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Summary

An array of minjaturized 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, togetber 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
bigher 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



mode. In addition, preliminary experiment and fahrication of a doubie deflection system
has also heen performed.
For this purpose, the following techniques have heen developed:
1. AC anodic honding for fabricating the silicon membrane/Pyrex spacer/silicon mem-
hrane stack.
2. Electron beam exposure through thin membranes to perform high-accuracy align-
ment hetween the electrodes of the lens.
3. High-quality memhrane and multi-membrane fahrication by selective anisotropic
etching and silicon epitaxy.
4, Alignment procedure using thickness contrast with electron heam imaging.
5. Gold-silicon eutectic bonding to achieve a electronicaly conducting hond.
6. Technique allowing a freestanding electroplated structure on a glass wafer by using
a photoetchahle 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 fahricate holes in a silicon
membrane with vertical walls and a wall roughness of less than 10 nm.
B. Selective passivation technique to prevent leakage currents at the silicon surface.

9. Low stress plasma enbancement chemical vapor deposition (PECVD) of a silicon
oxide-nitride layer (SiION} for use as a mask for silicon memhrane structuration

without deforming the memhrane.

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

are presented.



Chapter 1

Introduction : Challenge in

sub—100 nm lithography

Lithography accounts for neatly 35 % of the cost of integrated circuit fabrication [1).
Presently the significant part of this is mostly done by optical lithography. lts leading
position is explained by its bigh throughput and its relative simplicity. The next 10 years
will be a turning point in microelectronic litbograpby, because the demand to reduce
feature dimensions anticipates sizes which are not demonstrated hy 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,
ASBIC, etc. But this fact will not stop the need for smaller dimensions, and otber 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 suh-100 nm dimensions.

Optical lithograpby 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-



DRAM production year || 1992 | 1995 | 1998 | 2001 | 2004 | 2007 | 2010

Feature size [nm] 500 | 350 | 260 | 180 | 130 | 100 | 7O

Bits {bit] 16M | 64M 1 256M | 1G | 4G | 16G | 64G

Processing cost [§/cm?] 400|390 | 3.80 | 3.70 { 360 | 3.50 | NA

Lithography cost [$/cm?®] || 1.40 | 137 [ 1.33 | 130 [ 1.26 [ 1.23 | NA

Tahle 1.1: Estimated trend of the DRAM evolution for the next decade {2].

sure wavelength and phase shift masks [3]. Although optical Ethography has constantly
pushed its limits further down in the past, the sub-100 nm regime will most likely not be
the optical lithography age. Tht.arefore the following technologies are beiog considered to
he the main techniques to play an important role for siructuring 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 he exposed. The key element is the mask, it consists of a very thin
memhrane {few microns thick) of Si, SiC, SiN or diamond and an absorhing layer of gold,
tungsten or tantalum ou 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 ahsorber
layers need to he very thick which is quite difficult to pattern with sub—100 nm resolution.

In practice, the wavelength used is hetweer 0.4 om and 1.2 nm (soft X-ray). The maie
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advantage of X-ray lithograpby is its throughput which is comparable to that of the optical
lithograpby. However the technology is not yet mature with still many mask problems
like membrane stress, distortion, stability, beating ete. 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 smail or in contact. Patterns with 30 nm of feature sizes have
already been achieved in research [4], with a gap lower than 1 pm. But for ULSI (Ulira
Large Scale Integration) tbis small gap is not realistic, because the expased area must be
as large as possible to have the highest exposure througbput as possible, and fabricating
membranes as flat as I ym is not feasible. The manufacturing limit is currently considered
at 70 nm, corresponding at a gap of 5 pm [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 [B]. Anotber advantage of focused
e-beam is its depth of focus, allowing high resolution even over topographical steps on
the wafer as tbey are present on microelectronic chips. The use of a very small focused
beam to "draw” tbe 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 bas
been addressed by three approacbes a) variable shape beam concept b) e-beam projection
lithography and ¢) parallel beams. The variable shape beam is still a serial approach but
it adapts tbe 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 cbanging tbe 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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nuinber of exposed pixels and hence considerably improves exposure tbroughput. 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 [9].

In electron projection systems, the pattern on a stencil mask is being projected (with
or witbout demagnification) onte the wafer (10, 11]. Such masks are even more difficult
to realize than for X-ray lithograpby 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 paralle]l beams which are
generated by an array of lenslets which are illuminated from a single cathode [15, 16]. Al-
thoughb 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 hydrogenisation 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 tbe sample
as a part of the probe forming optics leads to severe tip-target interaction problems, in
addition throughput needs to he 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 techbniques to build a miniaturized e-beam column.
Besides its compactness, small size and low cost, the approach bas great potential for
batch fabrication of lens and column arrays. The latter feature and the high resolution
of focused e-bearn makes the microcolumn array very attractive for sub-100 nm bigh
throughput Lthograpby applications.

A fundamental problem of e-heam 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 eflect for e-heam lithography is called proximity effect and was first
described and characterized hy Chang [22]. The prohlem has heen reduced/solved hy sev-
eral software proximity correction techniques which calculate for complete circuit layouts
the total dose for every single shape received hy 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)
heam energies to make the scattering range much hroader hut also more uniform or much
lower heam energies (< I keV) to reduce the scattering range below the minimum gap

hetween two shapes.

Ion lithography makes use of the same principle concepts as electron lithography hut
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 prohlem can he
solved by using multilayer resist technique wherehy the jons only expose the top imaging
layer and do not penetrate through the thick hottom layer, hence the underlaying layer are
not exposed to the ion heamn. However the techniques requires additional dry etch steps
to transfer the pattern into the hottom layer. Prototypes of ion projection lithography
systems are already heing in use and tested [23]. But as with all future mask projection

systems, the memhrane masks are very difficult to make and their life time is still a

13



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 heams. 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 bave heen reported for sub~100 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
valuahle 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

heam columns, proposed hy Chang [31] as is shown in figure 1.1, offers great potential as

lithography tool for the future. It has the flexihility of the scanning hased 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 fahrication cost of such tocls. The low

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

avold many of the proximity prohlems. To summarize, table 1.2 compares the keys points

of the most promising lithography methods for the near future.

Lithography concept || System | Throughput | Resclution | Exposure | Vacunm Other Other
cost over a step advantages disadvantages
Optical + + +++ -- Ne
{193 nm Stepper)
X-ray --- +++ ++ Yes Mask fabrication
{synchrotron source)
Focused e-beam - +++ ++ + Yes No mask Proximity correction
{conventiouat tool} needed
Focused icn beam - - +++ ++ + Yes Ne mask induce damage
needed
Electron Prejection - +++ - + + Yeu Proximity correction
Mask fabrication
lon Projection ++ + -- + + Yes Maek fabrication
Arayed STM ++ + + ++ + No Tip scratch
Stamping +++ +++ + + + ? No mold quality
and degradation
Arrayed e-beam ++ + + ++ + ++ + Yes No mask
micracolumn ' needed

Tahle 1.2: Comparison of several key points hetween the most promising lithography

concepts for the near future.

Provided that arrays of microcolumns can he fahricated, this technique becomes very
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attractive for sub-100nm 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 fahrication technigues suitable
for integrated lens and deflector arrays hecause 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-heam tool, which is the exposure technique foreseen to he used with
the microcolumn. A presentat.icn of the low energy miniaturized electron beam column
will follow, hy explaining what are the henefits 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 cother 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 lithograpby 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 eleciron beam s electromagnetically deflected over the surface
of the resist-coated sample in such a way as to fill in ibe paitern. When, for example,
using a positive tone process, the chain of tbe resist polymers of the exposed areas (or
more precisely tbe volume) are dissociated by the energy supply by the beam producing
a molecular weight contrast between tbe exposed areas and the not-exposed areas. By
using an appropriate developer, this contrast can be revealed by a subsequently higher

solubility of the exposad part.

Electron beam lithograpby 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), wbere a condenser and an objective lens focus the electron
beam onto the sample surface by demagnification of the image of a tbermionic 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, o.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 correspand-
ing to tbe 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 tumed off completely by

the patiern generator {blanked} wben maving from one primitive shape to tbe 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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Figure 2.1: a} Schematic electron beam lithograpby system. b) Vector-scan exposure
scheme. The sample surface is subdivided into exposure fields(chips), in wbich the pattern

is broken down into primitive shapes. Each primitive sbape is filled in {exposed) by

Deflection path

Exposure field

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 interferometry.
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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 capahle of using alignment marks previously defined on the sample surface.
The marks are located in the coordinate system of the beam deflection hy relying on a bigh
contrast in backscattered electron signal. An elahorate set of antomated calibration pro-
cedures can then he 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 achievahle feature size is strongly influenced by two factors inherent to
tbe electron heam: the diameter of the focused electron heam, and the so-called proximity
effect due to the back scattering of electrons. The heam current I, the exposure field size
§2, the heam-stepping frequency f, and the dose D required for a given resist are related

by a dependence of the form:
I DFS?,

wbich 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 lithograpby system from Jenoptik Technologie GmbH is given in tahle 2.1.
A second main limitation to the achievable feature size originates from tbe undesired
backscattering of incident electrons in tbe depth of the sample. Tbis results in dose
contribution to resist areas which are remote from the point of incidence of the beam, so
tbat 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 hy all exposed areas is uniform [22].

'_Wafer size up to 200 mm Throughput 2 to 5 6" wafers/h
Acceleration voltage 20 kV Cathode LaBg
Beam format Shape beam 0.1 to 5 pm || Interferometer accuracy 5 nm
Resist sensitivity 0.1 to 1000 pC/cm? Stitching accuracy 0.05 um (3 o)
Qverlay accuracy 0.06 pm (3 o) Resolution 0.1 pm

—

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 he

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 VL5I in electron beam lithography is the prox-

imity effect due to backscattered elecirons. 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 loss,

2. elastically scattered electrons, which are primarily coilisions due te the screening
of nuclear acd can result in large (> 90°) deflections, although most are smaller
angle deflections. Some of the electrons can also be scatiered at phonons, suffer
stnall (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 scatiering 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:

Dir) = —— (e g T T
~a(l4n) o g

This formula descrihes 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. «
describes the lateral extent of the exposure due to the primary and small angle scattered
electrons, B is the extent of the backscattered electron exposure, and # is the rejative
contribution of the backscattered electron exposure to the total exposure. « depends
on the diameter of the incident beam, 8 on the energy through the mean free path of
electrons in the material, and 5 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 bigher energy electrons forwardscatter less in the
resist and the backscattered electrons emerge over a large area {~ 20 um diameter) and

provided a relatively constant dose background (f 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. 1t clearly shows, the confinement of electrons
with lowering of their energy; hut 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 bigher 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 heam energy [37-39).
However, other experiments show that for very low energies (from several electron-volts
to one hunidred 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.

10kV 5kv kv
- =~ G6am PMMA

Si substrate

Modeling system: 66nm PMMA/Si m

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 no{ 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 probahility 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 approximatively proportional to +/E between 100 and

2000 V.

VThis minimum of the mean free path at =2 75 eV was the principle motivation of starting
a project to investigate the realization of a miniaturized electron system working in the
100 €V range. But of course, locking 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-assemhled monolayers
(SAM). Both have successfully heen used in scanning tunneling microscope (STM) hased
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 he part of a microelectronic device, is reduced.
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2.2.2 Miniaturized e-beam 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 downscaliog the column,
the effective brightuess and the beam diameter can both be improved. However, tbe
miniaturization has its limits (especially for the lens fabrication), given by the fabrication
tolerance as well as tbe electrical breakdown voltage in tbe vacuum. Tbe tolerances in
the microfabrication tecbniques is for the best case in the 10 nm range. This will limit
mainly the minimum diameter of the boles in the electrodes, the bores, to about 1 pm,
to keep an acceptable roundness aod smoothness of the bore shape {43]. The electrical
breakdowrn, will mainly limit the miaimum spacing between two electrodes for a given
applied voltage. Generally, this value in the vacoum is on the order of 10* V/mm [20}.
With very small dimension (in the micrometer range) this VEI;IG can be 2 to 4 time bigher
{44).

The miciaturization of the e-beam system down to an inch cube offers other significaat
advantages. An obvious beaefit in baviag 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 AFM and an STM torealize 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 microcolumas. As already mentioned, an array of
tbese columns would overcome the main problem of electron beam lithography, namely,
tbe througbput. la addition, the tbronghput is also a key challenge in meteorology, and
such arrays can be atiractive for such a field. Nou-contacting integrated circuit testing
can also be an application; for example, the microcolumn cae be used for injecting charge
in the electrical circuit, and also to visualize the resulting signal witb anotber column in

voltage contrast imaging. Otber 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], tbe 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 will 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 methed [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 hetween
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 heen 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 2Zr/Q/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]). Tbe deflection
system was done by fine machining, but a micromachined version is planed [52]. They

also fabricated an integrated secondary electron detector hased on a Metal-Semiconductor-
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Metal diode (M8M} |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 goad

enough to be competitive with a conventional e-beam system.
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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 elernent of the
microcolumn. D. A. Crewe and co-workers at the Microfabrication Application Laboratory
of tbe University of Hlinois at Chicago proposed a kind of “self assembled” tecbnique for
the fabrication of the lenses. While the electrodes are also made out of silicon membrane,
the spacers are made by optical fibers. 1n the electrode chips, grooves are machined
to receive the fibers and thus have an alignment between the electrodes {54, 55]. They
also studies tbe feasibility of an array of microcolumns made of capillary tubes {cover

witb gold) as electrodes positioned in silicon V—grooves [56]. R.F. Pease and co-workers
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of Stanford University bave investigated the possibility of using miniaturized magnetic
lenses and more recently started to study the performance of a microcolumn working at
10 keV witb a final retarding electrode reducing the energy to 100 eV at the landing [57].
D. Rugar’s group kad also fabricated a miniaturized magnetic lenses {58]. The National
Nanofabrication Facility of Cornell University are also involved in micro¢olumn 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 tbe fabrication of Titanium Niiride
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 Jon Beam (FIB) drilling. Finally, at the
University of Tiibingen, 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 sbown in figure 2.5. As alteady mentioned, this work is based on tbe Chang set-up.
Tbe same SAFE approach will be used, but witb a configuration more suitable for lower

energy (100 V). 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 tbe 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. Ao ohjective lens to focus the beam at the sample level.

Because we are maioly focusing on lithography applicatioos, a special effort was done
to find fabrication solutions allowing the batch processing of microcolumn elements, or
even tbe direct fabrication of arrayed elements. If a parallel c-beam lithograpby system
is to have the potential to compete with optical lithography in terms of throughput and
effective cost of the lithography process, tben 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 processiog. However, the batch processing can not be

performed to the detriment of quality; e-heam lithography must acbieve a sub-100 nm

STM Pesitioning
/ Field Emission Tip

resolution 1o order to be attractive.

Source Lens

; ] Sample

Figure 2.5: Basic setup of the microcolumn built-up during this Pb.D. work.
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The above cited group working in this area did not really resolve the problems of batch
processing. This s 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 tbe Cornell University. The assembly and the alignment in the first group
are made manually under an optical microscope with the help of 2 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 pm 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 technigue is not very high
(around 5 pm) and certainly not enough for bigh-resclution optics. The third case allows
batch processing, but shifts the problem to another place; i.e. having additional wiring
and electrenic 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 heen solved in low cost fabrication manner

suitable for fabricating arrays of microcolumns.

Developing new techniques allowing the fahrication of such devices is one of the goals
of this thesis. This is trne not only for the lens, but also for the octupole. Two parts
of the microcolumn will not he discussed: the tip as was fabricated by my colleague

Camille Stebler [65], and the detector. A hrief 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 he slowed
down, accelerated or deviated. The general rules of T.H.F 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 [{66-70], and for the mictocolumn

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 he exerted on it so as to deflect and alter its speed. This

effect i3 described by the equation of motion;
F=mif=—~g(E+uxB).
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Where F is the force acting on an ¢lectron having a charge g, a mass m, a speed n, and
a trajectory r, while passing through an electric field E and a magnetic field B.

The term of electron optics is used hecause 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 he ohtained hy applying
the laws of geometric optical image projection. Hence the electron optic system can
he simplified hy talking ahout optical planes and focal, rather then needing to have
a complex description of the electzo-magnetic field distribution. Oune major difference,
however, between the two optics is that the electrons have much more aberration, since
the refracting regions formed hy the electro-magnetic field cannot he shaped as well as
the glass lenses used in light optics.

This similarity between electron and light optics is illustzated hy the law of refraction
of an electron i an electrostatic field, which is the hasis of electron optics. We assume an
electron traveling at a constant speed v, through a region of uniform potential V). Suppose
the electron passes through a poteatial step into another space of uniform potential Va.
At the step, the path of electron will suddenly change as showa ia figure 3.1. Assuming
that potential V; Is greater than W}, the normal velocity component w, of the electron will
be increased, causing the electron to accelerate in a direction perpendicular to the step.
The tangential component u, of the velocity, remains unchanged. Expressing electron

speeds in terms of the potential,

sinf, ﬁ

sinf, VW

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. Evea

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

can he 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 @,
due to the surface potential. This can he done {1) hy 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 10° V/m), the cold field emission, or (3} by
lowering the potential barrier upon application of an electric field and by increasing tbhe
energy of electrons with a temperature increase, the Schottky emission. Tbese 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 eleciron 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 distrihution

7. The processing required to prepare the tip during operation

At low energy, the heam -spread is an important factor since it will influence the
chromatic aberration wbich is proportional to tbe 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 bomogeneity 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 tbe high temperature required to
bave a sufficient emission current ( up to ~ 2000°C) which can affect tbe other parts of

the microcoluma, since the emitter work in close proximity to the optic column.
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Figare 3.2: Diagram of the electron potential energy at the surface/vacuum interface
showing the potential barrier deformation (F} due to the eleciric field applied and the

emission energy distribution (N{E)}) for the thermal, Schotiky, and cold field emission.

The cold field emission cathodes most commonly used are fabricated from <310
and <1l1>-oriented 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 gm. 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 €V for the {100) plane. In addition, the Zr/Q/W(100) cathode is
extremely thermally stable due to the low volatility of the ZrQ 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 ahove.
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Schottky emitter | Cold field emitter
Current stability 81/ [%] 01to1 4to b6
Angular current density [mA/st] 0.2 0.2
Tip radius [¢m] 0.3to01 <01
Energy spread AV [V] 03t01l 0.2t00.3
Working pressure [tozr] <1x10~8 <1x10~10

Tahle 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 stahility than the cold field emitter,
which is crucial for the lithography process. Por example, a current fluctuation of less
than 1% in a few hours, is required for lithography. This is not the case with ¢old field
emitters. Nevertheless, for our experiment we will use cold field emission cathodes, siace
their fahrication are simpler, and hecause at very low energy the energy spread emission
will he a bigger problem than with a system working at a more coaventional voltage.
Finally to demonstrate the feasihility of microcolumns for low energy lithography, the

high current stahility is not that critical.

Ia our experiment, therefore, we have used DC electrochemically etched single crystal
W<1ll> and W<310> wires (@ 0.125 mun) [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 he describe in
cylindrical coordinate (r, z, ¢). Since the system is axially symmetrical, the potential is

ot dependent on ¢. We assume a power-series expansion io r? for the potential {66],

V(r,z) = Vo(z) + cal2)r? + ca(2)r* + ..,

where Vy(z) is the poteatial on the axis. The potential distributico is described hy the
Laplace equation,
ViV =10,
where V is the voltage potential distribution given hy the electrode geometry and
the resultant shape of the equipotential line. To determine the coefficieats, the Laplace
equation is used in c¢ylindrical coordioates and with oo depeodence on ¢,

18, 0v. &V

75 T e =0

Performiog these operation on the power series,

Vv
%agr(ré;—,) = 2%y + 4%cyr? 4 BPcar® + ..,
W, "
%z—z = ‘/0 -|-(:2‘|"2 +C‘¢r‘ + bee

The power series is therefore,

" 1"2 v f"
Vir,z)=Valz) -V (3]2_2 +% (Z)W -
This equation allow us to koow the whole potential distribution by just koowing its

distrihution on the axis z.

In the case of the equation of motion, and taking into account that co magnetic field

15 applied and there is no dependence on ¢,.
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gdv. . an

Time can he eliminated and the two equations comhined into a single radial trajectory
eguation,

dr . . dr. P dir 2
—z, F=
dz”’ dz” " dz?

r=
and by using the energy conservation
m(f? 4 32 = —qV,

the two equations of motion can he fused iato one,

W= G- g e+ (G
This is a noalinear differential equation but because we are under the paraxial approx-
imation dr/dz is small, and the second term of the right part can he approximated to
one. For the same reason V, 8V/dr, and 3V/3z can he approximated hy the first terms

of their respective series of the potential distribution equation. Thus

v w, T )4
V& Vo(z), B~ -V (2)5 3—~Vo(z)

This leads to the final form of the paraxial ray equation:

n

&  dr Vo __")_0

dz? +dz 2V

This equation has several interesting features. First, it is independent of the ratio g/m.
Second, the derivatives Vj and V]’ are normalized with respect to Vj; hence, it is the field
distribution and its shape that gives the electroa 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.
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Figure 3.3: Electron trajectory, potential distribution, and tbeir 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 glohal
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effect is convergent. To explaiv the converging nature of electron lens, figure 3.3 illustrate
the simple case of two element lens. The elecirons goiog through the first part of the lens
{convergent) find potential lines which have a higger loogitudinal component than in the
second region (divergent), since the focusing effect of the convergent part hring electroos
closer to the lens axis, and because they are closer to the axis they find potential liaes
which have a lower loogitudinal compounent, they will he less deflected in the divergent
part.

However depending of the electron path (from the bigher potential to the lower, or
inversely) a different focal length is found. This is due to the accelerating or deceleratiag
effect of such bipotential lens. An electron coming from a high potential area is slowed
down when arriving nto the lens, hence it has a lower velocity in the divergent area than
in the convergeot one. As a consequence, the divergent effect will he larger since the
electron flying time in the divergeot area is larger than in the coovergent area, leading
to a lower glohal focusing effect and a bigger focal length. The same argumentation can
he 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 iv the convergent area compare to
the divergent area, hence the glohal focusing effect is larger, and the focal leogth smaller.

If the potential distribution 18 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 fouud:

R

PP
where f; and f; are the focal length for a heam coming from the top and {rom the

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

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

hl: VWil
M=ilr_vhla
fily VWL
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where Ly and L are the object and image distances to the lens, respectively.

Extraction ¢lectrode
Spacer (insulator)
Acceleration electrode
Spacer

Aperfure

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 aliow 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 heam. 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 pm. 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 elecirode, which
must be kept low in order to avoid beam aherrations. 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 hy the source,

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

df
I= ﬂag;n—o,

where ap is the semiconvergent angle at the exit of the source and d7/d€)g is the charac-
teristic angular emission density. It is clear that for having the maximum heam current,

the semiconvergent angle should he as high as possible,
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Figure 3.5: Basic micro-ohjective 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. 1t consists of three
electrodes, each with generally the same hore diameter and the same spacing. Its goal
is to focus the eleciron 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 hore diameter, it is a symmetrical Einzel lens, and its focal length can he

evaluated as [68):
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1 3 W-Vi, L | V=-%)
fNSd V. ¥, if W < 1.

This configuration can be used with both V; > V; and V; > V|. However with 1| > V;
there are fewer aberrations. Different external potentials c@ 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 direciion, can be just two plates where an

opposite voltage is applied, as shown in figure 3.6.
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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:

.V
tana, = 2

V.’
which is approximately a, at small angles. For high energy electrons, the length of the
plate must he large, since their high velocity decreases the flying time in the electric field
area, and the deflection efficiency will he decreased. Bu! in our case, with low energy
electron, this length can be small (typically in the 100 pm range). This fact will help us
to integrate the deflector.

The deflection of the heam is done hy applying a symmetrical potential hetween the
poles in both sides of the deflection plane as shown in figure 3.7a, There is also a focusing
eflect during the deflection, since the electrons closest to the positive electrodes will move
faster and will he 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 heam shape.
If there is a misalignment between the different elements in the source, the beam shape
will he elliptical distorted(astigmatism)}. To correct it, an elliptical field will be added
{figure 3.7h) to have a orientation-dependent focusing effect which will form a circular

heam 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 hy scanning the heam 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
hetween the sample and the hottom of the objective lens is less than 0.5 mm, such a

system or a microchannel plate device cannot he used. The detector device to record
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Figure 3.7: The iwo operating modes of the octupole; a) the deflection, h) the heam

astigmatism correction.

the hackscattered electrons must therefore he a very compact device with a thickness of
less than 0.3 mm. Such a device must also have its semsitive part at the very top of
its surface, hecause hackscattered electrons have a very low energy of several electron-
volts, resulting in a low penetration depth and hecause there is no room for an electron
accelerator device, Therefore, for 1 keV electron energies, 2 metal-semiconductor-metal
diode (MSM) in silicon [62] or in gallium arsenide [53] has been fahricated 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 he incorporated (otherwise
the diode is huried and will not receive any electrons), the surface leakage current is quite
umportant.

A similar technique can be used for the 100 eV microcolumn, alheit with a lower
efficiency, since the number of hackscattered electrons is compared to 1 keV, therehy

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

3.6 Aberrations

The greatest limitation of the heam 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 heam diameter. The real beam size is approximatively
the geometrical sum of the beam diameter without aberration and all the confusion disk

diameters of each kind of aberration:

éeam = dgeun without aberrations + zdzberration i

3.6.1 Spherical aberrations

Since the electric field producing the focusing effect in a lens is not ideally curved; the
electrons bave a different focal length depending on their radial distance from the optical
axis. This defect 15 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,

where (, is the spherical aherration coefficient w;hich is directly proportional to the
focal f, and & is the semiconvergent angle in the image space. It is impossible to correct an
aberration introduced into a beam by a lens with suhsequent heamn reshaping. Therefore,
it is imperative to have an electrode configuration that produces the most suitable electric
field, The equation above shows that &, can be reduced hy limiting tbe 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.

possihility to reduce the heam convergent angle is to add a limiting aperture, but this
will lower the heam current. The optimum will he a trade-off hetween the spot diameter

and the heam current.

3.6.2 Chromatic aberrations

Since, at the emission, the beam have not electrons with all the same energy, their he-
haviors into the lens will he 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 aberratioo introduced by a lens.

The disk diameter of confusion due to the chromatic aherration, d, is

AV
d. = GE?OC('

where C, is the chromatic aberration constant, which is also directly proportional to
the focal f, AV is the energy spread, and V; is the mean energy of the beam. For
low energies tbis effect 1s quite important since this aberration is proportional to the ratio
AV/Vy, and tbe energy spread is independent of the mean energy. Hence, for low energies,
the electron emissioo process must keep the energy spread very low (field emission). As
with the spherical aberration, reducing tbe 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 scanving. It

will limit tbe guality of the heam 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 he 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

heam as shown in figure 3.10.
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Figure 3.10: Schematic of the astigmatism introduced by a lens.

The minimum disk of confusion d, s directly proportional to the semiconvergent angle,

a, through the astigmatism constant C,:

This imperfection can he corrected by a stigmator as mentioned in the previous chapter.
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3.6.4 Diffraction

Lens plane Jr

¥

Y

4

A J

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 heam, the

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

A
dy = 0.6—,
o

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

the following expression::

1 1
PR 2.5ﬁ [pm] with Vg in [eV] =>dsm 15 T

Here also, the lowering of eleciron energy does not improve the beam quality. However,
contrary to spherical and chromatic aberraijons, 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 he very high and
the electrons velocity very low. The consequence is an auginentalion of the chromatic
aberration of the electron prohe, The displacement trajectory occurs mainly in the region
hefore 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, hut it can he compensated for hy the miniaturization of the source

TEEIOn.

3.6.6 Lens imperfection aberration

Many other effects can add aberrations and/or increase the aberration coefficients of the
ahove-mentioned cases. The roughness of the electrodes will disturh 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 he kept under 1% of the electrode diameter
to limit their effect on the field.

The spherical aherration coefficient usually given in the literature is determine within
the paraxial approximation. If the dimension of the heam hecomes non-negligible com-
pared to the radius of ihe elecirodes, the coefficients will he higher. This is illustraied by

the following relation, which has heen determined experimentally [68],

3

f
C,tX‘E,
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where f is the focal length and R the radius of the electrode.
A misalignment hetween electrodes is also a source of deterioration of the heam quality

hecause it introduces coma into the heam [50].

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 prohlems 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 (hetween 20 and 50 pm). Therefore the extraction voltage for a given
extraction current will be significantly lowered compared to that of a conventional source.
This is quite important hecause the lifetime of tip= is usually limited hy erosion due to ion
impact generated hy high-energy electrons hitting the extraction electrodes and dispelling
ioos from the electrode. Due to the electric field these ions will be accelerated back to
the tip and mill it. This precise positioniog also allows one to reduce the diameter of
the extraction electrode to 1 um, wbich 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. Anotber advantage, is that
many aberrations with low-energy electron beams are expected to come from the extrac-
tion area [31] because this region has a very bigh field gradient, which wiil strongly affect
electrons with low velocity. By shortening this area, the mean flying time of electrons
can he reduced and hence the glohal effect on them as well. The energy spread due to
electron-electron interactioo can also he reduced by shortening the distance hetween the

tip and the first electrode, and the trajectory displacement of the electron due to this
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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 numher of electrons simultanecusly in the parts
of the column and the mean distance hetween them must he calculated. The numbher of

electrons n is given by
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with [ the electronic current, t the flying time for electrons to go through the column

part, and g the electron charge (1.6 x 10~'% [C]). The velocity v of electrons having energy

vy 28
m

with m the electron mass (9.11 x 1073 |kg]). Since the flying time can he replaced hy

Eis

t = Ifv, where { is the length of the column part, the number of electrons is

Yy
gy 2qE
But the interaction hetween two electrons is also proportional to, first, the repulsion force
F hetween two electrons, which is inversely proportional to the square of the electron
distance, r. This electron-to-electron distance can he evaluated hy a mean value equal to
ifn. 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 he calculated:
2 2 3/2
kzgtz(%‘.)é:%(zq%) i onsl,
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 ahove, considering that in the tip-extraction electrode area the current
is typically 5 uA and represents a distance of ahout 50 um, in the extraction electrode-
aperture area the typical current is 3 nA and 500 um 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 exiraction electrode-aperiure area: n = 1.6 electrons, and & = 0.0005.
3. In tbe 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 resi of the column. Even if this is just an approximation, it is clear that
the main electron-electron interaction problem will be between the iip and the extraction
electrode. Tbis is perfectly illustrated by the simulation done by Thomson [72]. He
calculated that for a field emission source, which at 300 K bas 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 uA/sr under operating conditions relatively similar to those
that yielded above. Nevertheless keeping tbe column length as small as possible wiil
always be hetter in view of the electron-eleciron interaction.

But working with low-energy electrons also has advantages regarding to the aberration
prohlem. It allows, for ibe same focusing effect, to reduce the applied voltage and thus
ihe lens dimension to be reduced (less akerration). Tbe limitation of this downscaling
is first the breakdown voltage in vacuum (V ~ 10 V/um), and second that the heam
diameter in the lens area mnst be mucb smaller than the bore diameter {in general the
heam diameter is kept less than 10% of tbe bore diameter) to avoid an excessive spherical
aherration coeflicient {C, o (bore diameter)™#). 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 hy the given required current; again the
improvement of the objective lens quality, depends on our ability to minimize the column
length.

For the firsi electrode of the source lens, the bearn is as large as the electrode bore, and
considerable aherration will be generated hy the non-paraxial part of the beam. Hence

the source aperture is necessary to cut tbe edge of the beam where the alerrations 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
hreakdown voltage in the vacuum (10 V/um) 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 electrans, 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, 48]. As a resuli, they show that the source hrigbtness for low-energy heams can be
increased by at least two orders of magnitude.

Now that the various generations of heam distortion have heen revealed and the means
to reduce them have heen given, their effects on the brightness, which depend on the ratio
hetween the electron prohe current and its diameter, must be evaluated. Figure 3.13, show
a decomposition of the microcolumnn inte two parts, which will help us to differentiate the
parameters related to the source from those related to the ohjective lens. The current is

determined by the source, which is given by
if ag is small,

where [} and [; are the beam current after the source and at the sample level, respectively,
&g the semiconvergent emitting angle of the source given hy the aperture, and df fdflg the
angular emission density of the gun. To find the diameter of probe size d3, the optimum

semiconvergent angie ap must he found with regard to a minimum of the aberrations:
dy = ((Mady)* + By + dy 5 + 03 )'?
where My = a;/a; (if a is small) is the magnification of the objective lens, &, the source

diameter given by the gun (tip and source lens), and d;; the different disks of confusion
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Objective lens

Figure 3.13: Decomposition of the microcolumn into two parts, the source and the focal-

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

of tbe principal aherration of the objective lens (spherical, chromatic, and diffraction).
The value of d; depends, first, on the virtual size of the tip dy multiplied by the
magnification factor of the lens formed by the source lens effect M, and, second, on its

aberration

dy = ((Mld0)2 + dfﬂ + d2,1 + dﬁ-‘l)m .
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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 oy ~ ag , d ~ dy, and the ahsolute value
of M, is equal to 1.
If we take again the equation for d;, with d, fixed by the source quality which was
optimized by limiting its focusing effect and by its miniaturization; this results in
1
& = ((g& l)2 + %—? Vs +0.25C,208 + cc,a,%) : ,

and the optimum a; minimizing d; is given by

The o3 optimum is dependent on the working distance, 50 a mere geometrical considera-

tion yields

Hence, with ag given by the current required and W given hy the working distance, an
optimum column length can be found to minimize the beam diameter d;. Unfortunately
we were not equipped with a simulation program to optimize the microcolumn taking all
the appropriate parameters into accoun.t. But from the calculation done by the Chang
team for an energy of 200 ¢V, 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 he 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 obhjective 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
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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 tbe other hand
such a system must be kept very short for the above-mentioned considerations. Another
possibility is an integrated deflection systemn 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 fahrication 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 tben assembling and aligning them under a microscope with micromina-
pulators, the bonding being done anodically. In our first fabrication schemas, the same
materials were used. Other possibilities where investigated such as using a Polyimide
spacer which can be spun io a layer thickness of several tens of micrometer and is UHV

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 bigh quality bole 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. Monecrystallin 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 fabricatien and mounting in the test device.

2. These membranes are fabricated using a bighly boron doped etch stop technique
[73]; hence, they bave a good electrical conductivity. This is especially important for
the first electrode which intercepts the biggest part of the extracted current (up to
10 pA).

3. Monocrystallin silicon is a very often used material in micromachined devices, and
very bigh quality machiniug techniques are commeoniy 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 °C), Ultra High Vacuum (UHV) compatible, and simple te
perform. Also, Pyrex has a thermal expansion coeflicient a well matched to silicon
(@pgres = 2.9 % 1078 K| oiicon = 2.6 3 107% K1) [74], thus avoiding stress in tbe

final structure after cooling.
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If lens array or lens batch ﬁrocessing is to be daone, a process must be developed able
not only producing fine bores in the elecirodes, hut also of having = 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 ohjective lens where misalignments introduce coma aberrations,

but is alsa desirable far the source lens. Figure 4.1 shows the configuration of a source

chip containing only one lens.

5 g [

-
Py LA _

= L \ Extraction electrode
i » | Acceleration

g .

g - | electrode

5 | Aperture

Figure 4.1: Basic source lens configuration.

The thickness of the electrode membranes is 1.7 um, making them stahle enough even
with a lateral size of 1.5 x 1.5 mm. The Pyrex spacer is 50 um thick; while for low energy
electrons, such a thick inter-electrode space is not ueeded, 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 gm. To avoid electron trajectory spreading
due to the electran-electron interaction in this region where a high electrons density wiil
ke, it would be preferahle 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 ym, which is, according to down-scaling theory, suitable to provide a
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high-brightness low energy source, and simultaneonsly does not challenge the machining
limitations so that high quality hole pattern can be achieved. The acceleration bore is
10 um in diameter. The aperture has a diameter of 1, 2, or 5 pm dependiog of the lens

mn 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 sbown
in figure 4.2, with a top-view picture of the first electrodes and a ove-leos details after
fabrication. Two prealignment crosses occupy two corvers of the array, while the seven
other positioos are the actual source levses. Each ove covsists of 3 1 um diameter hole,
with four triangular shapes used to have an optical feedback of the bore position duriog
the alignment of the tip, and four crosses used for the electrode alignmeot procedure.
Note that around the hore nothiog is patterned to avoid forming parasitic electron heam
that might interfere with the primary heam. A safety distance of 50 um is used to prevent

this.

Membrane fabrication

Membhranes are made hy wet etching, using a highly horon doped etch stop technique
[73] and ethylenediamine-pyrocatechol (EDP)-based as an anisotropic silicon etchant {75].
This technique is commonly used to fahricated silicon memhranes 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
anisotropi'c etchant, these do not give the same etch stop quality. With EDP, etch rate
selectivity of up to 10* is achievable at a dopant concentration of 7 x 10'® em—*, which de-
creases the timiog accuracy ecessary to achieve a given membrane thickness. The highly

doped layer is 1.7 um thick and grown by a chemical vapor deposition (CVD) epitaxial
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Silicon membrane/Pyrex spacer/silicon membrane stack fabrication.

Anodic honding was used to assemble the silicon membrane/Pyrex spacer/silicon mem-
brane stack. To avoid charging effect on the Pyrex surface, no msulator material must
he 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 envirenment tremendously and makes the
operation of the microcolumn more reliahle.

This bond must ke mec.ha..nically 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 paramneters {of voltage, temperature, time, etc). We explain this fact
as follows: during the first honding, the Pyrex near the bonded interface is densified and
completely depleted of the sodium ions (Nat) which drift towards the Pyrex-side contact.
This zone is then no longer a medium permeable to jon-diffusion current hecause of the
densification. As a consequence, the second bond will he incomplete. This 15 illustrated
in figure 4.5, where the current during the first and the second honding 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 hond than for the
second one. The way around this problem is to control the first hond formation to he
good enough to be mechanically stable, but “bad” enongh to allow an ionic current in the
Pyrex. In practice, the depleted zone at the first hond interface should be kept thin, or

not done in the whole area, so that a current can be generaied for the second bond.

For this purpose we developed an AC anodic honding 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 douhle-sided hond formed sequentially .

proach relies on square-wave bonding voltage which leads to a simultaneous honding of
both interfaces. The depletion layers are formed and alternately widened on hoth sides
of the glass. To be sure that hoth bouds start at the same time, the right frequency must
he found. Since this frequency varies a lot depecding of the hond configuration, a sweep
from high frequency to low frequency is applied. At high frequencies, the hond does not
have the time to form. When the frequency starts to be in the range of the time constant
of the anodic honding process, the two bonds will be initiated. First this formation will
he “soft”, while the frequeacy 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

honds, 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 honding starts. The chosen frequency range
is relatively wide,. to ensure independence of parameter modification. To monitor hond
formation, the current integration during the positive and negative waveform phases are
evaluated to determine the hond quality, since we have no means to inspect the propa-
gation visually as we would for a single-face hond trough the Pyrex. The voltage used is

350 V and the temperature 420 °C.

Sweep generator  Filter + power amplification  Current limitation R, Si-Pyrex-Si stack

. [ NN
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Figure 4.6: Setup for AC anodic bonding.

In a comparative test between a DC single-cided hond and an AC douhle-sided hond,
the mechanical and chemical strengths were checked. No significant difference was mea-
sured hetween the two techniques; a shear force hetween 1 and 2 MPa was applied hefore
rupture in hoth cases, and hoth structures could withstand more than 3 hours in a BHF
(7:1) hath. For comparison, a douhle-sided DC hond shows a shear force rupture lower

than 0.5 MPa and cannot withstand more than 30 min in a BHF hath.

72



Bores alignment

In order o achieve precise aligument between the lens hores 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 hack side of

the second electrode.

For this process, two techniques must he 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 hatch processing this is of course
not possihle, hut other technigues can he used, such as resist spray coating and resist

electrodepositionning [81].
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Exposure through a membrane is possible using an e-heam 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 ensute relatively small projected image on the second electrode, even though it
is not possihle to focus on it accurately. The electron energy must be chosen high enough
to allow elecirons to go through one memhrane but not two, otherwise the first electrode
will not play its role as a mask. The quality of such an exposure is mainly limited hy the
electrons scattering in the membrane. Figure 4.8 shows two examples demonstrating the
feasihility and the resolution limits of an exposure trough a 2 um-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 scatiering
into the membrane; a 1 um square exposed pattern results in a 1.3 pm circular shape in
the resist, with a sidewall roughness of ahout 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 thickuess. In our application, where the bore fabrication process require a
douhle mask layer of SiON and resist, the lithography must be characterized for a com-
posite membrane counsisting of a 1.7 um 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 heam 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

heam. The inner circle visible for energies larger than 12 kV 15 due to reversal of the
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Figure 4.8: SEM pictures demonstrating the feasihility 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 um square was patterned, resulting in a 1.3 pm 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 ~ 1.5um} 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 18 about 2:1, we choose an exposure time

of 30 sec, an eleciron beam energy of 12 kV, and a development time of 45 sec.

Another 1ssue during the electrode alignment is the tilt between the e-beam axis and
the axis of the future source lens. A misalignment of 01.1 deg when tbe two electrodes are
separated by 50 um 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 tban 200 nm hetween the two first bores,
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which is a § times improvement over current capabilities [50). But the main advantage

of this technique is that it can he comhined with the batch processing and assemhling of

lens arrays.

alignment marks

| pm bore
: N v

b)

Pattern of the |0 um bore Area exposed during
;the marks acquisition

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 electtode,
the resist is spun on the backside of the second electrode (a). The sample is then mounted
on the stage of the e-heam 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 lo reveal these marks

(h). Finally, ihe sample is mounted upside down in the e-heam lithography tool and
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the second electrode’s bore patiern is exposed using the projected mark structures in the

resist for conveantional e-beam alignment {c).

Gold-silicon eutectic honding.

Since the potential of the accelerating electrode and of the aperture must be the same, it is
desirahle to simplify the wiring by assembling the twa 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 he done at low temperature (< 500°C).
A gald-silicon eutectic honding technique [82] was chasen hecause it is performed at a low
temperature and owing to Jts conductive propriety. This is in fact the entectic 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. Tbus, the gold will react anly 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 hefore hringing the two chips into intimidate
cantact.

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 hond ohtained hy applying a
shear strength larger than 2 MPa. The star patterns characteristic of an eutectic material
germination are visihle [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 hond 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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stage containing also a miniaturized fine machined scanner-stigmator, a sample stage, a

channeltron {photomultiplier), a microchannel plate, and an electronic controller unit.

CCD
& | DSP Scan T Microchannel Plate
- Image —|Vid80 COI‘Jh‘D”g]’ I—Q————{i ]! Channeltron
g' Display ; Sample
8 HV Power Supply3 Einzel Lens
_ |IDSP Deflection Control Deflection Unit
- Limiting Aperture
g ﬁHV Power Supply 2 Source Lens
E GPIB HV Power Supply | FETip
a. HV Amplificr Piezo Tube
Piezo Scanner o
TTL Friction Walker Friction Walker
xyz-Driver

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 applicahle 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/um. 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 hy other effects such as, for example, instabilities of the membranes uader
electrostatic forces, or surface hreakdown voltages on the Pyrex walls.

When operating the instrument at an energy of 200 eV and using perforated carhon-

films as samples, a resolution of better than 60 nm in transmission bas been achieved (see
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explanatioo for this is charge trapping in a native oxi&e that has grown on the silicon
surfaces of the limiting aperture. Such native oxides appear sponianeously in air, aed
saturate at a thickness of 2 to 3 nm, which corresponds approximately to the range of
electron penetration at 100 eV. We expected that, hy performiog a short BHF etch to
remove the oxide and hydrogen-passivate the silicon surfaces just hefore mounting the
lens in UHV, this charging effect would he dec:ea_sed or disappear entirely. This type of
passivation can withstand a couple of days in air and if duriog operation hydrogen-silicon
hond can he crack under the electron impact, in UHV the oxidation process should he
negligihle. These was, however, no notahle. This means either that the chargivg elsewhere,
or that the passivation was not intact by the time the levs operatioo was started. In reality
the time hetween the BHF etch and the mounting of the electrode in the UHV was vot
very well controlled (time required to assemhle the microcolumn components) underwent
several heat treatments (baking after electrode contacting with silver paint outgassing
in the load lock) which are dove, may have compromised the passivation and caused
some oxidation. Further experiments would he necessary to check the efficiency of this

passivation techrique.
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Chapter 5

Fabrication of an integrated

silicon-based array of source lenses

The fahrication method described in the previous chapter already hrings substantiai im-
provements to alignment and assembling techniques. Although it aveids tedious align-
ment operations, however, the assemhly of multiple components remains a drawhack for

the hatch processing of such lenses.

To cope with this drawhack, we developed a new lens fabrication technigue designed
especially for an electron energy of ~100 eV. Lenses are fully integrated in silicen, allowing
a spacing hetween the electrodes of ~10 um, which is suitahle for 100 eV and not possihie
with the previous technique since polishing Pyrex strips to a thickness less than 50 gm
makes them too delicate to manipulate. Also a simpler hore alignment procedure with
a precision in the 100-nm range is possible with this new process. Finally, the adequacy
for hatch processing and array fabrication of these lens on single wafers is improved. The
thickness of the lens was also reduced, first, hy using thinner wafers (270 gm), which will
reduce the distance hetween 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
demonsirated, 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 underetching

for creation of the cavity o bo
~ t-pum bore ‘Extraction electrode

N ./ / p*+ Si, 1.5 pm thick

[ iy 1 _F1}1}

<+—— Spacer
v n- 8i, 15 pm thick

Acceleration electrode
ptt 81, 1.5 pm thick

v,
\Wafer {n-type)

L 4

@ 10-pym borci
100 pm

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-um-
thick p** layer, a 15-ym-thick n~ layer and another 1.5-um-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 pm. As
mentioned earlier, this space must be minimized for its e-beam quality to be as high
as possible. It is nat trivial to have an insulator spacer in the 10-pm 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 um or more.

2. As monocrystalline silicon is mechlanically 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 stable thin membrane with very fine micromachined bores. To our
knowledge, a pttn~ptt 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 pt*-n— junctions used for isolation. By carefully cboosing 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 bighly doped with boron. Such a material has a very low etch rate
in an etbylenediamine-pyrocatechol(EDP)-based anisotropic silicon etching solution.
Hence a cavity can be etcbed in the n~ layer without significantly altering the boron-
doped layer, which will be the lens electrode.

5. Suck a structure is UHV-compatible. It also supports a temperature treatment up
to 800 °C (limited only by the diffusion of the boron atoms into the silicon). It is
interesting in the case of using a Zr/Q/W tip in Schottky mode as electron emitter,
which must be heated to 1500 °C to be operated [51]. In this case, even if the tip is

i close proximity to the lens, it will not alter the lens.
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6. The fact that the spacer 1s 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 he carefully adjusted in order
that the breakdown voltage he as high as possihle. Asin 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 ahrupt junction with a heavily
doped p layer with the following equation:

The avalanche hreakdown voltage:

Va = 5.34 x 10"3(N, )07 [V]

The punch-through effect:

2¢,

[V},

where N, and W, are the dopant concentration and the thickness of the n layer, respec-
tively, g the elementary charge, and ¢, the specific permittivity of silicon. With a thickness
of 15 pm, the optimum dopant concentration is approximately 1.5 x 16'% ecm~2, 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
hreakdown voltage versus the n doping concentration.

To avoid electric field deformations around the optical axis hy the electric field in the
depleted zone of the pn junction, a cavity is created hy etching far away from the optical
axis of the n layer. For this purpose, a so-called EDP-hased anisotropic solutiou is used
[75]. It has the advantage of 2 strong etch-rate reduction {up to 10%) for the highly
horon-doped layer (1 x 10%® cm~?), which allows the n layer to be etched without altering
the electrodes significantly. To create a cavi.ty, a mesh surrounding the platform where

the hores from the first electrode will he located is etched hy 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 banding,

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 are rotated 45° compared to
the trace at the surface of the (111} crystallographic planes. The I-um hole from the first

bore and the alignment matks {crosses) are also visible.

opened into the backside oxide by buffered hydrofluoric (BHF) acid etching. Then, by
tetramethylammonium hydroxid (TMAH) anisotropic etching, the backside of the lens is
pre-etched until about 50 pm before the buried p layer (figure 5.4a). From the front side,
the 1-pm 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 paiterned into the p** top layer (figure 5.4b, see also figure 5.3). Because the
l-um 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 CHF3/(Q; RIE and from the SiON
into the p*™ silicon layer with a Ar/Cl; RIE. With this process, l-um bores with very

vertical and smooth walls (roughness < 10 nm) have been obtained in a 1.7-pm-thick
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Figure 5.4: Process flow chart of the fahrication of a fully integrated, two-electrode source

lens.

silicon layer. The cavity is then etched in the » layer nsing EDP, simultaneously with the
alignment marks, the contacting pad for the second electrode, and the remaining 50 pan
of the backside opening (figure 5.4c}. Figure 5.5 shows the platform area after its release
Ly the EDP etch.

The fabrication of the second electrode starts with a second PECVD evaporation of
5iON 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 eich,
they have a dimension of a few 100 nm 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} crystallographic 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 he seen to recognize these marks, a transmission
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Figure 5.8: SEM bottom view of the lens hores. The alignment accuracy between the

10-zm and the l-pm hores is within approximately 200 nm. The space hetween them is

15 pm.

5.2 Surface leakage current and active structure

confinement

On a silicon surface not covered by another material, many impurities can act as dopants,
producing a hending of the electronic band at the surface. This effect creates a surface
currents when a voltage is applied hetween 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 horder 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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ahsolute minimum, without etching the n layer, and the walls in the cavity were passivated
hy a very thin native oxide. The limitation of the first layer has two purposes. First,
becanse the n layer is not removed, the surface path hetween the top electrode and the
burted electrode is much greater than the thickness of the n layer. Hence, the resistivity
of the surface is increased, and the surface curreat 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 prohlem which arises from the fact that the SiON mask was not

sufficiently thick, and was not playing its role perfecily during the wet etching.

However, the n walls inside the cavity can still contribute to the leakage current hy the
ahove-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 hreak the SiH
hond. 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
hy soft thermal annealing iu air, is not desirahle hecause 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*t top layer was removed to limit tbe 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 /-V curve of the pnp junction
in air during the first applied voltage; the current reached 500 uA at 50 V. Afier being at
50 V for 5 min, the current decreased until it hecame stahle at about 30 pA. Then, the
characteristic also hecame 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 ciled 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 encugh 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 he achieved
without significantly altering the surface of the electrodes. This explanation, however,

must he confirmed by further experiments.

5.3 Lens testing

To predict the hreakdown voltage, the exact dopant profile in the actually grown n layer
should be known. For this purpose, an analysis hy secondary ion mass spectroscopy
(SIMS) was performed, resulting io the profile of doping conceotration shown in the

figure 5.12.
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Figure 5.11: I-V curve of the lenses hefore (solid line) and after (dashed line) the passi-
vation process. The current ts 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 n~ layer coupled
with a highly doped ptt layer. After the growth of the high-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 horon impurities stuck on the reactor walls to desorh 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 horon was completely removed in the chamher, the layer change
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Figure 5.12: Daping concentration profile of the ptTr~p** structure done hy secondary

ion mass spectroscopy (SIMS). In reality in the n~ layer the dopant concentration is not

homogeneous, it even tum 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 hm instead of 1.7 pm. To avoid
these prohlems, 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 hetween them.

Real Structure
P n, P2 ‘n, py  Wafern
110%° 210" 110" 21031018 210'®

Figure 5.13: Simplified dopant profile structure.

To determine the breakdown voltage in botb 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 concentratiou ju each part is taken. In reverse-bias (upper electrode negative}, the
junctions J; and J; are in reverse bias mode. For J) the depletion layer will grow in the
n, layer (since p; 3 m,), and for Ja it will grow in the p; layer (since p; <« n3). 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:

Vi = 5.34 x 103 (N,) 7078 [V)
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and for the punch-through effect:

‘IN de

Vor > V],

where Ny and W, are the dopant concentration and the thickness of the layer in which one
the depletion will occur, respectively. In our device, we find: Viyy = 179V, Vpr, = 49.3 V,
Vas = 300 V, and Vprs = 34.1 V, where the indices refer to the junction numbers. In hoth
case the limitation is the punch-through effect, and the sum of the two punch-through
voltages is equal to B3 V.

In forward bias (upper electrode positive), the junctions in reverse-hias mode are .J; and
Ji. For Jy it is clear that the depleted zone will be in the layer n;, giving V4 = 31.7 V and
Vprs = 30.6 V. But for Jy, since the two dopant concentration are similar, the depletion
will take place in hoth 1, and py layers, and is limited by the punch-through eflect. The
ratio of the depletion thicknesses of the two parts of the junction, T, and z,; respectively,

is given hy:
ZmNa = :p'JNrﬂ-

And the total thickness of the depleted zone w is,

255 an + Npﬁ

If T — l/d ¥ 3
NoxNom { ppiied)

W= Zal + a2 =

where Wy is the huilt-in potential of the prn junction. The punch-through effect will
occur when ps is completely depleted since it is half as doped as the n; layer for an
approximately the same thickness. 1} can be neglected while, in silicon pn junctions,
its value does not exceed 0.8 V. The punch-through Vpr, eflect accurs when the applied
voltage creates a depletion zone in p; equal to its thickness (W,,)). Hence, using the two

above equations, Vprz equal to:

wr g Nl _ g szn

Vi = V:l i Nn
Fr3 pptied = 2e, an + Np? 251 ( vt Nﬂ)
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This gives Vpry = 67.8 V, resulting in a total breakdown voltage in forward bias of (31
+68) V=99V

The two calculated hreakdown voltages, 99 V in forward mode and 82 V in reverse
mode, are well correlated with the measured J-V curve, after passivation, as illustrated
in figure 5.14. In forward mode, the hreakdown 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 hreakdown 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 snch that the lens worked in retarding mode. Testing was
done in UHV using the same setup sketched in figure 5.15. The hreakdown voltage of
the p—n—p junction in UHY was at a lower value than in air. It occurred in forward-hias
mode at 75 V. This reduction is not yet fully understood. lf, at this low voltage, no
crossover of the e-heam was achieved, the lens was successfully used as a source lens with
a total emission current of up to 1.5 uA. The crossover was not achieved hecause 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 gm}. This does
not allow a very curved electric field distribution. Nevertheless the lens was successfully

operated to control the energy of the extracied electrons, which is the goal of the source

lens.

Source lens electrodes:
extraction and acceleration

A .Mesh Channeltron
/) .

Deflector |

Figure 5.15: Setup for the two-element source lens experiments.

The next step will now he to add the ohjective lens in the microcoluma 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

Tbe fabrication of an objective lens using this technique will he 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**tn~p++ structure, and using a deep-RIE 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 hores.

EER

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 possihle, hecause the hore diameters are
usually not the same. For a three-element source lens, which mcludes the heam-limiting
aperture, this is even more complicated. In this case, the largest hore is in the central
electrode. This implies that for the third electrode an assembling step is necessary after
tl:;e second hore has been fahricated. For this purpose, the same technique as explained
in the previously chapter for adding the aperture can he used. This technique, adapted
for the new device, is shown in figure 5.17. A chip consisting of 2 membrane comprising
of 1.5-pm-thick p** and 15-pm-thick n layer is fabricated. The » part where the future
aperture will be is opened. Then it is mounted to the previously fabricated two-electrodes
lenses by gold—silicon eutectic honding or by low-temperature silicon-silicon bonding. The
aperture electrode can also he made of a simple p** memhrane, hut 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.€., in the optic axis area. Afier deposition of an oxide and spinning a resist
on the hackside of the third membhrane, we scan the alignment mark of the first electrode
with an e-heam 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 hackside, this mark will be
recognized with the e-heam 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-elecirode source lens of the

aperture.
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Chapter 6

Other Developments

Two other developments were made duting this thesis, a double scanmer-stigmator system,

and an objective lens made by focusing ion milling (F1B).

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 techmique to batch-process a double deflection system on one chip, which is
very compact {thickness: 600 um) and has an alignment accuracy of the two octupole
layers of a couple micrometers (typically 3 yum). The microcolumn’s advantages are that
its length can be reduced, that simplifies the microcolumn assembling by baving this two-
octupole layer in one cbip, and tbat 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

Field Emission Tip

gl Double
E B poles
o L Scanner

0 _
- Stigmator

Ohjectiv
Lens

I mm

L . ] Sample Stage

Figure 6.1: Basic configuration of the microcolumn with the two-deflection system.

6.1.1 Donble octupole design

Basically such a deflector consists of hy two layers of height poles, the ends of which form
a circle with the future path of the electron heam as its axis. These poles are located in
an insulated hase with a hole that will leave a free path for the electron heam.

For the design, several points were taken into consideration: (1) the alignment between
the two-pole layer must he accurate, to avoid additional distortion of the heam, (2) the
ends of the poles must he freestanding to avoid field deformation due to the insulting
hase, and (3} the poles must he thick enough to have the desired deflection angle for a
reasonahle applied voltage. For our column working at low energy, the electron velocity is

relatively low and the deflection efficiency will he greater than for common heam energies.
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The scan range can be calculated.as follows {c.f. figure 6.2). The deflection angle ¢ at

the first level of the scanner is given by

The deflection of the second level is equal at oy + a3, hence

.V

O = dVe

— oy .

The condition that the heam goes through the center of the ohjective lens is:

tanay 4,424, 41
fan as - 2(1,‘ + tp)

A simple geometrical argument then gives the scan-field to he:

(2w + ti)(t.' + tp)

5=12
t1+2i,+ip

fan oy .

Without going into detail, we can define some parameters of these equations hy the
geometry of the microcolumn {d, 1,, &, ¢, W), others hy the commercially availahle
products (¢, V) 2max), or by the microcolumn application {V,, 5). For our practical case
the thickness of the poles must he at least 70 pm thick (V. = 100 V, d = 1.5 mm,
Wi2mex = 150 V, £ =04 mm, £, = 0.6 mm, # = 0.1 mm, W = 1 mm, § = 0.1 mm).

A single-layer microfahricated octupole was made hy the Chang group eatlier [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 heen drilled. Such a fahrication technique have the disadvantages of having &
douhle octupole, two chips must be aligned together, and that several step are not suitahle
for hatch 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 subsirate baving in which holes have already heen drilled.
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Figure §.2: Dimension and voltage definitions to determine the douhle octupole size.

A new process has been developed to directly fahricate 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 Liz/Si0;-based material, is suhject to crystallization hy exposing it to UV
light and by performing subsequent heat tre'a.tment, 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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[ithium 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-inch, 400-um-thick wafers of photoetchahle glass from Hoya was

used.

6.1.2 Process

a}l

) ey e

mD E O

A=

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 thbe photoetchable glass. The energy
required at a wavelength of about 320 nm is 1.5 J/em® The thermal annealing applied is
a ramp from 25 to 350 °C at a rate of 150 °C/bour, a second ramp from 350 to 600 °C at a
rate of 60 °*C/bour, then the temperature is maintained 1 hour at 600 °C, and finally the
temperature is decreased with a rate of about 100 °C/hour. This followed by a brief 5%
HF etcb (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 hotb sides with an e-beam evaporation system, and will he used as a contacting layer
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for electrodeposition.

The next step is the deposition and the patterning of a thick resist (c). We used a
donble layer of 50-pm-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 ohtain a 100-pm-thick double-sided coated resist. To
have a good alignment hetween the two octupoles, we nsed a douhle-sided aligner/expaser
tool. First, the two masks (top and battom) 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 aoctupole 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 impaertant
considering the size of the hole (3 mm) compared to the inner circle delineated hy the
poles (1.5 mm). The next step is the copper electrodeposition {d) of an 80-um-thick layer
done simultaneously on tbe both sides of the wafer. After the resist stripping ‘amd 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 ym/min). During this operation trenches, which were also exposed
at the same time as the boles and which delineate the horder 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 conld not he 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 enongh for this application (the distance

between two poles is 100 pm), and several poles had bridges between them. Second, an
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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 ohjective lens has yet heen built by these means.
However, objective lenses were fabricated by focusing jion beam (FIB) miiling. Tbis
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 zm) silicon wafer cleaved to the proper dimensions.
Second, since the three electrode bores bave 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-zm bore took more than 22 hours using the bigbest 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 micrefahrication 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 fahrication 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 honding was developed. This tecbnique demonstrated strong enough bonding on
both sides of the Pyrex such that the bonds withstoeod the further processing steps of the

lens fabrication. We olserved a hond quality four times hetter with the AC technique
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than with a sequential DC anodic bonding. The alignment of the second and tbird
electrodes regard with the first electrode was done by exposure of a resist layer through
tbe 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 hack side of the second electrode. By carefully
choosing the eleciron 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 tban previously demonstrated tecbniques.

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 cbarging 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 bydrogen 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 tbe 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 ohserved 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

wkich occured during sample growtb. The epitaxial profile was not optimize to maximize

the breakdown voltage of the structure.
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Finally, first experiments to fahricate 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. Withb the integrated lens technology coupled with the micro-
fabrication tecbnique for the octupole, cl:olumn lengths of less than | mm can be fabricated,
which is necessary for working at the 100 eV regime. However, not all the integration
problems have beeo treated and resolved in tbis 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, musi 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
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Figure 8.1: Block diagram of the microcolumn test setup.
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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 miriaturized 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

. L. Mesh Channeltron

Deflector

ViV, |
| i

Figure 8.2: Setup for the two-clement source lens experiments.

Various proprieties of the source lens have heen assessed using a two-element version
of the lens without an aperture, and without an ohjective lens. Omitting them, of course,
influence the achievakle 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 heam formed hy the lens. The tip position and the extraction

potential {¥; — ¥, = 470 V} were kept constant and, hence, the emission current was also
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Figure 8.7: Shaded AFM image of two squares writien in 50-nm-thick PMMA. a) Expo-
sure made with 100 eV electrons and a dose of 148 pC/cm?, yielding to a profile depth
of 3 nm. b} Exposure with 200 eV electrons and a dose of 125 1Cfem?, yielding a profile

depth of 7 nm.

written with 100 eV electrons and a dose of 148 uC/em?, and the other with 200 eV
electrons and a dose of 125 uC/em?®. 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 systern.

8.3.2 Experiments with hydrogen passivated 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? at 100 eV has been reported in the literatur‘e {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
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Figure 8.8: Grey-scale AFM image of (a) nine rectangles exposed with different doses in a
hydrogen-passivated layer on Si{110) 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/cm?. {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.Ba) shows lines patterned as rectangles nominally 2 um x 40 zm in
size. The exposure was done under UHV conditions (2 x 107! mbar). A clear dependence
on the dose is observed (see figure B.8b), which indicates that tbe 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(CH;),55H)
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-tbick layer of gold. The SAM was
tben 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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