltage is applied between two points. In silicon microelectronics, devices 

are always passivated by an oxide to avoid such surface leakage currents. In the case of 

microlenses the same effect occurs at the surface of the n" layer on the cavity walls and 

at the border of the chip walls. But for low-beam-energy applications, a thick oxide is 

not desirable because electrons can be trapped at the surface and can disturb the electric 

field at the electron optical axis. 

To avoid surface leakage current, the area of the first electrode was limited to the 
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absolute minimum, without etching the n layer, and the walls in the cavity were passivateci 

by a very thin native oxide. The limitation of the first layer has two purposes. First, 

because the n layer is not removed, the surface path between the top electrode and the 

buried electrode is much greater than the thickness of the n layer. Hence, the resistivity 

of the surface is increased, and the surface current is reduced to a negligible amount. 

Second, it limits the area of the active pnp junction, thus reducing the leakage current of 

the junction itself. Figure 5.9 shows the test chip, the area of the top electrode of which 

is limited. At the center, a 3 x 1 lens array can be seen. The bright surface is the area 

where the top p++ layer was removed by RIE. This picture also shows that the alignment 

mark was made outside of the active area, and that the p++ channel, which forms the link 

of the lens itself to the connecting pads, was made in the p++ layer as well. A closeup 

picture of one lens platform is shown in figure 5.10. The n layer surface is observed to 

have a lot of pinholes, a problem which arises from the fact that the SiON mask was not 

sufficiently thick, and was not playing its role perfectly during the wet etching. 

However, the n walls inside the cavity can still contribute to the leakage current by the 

above-mentioned mechanism. The only solution is to passivate them. Our first attempt 

was to apply a hydrogen passivation by means of a BHF dip. But it was found that this 

kind of passivation is not stable enough in air at room temperature and that any increase 

of temperature that may occur during operation could be large enough to break the SiH 

bond. The second approach was then to apply an oxide to the n walls into the cavity 

without oxidizing the membrane. Normal oxidation, for example growing a thin oxide 

by soft thermal annealing in air, is not desirable because it would oxidize the electrode 

surfaces. Instead, the following process was used. A short BHF etch removed the native 

oxide, and the silicon surface was passivated by hydrogenization. Then a potential was 

applied between the two electrodes in air. During this procedure, we observed that the 

leakage current drops steadily from an initially high value. After a few minutes, the current 
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Figure 5.9: SEM image of the overall setup. It consists of a 3 x 1 array of two-electrode 

lens (center). The main part of the p + + top layer was removed to limit the leakage current 

(light part) . Only a channel links the lenses to the pads. 

became stable at a value that appears to be acceptable for operating the lens. Thus the 

I~V characteristic was stable with a reasonable leakage current of the pnp junction. This 

effect is illustrated in figure 5.11. The solid line shows the I~V curve of the pnp junction 

in air during the first applied voltage; the current reached 500 /*A at 50 V. After being at 

50 V for 5 min, the current decreased until it became stable at about 30 pA. Then, the 

characteristic also became stable at low current (dashed line). We explain this behavior as 

follows. When we first applied the voltage to the pnp junction, the current was relatively 

high, meaning that the power level was quite high (25 mW in the example cited above). 

We believe that the current is mainly a surface-leakage current, which means that the 

power is largely confined at the surface of the n walls inside the cavity, which constitutes 
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Figure 5.10: SEM image of one lens of the first electrode. 

a relatively small volume compared to the power to be dissipated. The temperature rises 

locally to a value high enough to accelerate the oxidation of the walls. This oxidation 

prevents the surface current, the current drops, and the temperature decreases: hence, the 

process stops. Therefore, a localized oxidation of the walls of the n layer can be achieved 

without significantly altering the surface of the electrodes. This explanation, however, 

must be confirmed by further experiments. 

5.3 Lens testing 

To predict the breakdown voltage, the exact dopant profile in the actually grown n layer 

should be known. For this purpose, an analysis by secondary ion mass spectroscopy 

(SIMS) was performed, resulting in the profile of doping concentration shown in the 

figure 5.12. 
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Figure 5.11: I-V curve of the lenses before (solid line) and after (dashed line) the passi­

vation process. The current is reduced by a factor of more than 10 after applying 50 V 

for 5 min. 

The SIMS analysis reveals that, the n~ layer is not homogeneous, and can even switch 

to p during the growth process. This epitaxy, which was done at the Microsystem Institute 

of the university of Stuttgart, was the attempt to grow a thick epitaxial TI~ layer coupled 

with a highly doped p++ layer. After the growth of the bigh-dopant-concentration p + + 

layer, the side wall of the reactor was contaminated by boron impurities. During the 

n " layer growth step, the growth temperature was increased to improve the deposition 

rate, causing the boron impurities stuck on the reactor walls to desorb and participate 

in forming the composition of the n layer. This caused the doping type of the n layer to 

change to p. After the boron was completely removed in the chamber, the layer change 
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Figure 5.12: Doping concentration profile of the p + + n p + + structure done by secondary 

ion mass spectroscopy (SIMS). In reality in the n~ layer the dopant concentration is not 

homogeneous, it even turn to p during the grow (solid line). In comparisons, the expected 

structure dopant profile is also plotted (dashed line) 

to n. In the first p + + layer, because of the high temperature applied during the n growth 

step, an interdiffusion occurred lowering the dopant concentration of the p++ layer, causing 

the second membrane to have a thickness of only 500 nm instead of 1.7 ^m. To avoid 

these problems, an improved epitaxial growth can be done by keeping the temperature 

relatively low throughout the growth, or by doing the epitaxy in two step: namely, the 
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first p + + layer and the two other n p + + layers, with a cleaning step between them. 
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Figure 5.13: Simplified dopant profile structure. 

To determine the breakdown voltage in both polarities, since the structure is no longer 

symmetric, the sum of the breakdown voltages of each reverse-biased pn junction must 

be calculated. The structure can be simplified as shown in figure 5.13, where the mean 

dopant concentration in each part is taken. In reverse-bias (upper electrode negative), the 

junctions Ji and J 3 are in reverse bias mode. For J\ the depletion layer will grow in the 

ni layer (since pi 3> rti), and for J3 it will grow in the 7¾ layer (since P2 <£ "2). Thus, the 

respective breakdown voltages for the avalanche effect and for the punch-through effect 

can be calculated from the following equations. 

For avalanche breakdown voltage: 

VA = 5.34 x 1013(iVd)-°-75 (V] 
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and for the punch-through effect: 

V p T ^ , V , , 

where 7¾ and Wj are the dopant concentration and the thickness of the layer in which one 

the depletion will occur, respectively. In our device, we find: V/i = 179 V, Vpri = 49.3 V, 

VM = 300 V, and VPTZ = 34.1 V, where the indices refer to the junction numbers. In both 

case the limitation is the punch-through effect, and the sum of the two punch-through 

voltages is equal to 83 V. 

In forward bias (upper electrode positive), the junctions in reverse-bias mode are J2 and 

JA. For Jt it is clear that the depleted zone will be in the layer n 2 l giving VM = 31.7 V and 

VpTA = 30.6 V. But for J2 , since the two dopant concentration are similar, the depletion 

will take place in both n\ and p 3 layers, and is limited by the punch-through effect. The 

ratio of the depletion thicknesses of the two parts of the junction, i „ i a n d ^pI respectively. 

is given by: 

And the total thickness of the depleted zone u; is, 

where V^ is the built-in potential of the pn junction. The punch-through effect will 

occur when P2 is completely depleted since it is half as doped as the m layer for an 

approximately the same thickness. V^ can be neglected while, in silicon pn junctions, 

its value does not exceed 0.8 V. The punch-through Vpr2 effect occurs when the applied 

voltage creates a depletion zone in pj equal to its thickness (WP3))- Hence, using the two 

above equations, Vm equal to: 

\r i/ a ? NnlNpi q T „ 2 Npi . 

Vm = va^t< = v ^-iK-^ = S ^ - Ä H * " + *">• 
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This gives Vp72 = 67.8 V1 resulting in a total breakdown voltage in forward bias of {31 

+ 68) V = 99 V. 

The two calculated breakdown voltages, 99 V in forward mode and 82 V in reverse 

mode, are well correlated with the measured I-V curve, after passivation, as illustrated 

in figure 5.14. In forward mode, the breakdown voltage was higher than 100 V, and in 

reverse mode it was 78 V. 
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Figure 5.14: I-V characteristic of the lens. The breakdown voltage is higher than 100 V 

in forward mode (positive voltage to the upper electrode) and 78 V in reverse mode. They 

correlate well with the calculated breakdown voltage from the SIMS measurement, which 

is 99 and 82 V, respectively. 
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The lens was also operated as a source lens for extracting electrons from a field emission 

tip. The applied voltages were such that the lens worked in retarding mode. Testing was 

done in UHV using the same setup sketched in figure 5.15. The breakdown voltage of 

the p-n-p junction in UHV was at a lower value than in air. It occurred in forward-bias 

mode at 75 V. This reduction is not yet fully understood. If, at this low voltage, no 

crossover of the e-beam was achieved, the lens was successfully used as a source lens with 

a total emission current of up to 1.5 (iA. The crossover was not achieved because of the 

relatively poor efficiency of the extraction electrode-accelerating electrode lens effect; the 

voltage applied was relatively low for the given second bore diameter (10 ^m) . This does 

not allow a very curved electric field distribution. Nevertheless the lens was successfully 

operated to control the energy of the extracted electrons, which is the goal of the source 

lens. 

Source lens electrodes: 
extraction and acceleration 

V1 V: 
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Figure 5.15: Setup for the two-element source lens experiments. 

The next step will now be to add the objective lens in the microcolumn and to add a 
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limiting aperture to the source lens to obtain more information on microcolumn perfor­

mance with such a lens. 

5.4 Fabrication of a three-electrode source lens and 

an objective lens 

The fabrication of an objective lens using this technique will be even easier. Such a lens, 

for example, is made of three electrodes having the same bore diameter. Starting with an 

epitaxial layer made of a p++n~p++n~p++ structure, and using a deep-RJE process, it is 

conceivable to etch the bores and the mesh through the entire stack in one RIE process 

using only one top mask. The electrodes need then only be released by an EDP etch. 

This process, shown in figure 5.16 has the advantage of being relatively simple and having 

self-aligned bores. 

Figure 5.16: Basic process flow chart of the fabrication of a fully integrated objective lens. 
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For the source lens, such a process is not possible, because the bore diameters are 

usually not the same. For a three-element source lens, which includes the beam-limiting 

aperture, this is even more complicated. In this case, the largest bore is in the central 

electrode. This implies that for the third electrode an assembling step is necessary after 

the second bore has been fabricated. For this purpose, the same technique as explained 

in the previously chapter for adding the aperture can be used. This technique, adapted 

for the new device, is shown in figure 5.17. A chip consisting of a membrane comprising 

of 1.5-^m-thick p + 4 and 15-^m-thick n layer is fabricated. The n part where the future 

aperture will be is opened. Then it is mounted to the previously fabricated two-electrodes 

lenses by gold-silicon eutectic bonding or by low-temperature silicon-silicon bonding. The 

aperture electrode can also be made of a simple p + + membrane, but if large arrays are 

to be made, this electrode is not mechanically stable enough. For this reason we propose 

that the main area of the membrane should have a thickness consisting of the p + + and the 

n " layer. This will act to reinforce the membrane. The n " layer is removed only where 

necessary, i.e., in the optic axis area. After deposition of an oxide and spinning a resist 

on the backside of the third membrane, we scan the alignment mark of the first electrode 

with an e-beam from the front side. These marks act as a shadow mask; the tiny holes are 

transferred into the resist on the backside of the third membrane by exposing it through 

the third membrane. Then the resist is developed. From the backside, this mark will be 

recognized with the e-beam and used as a reference for delineating the aperture. With 

the same RIE process as used for the two first bores, the resist pattern is then transferred 

into the third membrane. 
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Figure 5.17: Basic process flow chart of assembling the two-elect rode source lens of the 

aperture. 
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Chapter 6 

Other Developments 

Two other developments were made during this thesis, a double scanner-stigmator system, 

and an objective lens made by focusing ion milling (FIB). 

6.1 Double scanner-stigmator 

In our microcolumn setup, the scanner-stigmator system is made of a fine mechanical 

fabricated one-layer octupole. During beam deflection, such a configuration introduce 

aberrations, because the beam no longer passes along the axis of the objective lens. In a 

conventional SEM this problem is solved by a double deflection system that always keeps 

the beam on the axis of the column at the objective lens level. For the microcolumn 

discussed here, such an approach is desirable too {see figure 6.1). For this purpose, we 

developed a technique to batch-process a double deflection system on one chip, which is 

very compact (thickness: 600 ^m) and has an alignment accuracy of the two octupole 

layers of a couple micrometers (typically 3 /tin). The microcolumn's advantages are that 

its length can be reduced, that simplifies the microcolumn assembling by having this two-

octupole layer in one chip, and that good alignment between the pole layers is possible 

(reduction of the beam distortion). Since the diameter of the octupole is typically in the 
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1 mm range, an alignment in the micrometer range is sufficient. 

STM Positioning Tool 
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Figure 6.1: Basic configuration of the microcolumn with the two-deflection system. 

6.1.1 Double octupole design 

Basically such a deflector consists of by two layers of height poles, the ends of which form 

a circle with the future path of the electron beam as its axis. These poles are located in 

an insulated base with a hole that will leave a free path for the electron beam. 

For the design, several points were taken into consideration: (1) the alignment between 

the two-pole layer must be accurate, to avoid additional distortion of the beam, (2) the 

ends of the poles must be freestanding to avoid field deformation due to the insulting 

base, and (3) the poles must be thick enough to have the desired deflection angle for a 

reasonable applied voltage. For our column working at low energy, the electron velocity is 

relatively low and the deflection efficiency will be greater than for common beam energies. 
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The scan range can be calculated - as follows (c.f. figure 6.2), The deflection angle a3 at 

the first level of the scanner is given by 

tPVx 

The deflection of the second level is equal at 0:1 + 02, hence 

tpVt 

The condition that the beam goes through the center of the objective lens is: 

tan Qi _ tp + It, + U 

tan a 2 ~ 2[U + tp) " 

A simple geometrical argument then gives the scan-field to be: 

ti 4- 2*. + tp 

Without going into detail, we can define some parameters of these equations by the 

geometry of the microcolumn (d, tp, tt, (], W), others by the commercially available 

products {t-„ Vi.îm«.), or by the microcolumn application (Ve, S). For our practical case 

the thickness of the poles must be at least 70 /xm thick (Vt = 100 V, d = 1.5 mm, 

Vi,2m« = 150 V, ti = 0.4 mm, U = 0.6 mm, tt = 0.1 mm, W - 1 mm, S = 0.1 mm). 

A single-layer microfabricated octupole was made by the Chang group earlier [52]. The 

poles of the octupole are in a highly doped silicon wafer patterned with a deep reactive 

ion etching (RIE) step. Then, it is aligned and bond anodicaly to a Pyrex chip in which 

one hole has been drilled. Such a fabrication technique have the disadvantages of having a 

double octupole, two chips must be aligned together, and that several step are not suitable 

for batch processing (alignment and drill holes in the Pyrex). They also performed some 

experiments with poles made of gold electroplating, which have the same problem of 

structure transfer onto a substrate having in which holes have already been drilled. 
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Figure 6.2: Dimension and voltage definitions to determine the double octupole size. 

A new process has been developed to directly fabricate a double deflector in one chip 

using a photoetchable glass as the base insulator [87] [88], which allows structures to be 

plated on a pre-exposed glass. Since, the glass will not be developed until after the pole 

plating, freestanding end of the poles can be achieved after this development. This glass, 

consisting of I^/SiOï-based material, is subject to crystallization by exposing it to UV 

light and by performing subsequent heat treatment, while a non-exposed part with the 

same thermal annealing is not prone to this phase transition. The crystalline phase is 
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lithium silicate, which is much more soluble in hydrofluoric acid (HF). As a result, the 

exposed part is etched in a 5% solution of HF, 50 times faster than the non-exposed part. 

For this fabrication, 3-înch, 400-^m-thick wafers of photoetchable glass from Hoya was 

used. 

6.1.2 Process 

^ ™ L n m i 

Figure 6.3: Process flow chart of double octupole fabrication. 

In figure 6.3 the process flow chart of the fabrication of double octupole is presented. 

The process starts with the exposure of the hole in the photoetchable glass. The energy 

required at a wavelength of about 320 nm is 1.5 J /cm 2 . The thermal annealing applied is 

a ramp from 25 to 350 0 C at a rate of 150 °C/hour, a second ramp from 350 to 600 0 C at a 

rate of 60 °C/hour, then the temperature is maintained 1 hour at 600 0C, and finally the 

temperature is decreased with a rate of about 100 °C/hour. This followed by a brief 5% 

HF etch (2 min) to improve the adherence of the metallic layers to the glass wafer. These 

layers are 500 A and 1000 A of chrome and gold, respectively (b). They are evaporated 

on both sides with an e-beam evaporation system, and will be used as a contacting layer 
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for electrodepositîon. 

The next step is the deposition and the patterning of a thick resist (c). We used a 

double layer of 50-^m-thick photosensitive foil called RISTON from DuPont [89). This is 

a very cheap method to obtain a thick resist; the RISTON is simply laminated two times 

on both sides of the glass wafer to obtain a 100-jxm-thick double-sided coated resist. To 

have a good alignment between the two octupoles, we used a double-sided aligner/exposer 

tool. First, the two masks (top and bottom) are aligned, then the glass wafer is aligned 

with the top mask through a special feature which can be aligned with the flat of the 

wafer. Hence, alignment of a couple of micrometers between the two octupole patterns 

can be performed, as well as a rough alignment with the glass holes of a couple of tens 

micrometers. Such an alignment with the flat is not very precise, but this is not important 

considering the size of the hole (3 mm) compared to the inner circle delineated by the 

poles (1.5 mm). The next step is the copper electrodepositîon (d) of an 80-/xm-thick layer 

done simultaneously on the both sides of the wafer. After the resist stripping and the 

chrome and gold etch (e), the glass can be developed (f). The development through the 

glass in a 5% HF solution takes approximately 30 min (if the HF solution is fresh, the 

etching rate is about 9 /rai/min). During this operation trenches, which were also exposed 

at the same time as the holes and which delineate the border of the double octupole chip, 

were developed to facilitate chip separation. 

6.1.3 First fabrication run 

The first run of such a double octupole was performed. Unfortunately, the quality of the 

poles was not as good as expected, and the deflector could not be used. If freestanding 

poles have been made with this process, two problems occured. First, the definition 

and the adhesion of the RISTON was not good enough for this application (the distance 

between two poles is 100 ^m) , and several poles had bridges between them. Second, an 
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unexpected oxidation problem was encountered. After only a few hours poles turned blue 

(one of the oxide phases of copper). Such a copper oxidation does not appear for other 

copper plating structures which maintain their reduced appearance for weeks. Certainly 

the copper bath was either too old or contaminated. Nevertheless, it would be preferable 

to use gold to avoid oxidation. It was also planned to replace the RISTON resist with a 

new resist from IBM called SU-8 [52, 90]. Such a resist has been tested, and structures 

with a thickness as high as 500 /im and an aspect ratio of 15 have been demonstrated 

[91]. Figure 6.4 shows an SU-8 test structure showing the outstanding definition of this 

resist. 

Figure 6.4: Structure of SU-8 demonstrating an aspect ratio of 15 for a 145-/im-thick 

resist layer. 
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6.2 Objective lens fabrication 

The two source lens fabrication techniques described in the previous two chapters are 

perfectly compatible with objective lenses fabrication, but only few first experiments 

have been done on this topic, and no objective lens has yet been built by these means. 

However, objective lenses were fabricated by focusing ion beam (FIB) milling. This 

is a very simple process, requiring no masking and no lithography. Figure 6.5 shows the 

two main steps of this process. First, a stack containing the three electrodes and the 

two spacers are fabricated by AC anodic bonding as explain in chapter 4. The central 

electrode was made by an ultra thin (4 firn) silicon wafer cleaved to the proper dimensions. 

Second, since the three electrode bores have the same diameter, the whole stack was milled 

simultaneously by delineating a circle with the FIB probe. Although this technique is 

simple, it is not suitable for the mid- or large-scale fabrication of lenses. To mill one 

lens having a 130-jxm bore took more than 22 hours using the highest ion beam current 

available by the system. 

Figure 6.5: Schematic showing the two fabrication steps of an objective lens made by FIB 

milling. 
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Chapter 7 

Conclusion 

The goal of this thesis was to develop microfabri cation techniques for the mid- or large-

scale fabrication of miniaturized low-energy electron columns or arrays of such columns. 

The main part of this work was to make lenses for such columns; therefore, two different 

processes were investigated, and source lenses using these two techniques were fabricated. 

The main idea for the lens fabrication, was to machine the lenses layer by layer, while 

using the previously machined electrode as a reference to align the following one. Since 

for lens fabrication high accuracy bore alignment is required, this technique allows the 

batch fabrication of lenses with a step where each lens is individually aligned precisely on 

the wafer or in the array. 

The first type of lens was made of a stack of silicon membranes for the electrodes and 

Pyrex stripes for the dielectric spacer. The two key points of this fabrication were, the 

assembly of silicon membrane/Pyrex/silicon membrane stack, and the alignment of the 

second and third electrodes. In order to fabricate the stack, a technique based on AC 

anodic bonding was developed. This technique demonstrated strong enough bonding on 

both sides of the Pyrex such that the bonds withstood the further processing steps of the 

lens fabrication. We observed a bond quality four times better with the AC technique 
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than with a sequential DC anodic bonding. The alignment of the second and third 

electrodes regard with the first electrode was done by exposure of a resist layer through 

the silicon membrane by using e-beam lithography and the electron penetration depth 

in the membrane. This technique allowed reference marks from the first electrode to 

be transferred into a resist spun on the back side of the second electrode. By carefully 

choosing the electron beam energy and the exposure time, very fine transferred marks 

have been done and alignment in the 200 nm range was demonstrated, which is five times 

better than previously demonstrated techniques. 

Arrays of three element source lenses were successfully fabricated and tested. Mounted 

in the microcolumn, 60 nm resolution was measured at 200 eV and 10 pA. At lower energy 

(100 eV), a charging effect was limiting the beam quality. This problem is attributed to 

either a native oxide or particles on the limiting aperture. Procedures were investigated 

to prevent the native oxide formation by hydrogen passivation and to clean the device, to 

avoid the charging effect, 

The second lens fabrication technique involved a fully integrated array of two-element 

lenses in silicon made by an epitaxial growth p++n~p++ structure, and dopant selective 

anisotropic etching techniques. The isolation of the electrodes was done by the pn junction 

of the epitaxial structure in reversed-bias mode. This technique allows the dimension of 

the lens to be reduced and facilitated the fabrication because no assembling was necessary. 

A new bore alignment procedure was developed using an observed thickness contrast in 

e-beam imaging, and 200 nm alignment accuracy was demonstrated. A special process to 

passivate the silicon surface was also developed to prevent surface leakage current. 

Arrays of these integrated lenses were successfully fabricated and tested. The break­

down was measured to be lower than expected, but it is mainly due to epitaxial problem 

which occured during sample growth. The epitaxial profile was not optimize to maximize 

the breakdown voltage of the structure. 
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Finally, first experiments to fabricate a double octupole, using electroplating and a 

photoetchable glass substrate in which the exposed part is used as a sacrificial layer, have 

been done. 

In summary, we have shown various microfabrication techniques for building a minia­

turized electron column, suitable for batch processing and allowing a greater integration 

of high quality microcolumn. With the integrated lens technology coupled with the micro-

fabrication technique for the octupole, column lengths of less than 1 mm can be fabricated, 

which is necessary for working at the 100 eV regime. However, not all the integration 

problems have been treated and resolved in this work. For example, a major issue will 

be to integrate a source consisting of an electron-emission tip self-aligned with the source 

lens where the capability to prepare the tip without altering the extraction electrode can 

be performed. Or, for an integrated microcolumn array, the problem of interconnections, 

specially for the octupole, must be solved. The fabrication of microcolumn will surely 

provide numerous research themes for future theses. 
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Chapter 8 

Appendix: Microcolumn testing 

and lithography experiments 

|CCD] 

xyz-Driver 

Figure 8.1: Block diagram of the microcolumn test setup. 

The test setup consists of several components which are outlined in block diagram in 
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figure 8.1. There is a device for positioning the field emission tip, a microlenses stage 

containing also, a miniaturized fine machined scanner-stigmator, a sample stage, a chan-

neltron (photomultiplier), a microchannel plate, and an electronic controller unit. 

8.1 Testing of a two-element source lens 

Source lens electrodes: 
extraction and acceleration 

Tip l-n Mesh Channeltron 

Iv1 v2_̂  
H 

[AA 

Deflector 

Figure 8.2: Setup for the two-element source lens experiments. 

Various proprieties of the source lens have been assessed using a two-element version 

of the lens without an aperture, and without an objective lens. Omitting them, of course, 

influence the achievable spot size, but do not affect the lens proprieties. Testing was done 

in UHV using the simplified setup sketched in Figure 8.2. 

The first experiment was to test the lens's focusing effect. For that purpose, we scanned 

a 1000 mesh with the beam formed by the lens. The tip position and the extraction 

potential (Vi — Vj = 470 V) were kept constant and, hence, the emission current was also 
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constant. An increasing deflection angle is observed for decreasing beam energies defined 

by V1. 

-670V/-200V -57OV/-100V -47()\ n \ 

-370V /100V -270V / 200V -170V / 300V 

Figure 8.3: Mesh imaging with various t ip / accelerating voltages (corresponding to ^ / ½ 

in Fig. 8.2). 

Figure 8.3 shows an example of such experiments. During this experiment, the po­

tential distribution in the lens changes because V1 - V2 was constant. At approximately 

Vj = 200 V a crossover could be formed, which demonstrates that the electron beam can 

be focused with 270 eV. 

8.2 Microcolumn resolution with a three element 

source lens 

A source lens including the aperture was mounted together with an objective lens 

obtained from the group of Philip Chang. When operating the instrument at an energy 

of 200 eV and using perforated carbon-films as samples, a resolution of better than 60 

123 





Figure 8.5: This picture shows the frame of a copper 1000-mesh, which was used for 

calibrating the scanning field. Marker A points to an area on the copper surface. The 

bright structures (indicated by B) on the frame of the mesh are residues of silver-paint 

which has been deposited for mounting the mesh to the sample holder. 

energy primary beam. We found, however, that for perforated samples or for images 

taken close to the sample edge, another approach may be used; by applying a voltage of 

about +100 V to the entrance electrode of the channeltron behind the sample, secondary-

electrons were channeled through the holes or around the edges to the detector (see 

figure 8.2). Areas up to 100 ^m away from an edge or from a hole could still be imaged. 

As an example, figure 8.5 shows a copper-mesh with some residues of silver-paint. A 

clear material contrast between copper and silver is observable. In figure 8.6, the edge 

of a silicon wafer is depicted. The resolution is somewhat worse compared to the pure 

transmission mode. The distance between two features that can still be resolved is about 

100 nm. 
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Figure 8.6: These two pictures were taken from an edge of a cleaved silicon wafer. The 

picture on the right hand is a close-up of the first picture. It gives an indication of the 

achieved resolution which is about 100 nm. 

8.3 Low energy lithography 

Feasibility experiments in lithography using the microcolumn at both 100 eV and 200 eV, 

were also performed. Three types of resist were tested: PMMA, hydrogen passivate 

layers, and self-assembled monolayers (SAM) [65]. These experiments were done a source 

lens without aperture and with an objective lens. Because of the missing aperture, the 

resolution was not checked. 

8.3.1 Experiments with PMMA 

Figure 8.7 shows ant exposure in 50 nm thick PMMA layer. The first square was 
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Figure 8.7: Shaded AFM image of two squares written in 50-nm-thick PMMA. a) Expo­

sure made with 100 eV electrons and a dose of 148 fiG/cm2, yielding to a profile depth 

of 3 nm. b) Exposure with 200 eV electrons and a dose of 125 ^C/cm 2 , yielding a profile 

depth of 7 nm. 

written with 100 eV electrons and a dose of 148 /zC/cm2, and the other with 200 eV 

electrons and a dose of 125 jxC/cm2. The depths, measured by AFM, are 3 and 7 nm 

respectively, which corresponds to the different penetration ranges of the electrons. The 

shape of the pattern is not rectangular, as it should be, but reflects the distortions in the 

electron optical system. 

8.3-2 Experiments with hydrogen passivateci silicon 

Hydrogen passivated silicon was exposed at 100 eV. This inorganic resist consist of 

a monolayer of hydrogen formed on silicon substrate by dipping the sample in BHF. A 

minimum exposure dose of 4 mC/cm 1 at 100 eV has been reported in the literature (40). 

The hydrogen atoms are believed to be desorbed upon electron impact, leaving behind 

bare silicon a+ the surface which oxidizes in air later. The resulting native oxide can then 

127 



Tf 

Figure 8.8: Grey-scale AFM image of (a) nine rectangles exposed with different doses in a 

hydrogen-passivated layer on Si(IlO) and transferred into the silicon using a TMAH wet 

etch. The doses were from left to right 1.7, 3.6, 4.4, 4.8, 5.3, 5.9, 6.4, and 7.0 mC/cm2 . (b) 

Cross-section along AB through the lines, demonstrating the observed dose dependence. 

be used as an etch mask during a subsequent pattern transfer with TMAH. Based on this 

model, no effect of the dose is expected to be observable as soon as the minimum dose 

is exceeded and as long as the oxidation takes place after the writing is completed. The 

AFM image in figure 8.8a) shows lines patterned as rectangles nominally 2 ^m >: 40 //m in 

size. The exposure was done under UHV conditions {2 x 10 - 1 0 mbar). A clear dependence 

on the dose is observed (see figure 8.8b), which indicates that the exposed area were not 

completely depassivated. 

8.3.3 Experiments with SAM 

A first test exposure was also made on a self-assembled hexadecanethiol (CH3(CH2)isSH) 

monolayer. The sample was prepared by first evaporating onto the silicon substrate a 

thin Ti adhesion layer (0.5 nm), followed by a 20-nm-thick layer of gold. The SAM was 

then formed on the gold layer by immersing the substrate in a solution of hexadecanethiol 

and ethanol. This material is known to be a self-developing resist. Figure 8.9 shows a 
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scanning electron microscope picture of four square patterns in the SAM. 

HO^C/cm1 55iiC/cm : 

IA ^iC/cm' 14 pC/cm* 

Figure 8.9: SEM image of squares written with 100 eV electrons in a SAM. The dose were 

from left to right and from the top to bottom 110, 55, 28, and 14 /*C/cm2. 
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