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Abstract 

The continuously decreasing size of semiconductor based devices and the required 
structures, makes the production of small sized conducting wires of great interest. 
For this purpose electron and ion beam induced depositions (EBID / IBID) of 
tungsten on low ohmic silicon substrates were studied. 

To investigate the growth of EBID, pillars were grown with varying beam 
current (25 pA - 9.5 nA) and acceleration voltage (5 - 30 kV) . The height and 
diameter were studied as a function of total deposition time and dwell time. For 
IBID growth and composition analysis small squares (20 x 5 µm 2

) were grown 
with varying deposition parameters (total time, dwell time, refresh time and 
overlap) . 

We found that growth analysis by pillar depositions is accurate and fast . 
EBID depositions showed it is possible to deposit structures with a width of 
29 nm; depositing small wires is possible. Regimes of precursor and electron 
limited depositions are found. The maximum stable long time growth rate is 
17 nm/ s. No clear cause is found for the dependency of deposition dimensions 
on dwell time. 

IBID show the volume per dose is 0.09±0.03 µm3 /nC , a factor 5 less than the 
manufacturer supplied value. When increasing dwell time milling becomes more 
dominant. Overlap has a significant influence on the deposition. Compositional 
analysis of the depositions did not succeed, due to overlapping silicon Ka1 and 
tungsten Ma EDX-peaks. 
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Chapter 1 

Introduction 

The continuously decreasing size of semiconductor based devices and the required 
structures, makes the production of small size conducting wires of great interest. 
Electron and ion beam induced deposition techniques, EBID and IBID, are of 
great relevance for this purpose due to the possibility of depositing metal based 
contacts with small dimensions. A critical issue for these contacts is the low 
electrical conductivity of metals deposited from metallorganic precursors. Due 
to the low resistivity of tungsten a tungsten precursor is chosen. 

The general idea behind beam induced deposition is that the metal to be 
deposited is included in a precursor molecule, W(C0) 6 in the case of tungsten. 
The precursor is introduced in gaseous phase into a vacuum system as close as 
possible to the deposition surface by a gas inserting system (GIS). The precur
sor molecule is then dissociated by the beam and thereby generated secondary 
particles, depositing the hefty tungsten atom. The volatile carbon oxide groups 
are eventually pumped off. However, due to non-ideal dissociating, carbon and 
oxygen are also deposited. Compositional analysis shows that the carbon content 
is always significant. The formed deposition consists of tungsten grains incorpo
rated in an amorphous C-matrix. 

In the case of EBID, dissociation is mostly attained by generated secondary 
electrons. The case of IBID is, however, more complex. Due to the larger mass of 
the ions, Ga+ in our case, compared to the electrons and the shorter penetration 
depth more dissociations occur. Secondary effects, such as beam-induced self 
heating, ion implantation and milling, also occur. The deposition yield for IBID 
is higher than that of EBID, a higher tungsten content is also attained. 

The main goal of this project is to investigate the influence of deposition pa
rameters, such as current , dwell time, refresh time and overlap, on the yield and 
composition of EBID and IBID depositions as to achieve the smallest possible fea
tures with good electrical properties. EBID growth characterization is performed 
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CHAPTER 1. INTRODUCTION 

by studying the growth of pillars. IBID growth and composition characterization 
was performed by depositing small squares and following composition analysis by 
EDX. 
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Chapter 2 

Theory 

In this chapter the general process of beam induced deposition (BI deposition) 
of tungsten is explained. First a general overview of beam - specimen interaction 
is introduced in section 2.1 followed by a treatment of the deposition process in 
section 2.2. Finally the production of x-rays, a specific electron beam - substrate 
interaction, is addressed in section 2.3 due to its relevance for later deposition 
analysis . 

2.1 Electron & ion beam - Specimen interaction 

In this section we will define substrate as the combination of substrate and all 
adsorbed molecules. The interaction of the beam with the substrate is substan
tially different for electron and ion beam, mainly because of the great difference 
in particle mass and size. While ions lose most of their energy near the surface, 
electrons penetrate far deeper as depicted in figure 2.1. 

In the case of BID the beam - specimen interaction might change with time 
because the deposited material introduces variations. We will not discuss these 
variation in further detail. 

2.1.1 Electron beam 

Several physical processes that can occur when a primary electron (PE) strikes 
a surface are depicted in figure 2.2. The three processes that generate electrons 
most relevant to our report will be discussed in this section. The generation of 
x-rays is discussed in section 2.3. For further reading on these and the overleaped 
processes we would advise [2]. 
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Figure 2.1: Figure from [l]. Intrusion depth of 30keV electrons and Ga+ ions and 
2 keV electrons in a silicon substrate. The inset shows a zoom in of the two electron 
graphs, where 2 keV corresponds to the right axis and 30 keV to the left axis. Data 
was generated by Casino for electrons and SRIM for ions. 
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Figure 2.2: Schematic overview of the physical processes that can occur when irra
diating a specimen with an electron beam. Figure from [l] . 

Secondary electrons (SEs) SEs are loosely bound outer shell electrons from 
the specimen atoms which receive sufficient kinetic energy during inelastic scat
tering of electrons or ions to be ejected from the atom and set into motion [2] . 
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CHAPTER 2. THEORY 2.1 Electron & ion beam - Specimen interaction 

Some of these SEs propagate to the surface and escape the specimen. By conven
tion SEs always have an energy smaller than 50 e V, although this choice seems 
arbitrary it is justified, since more than 90 % of the SEs has an energy less than 
10 eV. The escape depth for SEs ranges from 5 - 50 nm, depending on the speci
men material. SEs generated by primary electrons (PEs) going into the material 
are called SE1s, SEs generated by backscattered electrons (BSEs) going out of 
the material are called SE2s. As it is easier for low energetic electrons to transfer 
kinetic energy than for high energetic electrons the ratio of production of SE2s 
: SE1s is about (3 - 4) : 1 [2]. The number of SEs produced by one PE, or 
relative electron yield, can be as high as 5 to 20 for beam energies between 1 ke V 
and 10 keV [2]. As will be stated in section 2.2 , the dissociation of precursor 
molecules is predominantly influenced by SEs. 

Backscattered electrons (BSEs) BSEs are electrons which have been de
flected out of the specimen at the same side they entered. Generally they have 
collided, either elastically or inelastically, numerous times to accumulate enough 
deviation to scatter out of the surface. The backscatter coefficient ( e.a. the 
'reflection'-index for BSEs) is strongly dependant on the atom number of the 
atoms in the specimen. This is of great importance in scanning electron mi
croscopy (SEM) to produce atomic number contrast and works well until ap
proximately Z = 50[2]. By convention BSEs always have an energy greater than 
50eV. 

Forward scattered electrons (FSEs) FSEs are electrons deviated from their 
initial path, but still mostly traveling in the same direction as the PEs. FSEs 
are relevant in the discussion of 3D-structure growth (see section 4.1 and figure 
4.5a). 

2.1.2 Ion beam 

Several physical processes that can occur when a primary ion (PI) strikes a sur
face are depicted in figure 2.3. The impinging ion, in our case Ga+, transfers 
energy by colliding with sample atoms. After several collisions it is possible the 
PI loses all its energy and stays trapped within the sample. This process, called 
implantation, is inevitable and will limit the maximum reachable purity of the 
deposited material. Within the sample, atoms are displaced and energy is trans
ferred to e.g. phonons (heating the sample), secondary electrons and x-rays. This 
happens in several ways as treated by Hasselkamp[3]. Since the PI loses most of 
its energy within a thin layer a large fraction of the SEs is created within the 
SE-escape depth. 
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Near the surface the energy and momentum from Pis can free (ionized) sam
ple atoms and thereby remove material[4]. This process, called physical sput
tering, is of great importance in focused ion beam applications and is used as a 
micro machining tool[4]. The process of chemical sputtering, were Pis undergo 
a chemical reaction with sample atoms, is irrelevant in our experiments. When 
performing IBID, sputtering competes with the deposition of material and limits 
the maximum achievable deposition yield. For a further theoretical treatment of 
sputtering we would refer to N astasi[5]. 
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Figure 2.3: Schematic overview of the physical processes that can occur when irra
diating a specimen with an ion beam. Figure edited from [4]. 

2.2 Beam induced deposition 

The interaction described in previous sections can be used to produce material 
depositions. The material to be deposited is brought near the irradiated sur
face in gaseous phase. In the experiments we performed, tungsten hexacarbonyl 
(W(C0)6 ) was used as tungsten precursor gas. A certain amount of gas is in
jected as explained in section 3.1.3, to ensure a large fractional coverage of the 
substrate with precursor molecules [6]. 

For deposition to take place the precursor molecules have to be dissociated. 
It is believed that the process is substrate mediated for both beam types [1, 
7, 4]. There are two limiting regimes of deposition: the precursor limited and 
electron (or ion) limited regime. In the precursor limited regime all available 
precursor molecules are decomposed whereby it is not possible to deposit more 
material by increasing the beam current. In the electron limited regime there is 
an abundance of precursor molecules, but deposition is limited by the number of 
incident electrons. Deposition can be increased by increasing the beam current. 
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CHAPTER 2. THEORY 2.2 Beam induced deposition 

Beam - Precursor interaction The direct interaction between, primary and 
(several) secondary, particles (i.e. PEs, Pls, SEs, Sis, BSEs and FSEs) and 
volatile precursor gas is believed to have no influence on the deposition of material 
[8]1. Fractions of the decomposed precursor molecules do not necessarily stick to 
the substrate at the target position or the the substrate in general [1] . 

Precursor - Substrate interaction As mentioned the precursor gas will ad
sorb onto the substrate forming bonds with the surface atoms. The strength of 
these bonds will depend on the local combination of precursor and substrate [7], 
but they can be broken by thermal vibrations [l] . Keep in mind that break
ing the precursor - substrate bond is not decomposing the precursor molecule. 
Once loose from the substrate the precursor-molecule can readsorb at another 
area on the substrate (diffusion) or become volatile and leave the substrate en
tirely (desorption). These processes, as shown in figure 2.4, contribute to the 
local fractional coverage of the substrate with precursor molecules. To ensure a 
significant rate of induced dissociation and deposition the fractional coverage of 
the substrate should be substantially high. This can be reached by adjusting the 
flow of precursor gas through the needle and accurate placement of the needle 
(see section 3.1.3). 

desorption 

••• 

J 
po.-;ition 

Figure 2.4: Schematic figure of the diffusion, adsorption and desorption processes 
of precursor gas at the sample surface. 

Dissociation mechanisms At current it is believed there are three important 
dissociative mechanisms [9]: dissociative electron attachment (DEA), dipolar dis
sociation (DD) and dissociative ionization (DI). DEA and DD are low energetic 
mechanisms, energies as low as a few e V can be sufficient. Therefore these mech
anisms are believed to be induced by SEs [9, 1]. The generation of SEs should 
occur within the escape depth to contribute to dissociation, therefore the yield 
of SEs decreases with increasing beam energy, since SEs are generated deeper in 
the material. 

1The precursor gas used in the article is Fe( C0)5 but it is plausible the same results hold 
for W(CO)B. 
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The effectiveness of an electron to induce the scission of a bond in a precursor 
molecule is often expressed in a cross section. In figure 2.5 a Monte Carlo simula
tion of the estimated cross section is shown as performed by Mitsuishi et al [10]. 
The largest cross section occurs at 100 e V, which corresponds to the maximum 
cross section of DI [ 11]. It can therefore be expected that DI plays a significant 
role in the dissociation of W(CO)fi. 

o ;15eV zoo200 400 600 800 1000 

Incident electron energy (eV) 

Figure 2.5: The estimated dissociation cross section used in Monte Carlo simulations 
done by Mitsuishi et al. The shape is based on measurements of other precursor gasses 
and was expected to be of the form u = ~ ln i, where A and B are constants. The 
cut of energy is 35.5 eV and the function has a peak at 100 eV. Figure from [10]. 

All three mechanisms have a maximum in their cross section below 1 ke V, 
but high energetic electrons like PEs might also contribute to the dissociation 
of molecules. Due to their high energy their cross section is small, but the PE 
intensity directly under the beam is very high and therefore PEs could contribute 
significantly in the dissociation. At this moment however, research suggests that 
the dissociation is predominantly influenced by the number of SEs [9, 12] in 
contrary to BSEs an PE. Here it is taken into consideration that there are far 
more SEs then there are low energetic BSEs as can be seen in 2.6. 

Apart from these electron induced decompositions the precursor molecules 
can also decompose thermally [4, 9]. As we do not heat the substrate the ther
mal decomposition is induced by the incident particles colliding with the sub
strate. Since ions have a larger mass and shorter penetration depth, thermal 
decomposition is expected to be more predominant when using ions compared to 
electrons. 
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Figure 2.6: A typical energy spectrum of electrons emitted from the surface. The 
distinction between secondary electrons (SEs) and backscattered electrons (BSEs) is 
chosen at 50eV. 

As the precursor molecule is composed of a core tungsten atom and six 
carbon-mono-oxide groups (CO) a non-total separation of the CO-groups from 
the tungsten atom will result in the unwanted deposition of carbon and oxide 
thus resulting in a non pure deposition. 

2.3 X-ray generation 

From figure 2.2 it was clear that x-rays are generated by the electron beam. 
There are two types of x-rays: characteristic x-rays, which are related to specific 
elements in the specimen, and a continues background. 

2.3.1 Continuum x-rays - Brehmsstrahlung 

When an electron decelerates in the Coulombic field of a specimen atom the 
loss of energy will be emitted as a photon. During this process the electron can 
lose any amount of energy from OeV to its total kinetic energy. The emitted 
radiation thus forms a continuous band called Brehmsstrahlung. The intensity 
of the Brehmsstrahlung increases with increasing beam current, beam energy 
and atomic number of the specimen (due to the increased Coulombic field) [2]. 
Although usually seen as a nuisance the Brehmsstrahlung does carry information 
about the average atomic number of the specimen. 
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2.3.2 Characteristic x-rays 

When an electron interacts with the tightly bound inner shell electrons of a 
specimen atom an electron can be ejected (figure 2.7a). The remaining ion has 
lost a certain amount of energy equal or greater than the binding energy of 
the ejected electron. The atom relaxes to a ground state by electron transition 
(figure 2.7b). As a result the atom now has an excess energy characteristic for 
the transition which it can loose in two processes. (1) The Auger process in 
which the excess energy is used to eject an outer shell electron with a certain 
amount of kinetic energy (2.7c - we will not discuss this process any further). (2) 
Characteristic x-ray production, where a photon is emitted with with the specific 
energy (figure 2.7d). The energy of the emitted x-ray is strongly dependant on 
the electron transition that took place. The most common are Ko: x-rays where a 
vacant state in the inner most K-shell is filled with an electron from the £-shell. 

Characteristic x-rays can be produced by electrons with an energy greater 
than the critical excitation energy (Ee - the minimum energy from which x
rays can be generated) Simulations showed these electrons are present in a large 
volume within the specimen[!], therefore the characteristic x-rays will give infor
mation of the composition to a certain depth which is strongly dependent on the 
opaqueness of the specimen to electrons. 

We stress the fact that the emitted x-ray energy is strongly dependant on the 
electron transition that took place. As a result the x-ray energy gives information 
about the element which was excited. This is the basis of electron dispersive x-ray 
analysis (EDX). 
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BSE 

(a) Ionization (b) Relaxation 

( c) Auger electron generation ( d) X-ray generation 

Figure 2. 7: Overview of PE induced processes. First, an atom is ionized by the PE 
(a) and releases an SE. The PE continues as BSE or FSE. The ionized atom relaxes 
after a certain amount of time (b) under emission of either a characteristic (Auger) 
electron (c) or a characteristic x-ray(d). 
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Chapter 3 

Experimental setup 

All the deposits shown in this report have been fabricated in a FEI Nova 600i 
NanoLab dual beam, either by electron or ion beam induced deposition. All 
the parts of this tool relevant to our work are described in section 3.1. The 
deposition parameters and the scanning processes are described in section 3.2. 
The morphology of the deposits are studied either in-situ by SEM imaging or 
ex-situ by AFM. The setup used for the latter is described in section 3.3. 

3.1 FEI Nova Nanolab 600i dual beam 

The layout of the Nova Nanolab 600i dual beam is schematically shown in figure 
3.1. There are two beam columns, from which the device gets its name, located 
at the top and side. The electron beam column is mounted at the top of the 
device perpendicular to the sample holder. The ion beam column is mounted 
on the side at an angle of 52° from the electron column. The beams are aligned 
to intersect at the beam coincidence point. At this point the two beams reach 
the sample at the same area, for example making it possible to image an IBID 
deposition in progress with the electron beam. The stage has 5 motorized axis, 
allowing movement in-plane, height, rotation around the Z-axis and tilt. As such, 
any part of the sample can be moved into the beam coincidence point which 
coincides with the tilt axis and therefore called the eucentric height. Tilting of 
the stage allows a perpendicular incidence for either the electron beam (0°) or ion 
beam (52°). Hereby it is possible to switch beam, while retaining the position on 
the substrate. The vacuum chamber is pumped down to high vacuum, between 
10-6 and 10-5 mbar, by an Edwards XDSlO scroll pump. The electron column 
is differentially pumped as to ensure tip operation at ultra-high vacuum levels 
(10- 10 mbar) even with controlled gas flow through the GIS. 

Following is a description of the most relevant parts of the dual beam: electron 
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Figure 3.1: Schematic view of the dual beam system. (Figure adapted from [1]) 

beam, ion beam, gas injection system (GIS) and EDX detector. References to 
certain parts are in accordance with figures 3.1. 

3.1.1 Electron beam 

Electrons are generated by a Sirion type Schotky field emission gun (FEG), this 
has several advantages over thermionic sources: high brightness, small energy 
spread and a long lifetime. Furthermore, the electrons are emitted from a sharp 
point, approximately lOOnm in diameter, resulting in a small, well defined beam, 
which eases focussing. After generation the electrons are accelerated by the elec
tric field between FEG and anode and pass through a series of lenses and aper
tures. Lenses 1 and 2 condense the electron beam to increase demagnification, 
the aperture further cuts down the beam to the required diameter. The following 
scanning coils deflect the beam to be able to scan the surface of the substrate. 
Lens 3 focusses the beam onto the surface and contributes additional demagnifi
cation, this is a very powerful lens that can operate in various modes. In the field 
free mode the magnetic field only partially penetrates into the vacuum chamber, 
allowing a large field of view with low magnification. In immersion mode the 
magnetic field immerses the substrate, further focussing the beam. This mode 
allows for great magnification (up to 600k x) and is ideal for high resolution imag
ing. The acceleration voltage of the beam can be chosen from 200 V to 30 kV, 
the beam current can be set up to 20 nA. The minimal spot size of the beam 
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( dmin) depends on current (I) and acceleration voltage (V) as: 

I 
dmin rv v· (3.1) 

Increasing the beam current increases the spot size, increasing the acceleration 
voltage decreases the spot size. The best achievable spot size is 1.1 nm at 15 kV. 

3.1.2 Ion beam 

Ions are generated by a Sidewinder™ field emission gallium liquid metal ion 
source (LMI) , located at the top of the ion column. The Ga+ ions are accelerated 
by an anode (not depicted in the figure) and pass through the first, condensing, 
lens and the beam limiting aperture, which creates a well defined beam profile. 
The beam than passes through the second, condensing, lens and the blanking 
aperture, which is also used to scan the beam (?? [4] pag 157). The last lens 
(not named in the figure) focusses the beam onto the substrate. Due to the mass 
of the ions, the used lenses are electrostatic and therefore react slow to changes 
in comparison with the electromagnetic lenses used in the electron column. The 
beam acceleration voltage can be varied from 2 kV to 30 kV, the beam current 
can be incremented by 15 steps to 20 nA. The best achievable spot size is 5 nm 
at 30kV. 

3.1.3 Gas injection system 

In the FEI Nova 600i NanoLab the precursor gas is injected near the substrate 
through a hollow needle with an end diameter of 600 µm. The needle and gas 
flow is operated by a gas injection system, consisting of two major parts: (1) the 
pneumatic system, situated outside the vacuum chamber and (2) the crucible, 
situated inside the vacuum chamber. An image of a GIS is shown in figure 3.2. 
The precursor material is located inside the crucible and is electrically heated 
to partially evaporate it. The pneumatics are used to insert the needle near the 
surface of the substrate and to allow or block gas flow through the needle. By 
controlling the temperature of the precursor the flux of gas through the needle 
can be adjusted. In all our experiments a precursor temperature of 56 °C is used. 
The GIS is aligned so that the end of the needle, when inserted, is positioned 
approximately 100 µm from the beam incidence point at the eucentric height. 

3.1.4 EDX-detector 

The FEI Nova 600i NanoLab is equipped with an EDAX EDX detector , able to 
collect and digitize the x-ray signal from a Si(Li) detecting unit with an active 
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Figure 3.2: GIS suspended in GIS-standard. (Figure adapted from [1]) 

detector area of 30 mm. Peak to background ratio is 20.000 : 1 or better. The 
detector resolution is 136 e V or better, digital channel resolution is 20 e V /ch. 
Detects elements down to and including Beryllium. The detector is controlled by 
a dedicated pc through the GENESIS software package. The software is capable 
of collecting spectra, performing line scans and element mappings of an area. For 
our research only large area spectra were collected. Fore more information about 
the EDAX detectors see [13]. 

3.2 Deposition parameters 

For both the electron and ion beam there are several important parameters that 
affect the deposition of which the most important are: acceleration voltage, cur
rent, deposition time, dwell time, overlap, refresh time and the number of passes. 

• The acceleration voltage and current determine respectively the energy and 
amount of particles that reach the surface. 

• Deposition time is the total time used to perform a deposition from start 
to end. 
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CHAPTER 3. EXPERIMENTAL SETUP 3.3 AFM 

• The time the beam is fixed on a single point on the substrate is called dwell 
time (DT). The minimum DT is lOOns the maximum scripted DT is 25ms. 
For longer DT's the beam has to be manually (un)blanked. 

• The additional time the beam is blanked before proceeding with the next 
pass is called refresh time (RT). 

• The percentage of overlap ( 0) of the beam between two adjacent deposition 
points indicates the minimal distance between to deposition points or pitch. 

• The number of passes indicates how many times the beam scans the entire 
shape. 

These parameters, with the exception of acceleration voltage and current which 
have to be set manually, can be stored in an application file. The volume per 
dose (VpD) , a measure of the amount of material deposited per unit of charge, 
is also saved in the application file. A calculation of this value, together with the 
used current and time gives an indication of the deposited volume. 

To make a deposition two processes can be followed. (1) Basic shapes, like 
rectangles and circles, can be drawn directly in the software of the machine. 
For each shape an application file is selected and the order in which it should be 
patterned is chosen, examples of available patterning types are shown in figure 3.3 
although only serpentine is used in our experiments. Values from the application 
file can easily be adjusted for each shape and it is also possible to set the required 
height of the deposition. The software then transfers the shapes to a 64kx64k 
raster and calculates in what order each raster point should be irradiated and 
and for what amount of time. Rectangles with a serpentine scanning were used 
for IBID. (2) Create a stream-file , which consists of three columns that refer to 
the X and Y co-ordinates of a raster point and the dwell time of that point. The 
number of passes is also declared in the top line of the file. Using this method 
it is possible to precisely manipulate the deposition point by point and fabricate 
any desired shape. Stream files were used to produce pillars with the desired 
dwell and refresh times in EBID. 

3.3 AFM 

The used AFM is the Solver P47H Pro from NT-MDT. To damp vibrations the 
AFM is placed on an active damped table, which in turn in placed on a heavy 
granite table. In general: to produce an image a sharp tip, situated at the end 
of a cantilever, scans the sample. Due to forces acting on the tip it will deflect. 
By reflecting a laser from the back of the cantilever into a position sensitive 
photodetector the deflection of the tip can be measured. This information is then 
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Figure 3.3: Examples of various patterns which can be chosen for each deposition. 
In our experiments only the serpentine pattern, as shown in figure 3.3a, is used. 

transformed into a topological image of the substrate. The setup is schematically 
shown in figure 3.4. Due to the limited use of AFM data in this report, we will 
not further elaborate. More information can be found in literature. 
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Position-sensitive 
Photodetector 

3.3 AFM 

Figure 3.4: Schematic view of the principle of AFM. Deflection of the cantilever is 
measured by detecting the deviation of the laserspot from the center of the photode
tector. (Figure from [14]) 
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Chapter 4 

Results 

In this chapter the results of tungsten electron and ion beam induced deposi
tions (EBID and IBID) will be shown. Due to the relevance of silicon to the 
semiconductor industry, all our experiments are performed on low ohmic silicon 
substrates. First, EBID depositions are presented, they were grown in the form of 
pillars and their investigation has been done in situ by SEM imaging. Secondly, 
IBID depositions are discussed, they were deposited as squares. In this case the 
composition has been investigated by EDX inside the dual beam but dimensions 
were studied ex-situ by AFM. 

4.1 Electron Beam Induced Depositions 

Tungsten EBID growth properties were investigated in the form of pillars. In 
this way the growth mechanism was studied as a function of the electron beam's 
energy and current, the total deposition time and the dwell time. For the deposits, 
beam energies from 5 ke V to 30 ke V were used and nominal current values from 
25 pA to 9.5 pA. 

The actual deposition currents were measured prior to deposition using a 
faraday's cup, the combined values are shown in table 4.1. All measured currents 
are higher than the nominal values, with the largest divergences in the highest 
ones. In particular the 5 kV - 6.3 nA condition showed an increase of 46 %. 
These measurements were taken before the DT depositions, no measurements 
were taken before the SM depositions. Due to recalibration of the SEM, the 
measurements are no longer accurate for SM depositions, thus VpD results for 
SM cannot be calculated. Due to the strong deviations in actual current, any 
further study should always measure the actual deposition current prior to each 
deposition. 
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Table 4.1: Faraday-cup measurements prior to deposition for the used beam param
eters. All measured currents are higher than the nominal values, as shown in the last 
column. The largest increases are found for the highest used currents, in particular 
the 5 kV - 6.3 nA with an increase of 46 %. 

Current 

Energy (kV) Specified Measured Increase (%) 

25pA 30pA 20 
5 0.40nA 0.48nA 20 

6.3nA 9.2nA 46 
33pA 35pA 6 

10 0.54nA 0.57nA 6 
8.4nA 10.3nA 23 
36pA 40pA 11 

15 0.40nA 
8.9nA ll.2nA 26 
44pA 49pA 11 

30 0.63nA 0.67nA 6 
9.5nA 10.5nA 11 

4.1.1 Deposition time dependence 

In order to investigate the deposition time dependence, series of pillars with 
different total deposition times were deposited. For these depositions the beam 
was set into spot mode (SM), which parks the electron beam on a designated 
place. The beam was manually (un)blanked for a period of time, from 1 s to 
300 s . Due to the manual blanking there is a large relative error in the deposition 
time for times up to 10 s . For readability error bars are left out of the graphs. A 
sample of the performed depositions is shown in figure 4.1. 

Deposition height 

The results of height measurements on performed depositions are shown in figure 
4.2. For all used beam settings the height increases with increasing deposition 
time. In the period up to 50 s a higher current results in a higher deposition. 

Three characteristic slopes are found, which overlap for all used acceleration 
voltages. They are named, for ease of communication, branches I to III, in 
accordance with figure 4.2, their average growth rates are found in table 4.2. The 
average growth rate during the first 10 s is also summarized for each branch to 
indicate the decrease in growth rate with time, which is supported by literature [9, 
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Figure 4.1: SEM image of the depositions made with a lOkV - 8.4nA beam to 
investigate the dependency on total deposition time. Deposition time goes from 1 s 
(bottom right) to 300 s (top left). An enlargement of each deposition is shown in 
appendix A figures A.l and A.2. 

12] . Although the origin of this effect is not clearly stated, it is believed the initial 
growth rate is slowed by depletion of the precursor gas in the direct vicinity of 
the deposition, new gas is slowly transported from the surrounding area, thereby 
limiting the gas supply and thus the growth rate. The effect is expected to be 
more severe for depositions in the precursor limited regime, indicating branches 
I and IL 

For times greater than 50 s or heights greater than ±2500 nm, the slope 
decreases abruptly for all used beam settings, the resulting branches are named i 
to iii. This decrease is most predominant for the higher used currents and is due 
to broadening of the depositions tip. The more severe the broadening, the greater 
the slope decrease. An example of a deposition with non severe broadening is 
shown in figure 4.3a, the width of the tip is increased but reasonable growth is 
still achieved. The broadening could be due to beam defocussing, however the 
spot size as a function of height was nog measured so this cannot be confirmed. 

Severe broadening, or tree-formation, is shown in figure 4.3b, normal growth is 
no longer possible, therefore this is an unwanted effect. No clear reasons for these 
formations were found, however they only occurred at the highest used currents. 
Additional research should be performed to investigate the process behind tree 
formation the focus could be on the beam pillar interaction and consequent SE 
generation. Furthermore, since the change starts at a specific height ( ±2500 nm), 
we advice that the supply of gas 'high' above the substrate is researched. 

The growth rate fot t > > 50 s is constant, an equilibrium exist between gas 
supply and consumption [12]. The maximum stable long time growth rate, equal 
to that of the 10 kV - 0.54 nA deposition, is found to be 17 nm/ s. 
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Figure 4.2: Deposition height as a function of total time for all used acceleration 
voltages and currents. Three branches can be distinguished within the first 50 s: a 
high (I), medium (II) and low (III) branch. After approximately 50 s the branches 
deviate into branches i, ii and iii, from high to low. The depositions made with the 
15 kV - 36 pA beam deviate further downward than the other depositions in branch 
iii and is therefore marked subbranch iii8 . Values for the growth rates of the various 
branches are found in table 4.2. (lines are guides to the eye) 
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Table 4.2: Table of average instantaneous growth rates for branches as mentioned 
in figure 4.2. The additional subscript 10 indicates an average over the first 10 s. 

Branch Growth rate Cutoff 
(nm/s) (nm) 

I10 60 55 
I 38 210 

II10 46 45 
II 28 210 

III10 15 30 
III 12 15 

17 1280 
11 5.8 2370 

111 7.5 180 
lllB 1.7 830 

Furthermore, a closer inspection of the heights after 1 s shows two distinct 
starting points at 32 ± 10 nm and 100 ± 15 nm. All pA currents start at the 
lower, all other at the higher point. This indicates that for the lowest used 
currents depositions are in the electron limited regime and for medium and high 
used currents depositions are in the precursor limited regime (see section 2.2 as 
already indicated above. The highest achieved growth rate in the first 10 s is 
that of branch 110 : 60 nm/ s. Which is constituted of the 30 kV - 9.5&0.58 nA 
and 5 kV - 6.5 nA beam depositions. However, this does not seem to be strongly 
dependant on the used current since both the 0.58 nA and 9.5 nA currents, from 
the 30 kV beam depositions, occupy this branch. 

Deposition diameter 

Figure 4.4 shows the diameter of all the depositions as a function of total de
position time. Because the base diameter was measured the formation of trees 
does not influence the measurements. For all depositions paths there is a regime 
of fast growth of diameter (A - B in figure 4.4) followed by a saturation regime 
(B - C in figure 4.4). These regimes are in accordance with literature [9, 12] 
and Monte Carlo simulations performed by Silvis-Cividjian et al. [15, 16]. As 
the PEs hit the substrate SEs are generated in an area larger than the beam 
diameter (see section 2.1) initiating the peak growth, here the peak diameter is 
determined by the SE exit area. As the peak starts to form, the PEs entering 
the apex of the peak will scatter and generate SEs near the peak surface, this 
is schematically shown in figure 4.5a. These SEs cause the fast growth in peak 
diameter. The maximum diameter growth rate is measured at 5.8 ± 0.5 nm/ s 
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(a) 30kV -0.58nA- Scale 3µm (b) 30kV - 9.5nA - Scale lµm 

Figure 4.3: SEM images of EBID depositions. 4.3a shows broadening of the peak 
near the tip, while 4.3b shows the formation of tree-like shapes. Enlargements of both 
figures are found in appendix A figures A.3 & A.4. 

for the 5 kV - 6.3nA beam deposition. As the diameter increases to the beam 
diameter plus two times the SE escape depth, the diameter increase will saturate 
(line B in figure 4.4)this occurs after approximately 50 s. After this point the 
diameter will increase due to SEs created by forward scattering electrons (FSEs 
as shown in figure 4.5a), this is a less likely process and therefore the increase is 
slowed. 

The focussing of the beam, prior to deposition, has a large impact on the 
final diameter, but was not measured and therefore cannot be taken into account. 
However, the order of deposition lines as a function of current, as seen in figure 
4.4, clearly shows that a larger current results in a larger diameter in accordance 
with theory (see 3.1). As stated in section 2.1, electron energies between 1 and 
10 ke V give the largest SE yields, this is observed as a large diameter growth rate 
for the 5 kV and 10 kV depositions in comparison with the 15 kV and 30 kV ones. 
The minimal diameter is observed for the 30 kV - 44pA beam. The diameter 
after one second is 29.0 nm, as shown in figure 4.5b. With high energy and low 
currents it is therefore possible to make features with 29 nm resolution. This is in 
accordance with the minimum possible line width of 20 nm as specified by FEI. 
The average diameter at times larger then 50 s is 83 ± 9 nm. 

4.1.2 Dwell time dependence 

The results for this section where obtained by measurements on scripted depo
sitions for various electron beam energies and currents. To deposit, the beam 
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Figure 4.4: Graph of the diameter versus the total deposition time. The beam 
diameter is observed to be proportional to the current and inversely proportional to 
the beam energy. (all lines are guides to the eye) 
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PE 

BSE 

(a) (b) 

Figure 4.5: Figure 4.5a shows a schematic figure of SE generation within a peaked 
deposition. (adapted from [9]) Figure 4.5b shows the result of depositing 1 s with a 
30 kV -44pA beam, the deposition has a diameter of 29.0 nm and a height of 34.9nm. 

was manually focussed and moved to a clear substrate area where the script was 
ran. This script deposited on a specified point for a certain dwell time (tdweu) 

and then moved to a parking point 8.5nm away where it stayed for 200 µs, the 
beam is moved back to the specified point. This procedure was repeated until 
the accumulated deposition time equaled 60 s. In this way we obtain pillars with 
different dwell times but equal refresh and total times. Several instances of this 
script with varying tdwell were ran next to each other. An example of a resulting 
deposition is shown in figure 4.6; the first and third row from the top show the 
actual depositions we are interested in, the second and fourth row show the park
ing spots. Between the deposition spot and parking spot a thin line is visible, this 
is due to the fact that the beam is not blanked while moving from the deposition 
to the par king spot and vice versa. 

Deposition height 

Figure 4. 7 shows the deposition height as a function of tdwell for all used acceler
ation voltages and currents. For every energy and tdwe11 's greater than or equal 
to 120µs, a higher current results in a higher deposition as expected. A higher 
current generates more SEs in accordance with Kunz[8]. The 5 kV deposition 
is most sensitive to variations in current , though there is no clear dependency 
between energy and current sensitivity. 

For all acceleration voltages the highest current (D) increases with increasing 
tdwell· This increase decreases with increasing acceleration voltage. The inter
mediate current ( o) increases for both 5 and 10 kV, is constant for 15 kV and 
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(a) Incident angle 0° (b) Incident angle 52° 

Figure 4.6: SEM images of EBID depositions with a 30 kV - 9.5 nA beam, showing 
the actual depositions in first and third row and the parking spots in the second and 
fourth row. Tree formation is clearly seen on the parking spots. The images were 
made at an angle of 0° (figure 4.6a) and 52° (figure 4.6b), the latter was rotated 10°. 
The numbered lines in figure 4.6a are due to the deposition programming and are 
merely an overlay. 

decreases for 30 kV. The low current ( !:::. ) increases until approximately 40 µs and 
then decreases. Although there clearly is a trend in the behavior of the deposi
tions no clear explanation could be found. A decrease of height with increasing 
dwell time indicates a precursor limited regime [17], but since this behavior is 
not observed for higher currents this cannot be the case. 

Deposition diameter 

Figure 4.8 shows the deposition diameter as a function of tdwell for all used ac
celeration voltages and currents. The diameter of the depositions seem to be 
stable for tdweu's greater than or equal to 120 µs, in accordance with results 
found in section 4.1.2 - Deposition height. For tdweu's shorter than 120 µs the 
diameter changes with increasing tdwell · For the highest currents (D) the diam
eter increases with increasing tdwell, except for the acceleration voltage of 30kV. 
For the intermediate ( o) and lowest (!:::.)currents the diameter decreases with in
creasing tdwell · The diameter of the deposition is mainly dependant on the beam 
diameter and the SE escape depth [9]. The beam diameter increases with increas
ing current and decreasing energy. The increase with current is seen for the 5kV 
and 15kV deposition, but is not coherent for the lOkV and 30kV depositions. 
The diameter decreases as a function of energy, best seen for the highest used 
currents. This is in accordance with experiments by Kohlmann-von Platen et al 
[17]. Clear variations of diameter with dwell time could not be extracted. To be 

29 



4.1 Electron Beam Induced Depositions CHAPTER 4. RESULTS 

8 s ..., 
..c:: 
bO 

'Q) 
:i::: 

8 s 
~ 
bO 

'Q) 
:i::: 

3000 • 
2800 _,... .......... -·• ·- 5 kV - 6,3 nA 

-e- 5 k" - 0 40 nA 
2600 ';; -- ... .6--,p iN:·~pA 
2400 • 

; 
2200 ; 

2000 
,; 

1800 

1600 
..... -·-·•-· ·-·--·--·-·-·• ·-·-· ..... ·-·-·• -·- ··• 1400 _ .. .. -

1200 • 
1000 

800 

600 ... 
400 . -- --- - ..... --·---·- ·-·-· ·-·-· ·-·-

- ~--- · 1600 
... ---·-·-··-·-·-···-- --------·· 

Jr 

1400 '!-" , 

• -·· ·- 15 kV - 8,9 nA 1200 -e - 15 kV - 0,58 nA 

... -·A ·- 15 kV - 36 pA 

1000 ... 

' 
800 •- ..... ! >· ... ~~~--·· ·- ·--- .. --·-··-----· ···-. ........ ......... --

600 --.... . ___ .At.-·-·-•-·-- -A ... .... ,., 

... 
400'---'--'-~'---'--'-~'---'--'-~'---'--'-~'---'--'-~~~ 

0 20 40 60 80 100 120 140 160 180 200 220 

Dwell Time (µs) 

2000 

1800 

1600 

1400 

1200 

1000 

800 

600 
2200 

2000 

1800 

1600 

1400 

1200 

1000 

800 

• -·• ·- 10 kV - 8,4 nA 
- · ·- 10 kV- 0,54 nA 
-A - 10 kV - 33 pA 

-·• ·- 30 kV - 9,5 nA 
- · ·- 30 kV - 0,63 ~---- -··-
- &- 30 kV - ~)lm>A' 

I ' 
\ 

-~_ .............. ... 

- · - - - - - - -- -- 1 • 

0 20 40 60 80 100 120 140 160 180 200 220 

Dwell Time (µs) 

F igure 4. 7: Deposition height as a function of dwell time for all used acceleration 
voltages and current . For every acceleration voltage a larger current result in a higher 
deposition for tdw ell ~ 120µs (D > o >6 ). (lines are guides to the eye) 

30 



CHAPTER 4. RESULTS 4.1 Electron Beam Induced Depositions 

able to accurately compare results optimal focussing should be achieved before 
each measurement. Especially with high acceleration voltage and low current 
beams setting the optimal focus is difficult. 
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eye) 

Volume per dose 

The volume per dose (VpD) relates the amount of material deposited per dose 
of charged particles. To obtain the volume per dose for various conditions, the 
volume is estimated by assuming a cone-shaped deposition with the height of the 
deposition (hdep) and a base diameter equal to the deposition diameter (ddep) · 
This volume estimate is not accurate, but can be used for comparison between 
various depositions since the deviations are approximately equal for all deposi
t ions. The volume per dose analysis resulted in a large spread between values for 
the various beam energies and currents. As can be seen in figure 4.9 the values 
range from 10-4 to 10-2 µm 3 /nC, two orders of magnitude. 

For all used beam energies the VpD is inversely related to the used beam 
current, this can be seen in figure 4.9: 6 > o > D. This behavior occurs because 
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the relative abundance of adsorbed precursor molecules is larger for low currents 
compared to high currents. The measured decrease in VpD for the lowest currents 
is in accordance with Kohlmann-von Platen [17], which states that the initial 
electrons interact with a higher adsorbed precursor density than the following 
electrons. Increasing tdwell will therefore decrease the efficiency of decomposition 
and thus the volume per dose. The intermediate currents produce a stable VpD, 
with the exception of 30 kV which decreases with increasing tdwell· The VpD for 
the highest currents increases until tdwell ':::::' 100 µs after which it stabilizes, with 
the exception of the 30 kV - 9.5 nA beam depositions which are always stable. 
The reason behind this is not yet clear, but a strong dependance on decomposition 
by PEs is likely. The VpD is expected to decrease with increasing beam energy, 
as stated in section 2.1. This behavior is not clearly measured, however it is 
observed that the spread in VpD increases with increasing beam energy. 
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F igure 4.9: Volume per dose as a function of tdwell for all used energies and cur
rents. The legenda states the normalized current, as mentioned in other graphs, and 
the actual current. The latter is between brackets. The results range two orders of 
magnitude from 10- 4 to 10-2 µm3 /nC. For each energy the VpD is inversely pro
portional to the used current. For the lowest used currents the VpD decreases with 
increasing tdwell· The intermediate currents produce a stable VpD. with the excep
tion of 30 kV which decreases. The highest used currents produce an increasing VpD 
until tdwell reaches approximately 100 µs after which it is stable. With the exception 
of the 30 kV deposition, which is always stable. The spread in VpD increases with 
increasing beam energy. (lines are guides to the eye) 
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4.2 Ion Beam Induced Depositions 

In this section we will present the result from various ion beam induced depo
sitions. Square 20 x 5 µm2 depositions were made in two batches, for every 
deposition the serpentine pattern was used. The first batch was deposited with a 
30 kV - 6.5 nA beam at a magnification of lOOOx. We used the standard FEI set
tings for W-deposition and sequentially varied the total time ( 100 - 300 s), dwell 
time (100 - 500ns), refresh time (1 - 5ns) and overlap (-50 - 50%), while 
keeping the other parameters fixed. On this batch both EDX and AFM measure
ment were performed, the latter to investigate the topology and volume of the 
depositions. For the second batch we also varied the current (6.5, 2.8, 0.92 nA) 
and magnification, along with the aforementioned variations. Furthermore the 
depositions were placed further apart , because of overlapping depositions as seen 
in figure 4. lOa. 

4.2.1 AFM analysis 

Images of the depositions are shown in figure 4.10, figure 4.lOa shows an overall 
SEM image, an AFM image of the enclosed part is shown in figure 4. lOb. The 
AFM measurements were processed to correct for offset errors and plane tilt, 
also the substrate height was set as zero. The resulting data was processed by a 
MATLAB script to calculate the volume of each deposition. To check consistency 
between SEM and AFM measurement, the height of a standard deposition was 
measured with the AFM and SEM. The average height of the AFM measurement 
was 1. 73 µm vs 1. 7 4 µm from the SEM, therefore the heights are believed to be 
consistent. However, due to the finite thickness of the AFM-tip, the edges are 
smeared a little. Volumes will therefore appear larger than they actually are. 
Since the following results will only take the general behavior into account, this 
does not pose to be a problem. 

Deposition topology 

Before proceeding with the volume results, we would like to address some unusual 
deposition topology that can be seen in figure 4. lOa. The deposition marked A 
was made with a 50 % overlap and is treated in section 4.2.1 - Overlap. The depo
sitions marked B and B* respectively have a large and minor slanted right edge. 
This is caused by an obstructed gas flow to the deposition. The phenomenon 
starts to occur between 0.6 and 0.8 µm and is more severe for higher depositions. 
To further substantiate the hypothesis of an impeded gas flow, we would like to 
point out depositions B' (1.32 µm high) and B" (1.19 µm high). Although B' is 
higher, the edge is more pronounced in B", as it is surrounded by high depositions 
which obstruct gas flow. 
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(a) SEM image (b) AFM image 

Figure 4.10: SEM and AFM images from the first 14 depositions of 20 x 5 µm 2 . The 
AFM image shows the area depicted with the white square in the SEM image. For the 
SEM image the gas flow direction is from left to right. The depositions marked with A 
has no interior, depositions marked with B have a pronounced (B) or less pronounced 
(B*) slanted right edge. The halo (area surrounding the actual deposition in which 
unwanted deposition takes place) of several depositions overlap other depositions. 

Total time 

The results for the depositions with varying time are shown in figure 4.11. A 
clear increase of deposition volume with time is seen. Assuming linear growth 
the volume growth rate is equal to 0.6 ± 0.2 µm3 / s, no literature values could be 
found for comparison. If we assume the specified current of 6.5 nA is accurate the 
averaged calculated volume per dose is 0.09 ± 0.03 µm3 /nC. The manufacturer 
specified volume per dose, for the used machine and settings, is 0.5 µm3 /nC , a 
factor of 5 more. 

Dwell time 

As mentioned in section 2.1.2 deposition and milling compete in the case of 
IBID. When increasing the dwell time more precursor gas will be consumed mak
ing deposition less efficient. As a consequence milling becomes more dominant. 
Moreover, less passes are performed, because the total time stays constant, so 
a decrease in deposition efficiency will result in a smaller deposition. Due to 
the increased dwell time, the time between beam exposure of an area increases, 
allowing more time for the gas to refill that area. This increases the fractional 
coverage and thereby the deposition efficiency. The measured decrease either in
dicates this plays a less significant role than the increased milling or that the time 
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Figure 4.11: Graph of the deposition volume as a funct ion of deposition time for 
IBID with a 30 kV - 6.5 nA beam. The line is a linear fit with slope 0.6 ± 0.2 µm3 / s . 

between two exposures for a dwell time of 100 µs is enough to achieve maximum 
fract ional coverage. 
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Figure 4 .12: Graph of deposition volume as a function of dwell time. The line is a 
linear fit with slope -0.34 ± 0.14 µm 3 / µs 

Refresh time 

To investigate the influence of precursor replenishment on growth, depositions 
with varying refresh times were made. By increasing the refresh t ime the frac
tional coverage would increase and thereby the deposit ion efficiency (see section 
2.2). The behavior of the measurements, shown in figure 4.13, does not support 
this theory. However, it has to be taken into account that the pure deposit ion 
time decreases with increasing RT. This decrease can be estimated by scaling the 
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function 1 / x and is shown by the full line in figure 4.13. It is clear the behavior 
is a result of the decrease in actual deposition time. However, in literature a 
decreasing film height was reported by Fu [18], presumably caused by a decrease 
in gas flux with increasing RT. To accurately research the dependency on RT a 
different deposition method has to be chosen in which the actual deposition time 
stays equal. 
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Figure 4.13: Graph of deposition volume as a function of refresh time. The line is 
the function f(x) = 100/x. 

Overlap 

The deposition marked A in figure 4. lOa, has an overlap of +50 % which results in 
an unfilled square. An AFM image of this deposition is shown in figure 4.14. To 
explain this we first address the general process involving overlap. For increasing 
overlap, the beam will be at or near a specific spot on the raster for a longer time, 
the beam moves slower. As previously mentioned, this reduces the deposition 
efficiency and increases milling as more energy is deposited in the area in a short 
amount of time. As shown in figure 4.15 a decrease in volume for increasing 
overlap was measured. However, due to the little number of measurements no 
assumptions can be made on the exact influence of overlap on deposition volume. 
The afore mentioned deposition obtained its strange shape to the lack of precursor 
gas in the interior, but relative abundance at the edge due to diffusion from 
outside the deposition area. Therefore the walls will be deposited, but the interior 
will not. For a further treatment of this process we would refer to [1]. We expect 
that decreasing the overlap to a distance equal to the SE generation diameter 
will results in a non homogeneous deposition, however this was outside the scope 
of our measurements. 
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Figure 4.14: AFM image of the ion beam induced deposition performed with an 
overlap of 50 %. 
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Figure 4.15: Graph of deposition volume as a function of overlap. 
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4.2.2 Composition 

The EDX measurements were made using a 30keV - 0.58nA electron beam. 
An area of 2.56 x 2.56 µm 2 was irradiated with the beam and data was acquired 
for 200 live seconds. An example of a spectrum that was collected is shown 
in figure 4.16 , several distinguishable peaks can clearly be seen, for the most 
important peaks the corresponding element is shown. All found elements are 
listed in table 4.3 along with their corresponding lines, peak energies and relative 
peak intensities. The elements tungsten, carbon and most of the oxygen come 
from the precursor gas (W(C0) 6 ), gallium from ion implantation and silicon 
from the substrate. A small percentage of oxygen comes from the siliconoxide 
layer formed on the silicon substrate which has been in contact with air. No 
unexpected elements were detected. 
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Figure 4.16: A spectrum collected by EDX-measurement from a sample. Several 
clear peaks are observed and marked with the corresponding element. A detailed 
description of all peaks can be found in table 4.3. 

For further analysis quantitative results of the spectra are needed. Firstly 
this was attempted by processing all spectra with the EDAX Genesis software, 
the software package also used for the spectrum acquisition. The used method 
was the, so called, standardless analysis, which does not require standards. For 
further reading on this subject we would like to refer to Goldstein [2]. However, 
closer inspection revealed the program was incapable of performing accurate fits, 
due to the proximity of the silicon K01 and tungsten M 0 peaks spaced only 
0.040 keV apart. A literature study showed that the deconvolution of peaks is 
the primary source of error for spectrum-analysis. In the specific case of Si - W 
measurements it was shown that a shift of 4 e V in the peak energy, well within 
the 10 eV channel size of the EDX-detector, results in a 10 3 fitting uncertainty 
[19]. Due to lack of standards, standardized analysis could not be performed. 
Therefore we tried to fit a Gaussian [19] on the none-overlapping tungsten £ 01 
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Table 4.3: The corresponding element, line, energy and relative intensity per line 
group for all peaks in the measured EDS ordered from low to high energy. If the peak 
is named in figure 4.16 a • is shown, otherwise a o. The subscripts I and II refer to 
the first and second group of the same element. Notice the energies of W - Ma and 
Si - Ka 1 are 0.040 ke V apart. 

Element Line Energy ( ke V) intensity 

c • K o:1 0.266 100 

0 • Ko:1 0.515 100 

Ga1 
0 L1 0.960 8.5 

• Lo: 1.100 100 

• Mz1 1.387 6.0 

W1 • Mo: 1.779 100 
0 M-y 2.042 1.3 

Si • K o:1 1.739 100 

Gau • K o:1 9.249 100 
0 K o:2 9.222 50 

0 L1 7.384 4.5 

• Lo:1 8.395 100 
Wu 0 Lf31 9.667 42 

0 Lf32 9.961 20 
0 L-y1 11.285 6 
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peak and compare it with the results from measurements on a pure tungsten 
sputter target . To remove the background signal we used the EDAX Genesis 
program, which calculated the background as shown in figure 4.17. However, 
the fit is not accurate and, therefore, neither will the results. Further processing 
of these results was not attempted. In further research we recommend to use a 
substrate with spectral lines that do not overlap the tungsten lines. 
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F igure 4.17: EDX spectrum of a sample at full and 1/50-times scale. The back
ground radiation, as calculated by EDAX Genesis software, is shown, it does not 
accurately fit the spectrum around an energy of 8 keV . 
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Chapter 5 

Conclusions 

As mentioned in the introduction the goal of this project is to investigate the 
influence of deposition parameters on yield and composition of EBID and IBID 
depositions as to achieve the smallest possible features with good electrical prop
erties. We did demonstrate the production of nanowires is possible with EBID. 

5.1 Electron beam induced deposition 

We showed that the growth of pillars is a suitable technique to investigate the 
influence of deposition parameters on growth. 

Total deposition time Analysis of the pillar height as a function of total time 
clearly showed two distinguishable regimes: electron and precursor limited. They 
had a height after 1 s of 32 ± 10 nm and 100 ± 15 nm respectively. Three average 
growth rates were found for the first 50 seconds: 38, 28 and 15 nm/ s. Higher 
currents generally resulted in higher growth rates, however there were exceptions. 
After 60 seconds or at a height of 2500 nm the growth rate abruptly changes, due 
to thickening of the depositions near the top. This change is more predominant 
for higher currents. Beam defocus high above the surfaces is believed to play a 
role, although the formation of the tree-like structures could not be explained. 
The maximum achieved growth rate for times larger than 60 seconds is 17 nm/ s. 

Measurements of the beam diameter clearly showed two regimes in accordance 
with literature: (l)A fast growth towards the beam diameter plus two times the 
secondary electron escape depth. (2) A slow increase, due to secondary electrons 
generated by forward scattered electrons. The beam diameter has the largest 
influence in the final deposition diameter. In general an increase in the beam 

43 



5.2 Ion beam induced deposition CHAPTER 5. CONCLUSIONS 

current/energy increases/decreases the deposition diameter. 29.0 nm wide depo
sitions were made with a 30 kV - 44pA beam, which shows that the production 
of small nanowires by EBID is possible. 

Dwell time Although there is a clear trend in the dependance of the diameter 
and height in the dwell time experiments, no clear conclusions can be drawn. 
Nevertheless, we believe the behavior has to do with the generation of SEs. The 
volume per dose calculations show that in general low current beams are more 
efficient at deposition, due to the relevant abundance of precursor gas. The values 
for volume per dose range from 10-4 to 10-2 µm 3 /nC for used beam currents 
(30 pA - 10.5 nA). 

5.2 Ion beam induced deposition 

Images of IBID depositions revealed two unexpected topologies: ( 1) slanted edge 
on the deposition side opposite the precursor gas flow for depositions higher than 
'.::::' 0. 7 µm. The effect is more pronounced in depositions surrounded by other high 
depositions. We conclude that an impeded gas flow to a section of the deposition 
area causes the anomaly. (2) A deposition consistent of walls with no interior, 
this was in accordance with Beljaars [1] 

Deposition parameters The deposition volume increases with total deposi
tion time. Assuming the specified current is correct and growth is linear, the 
volume per dose was 0.09 ± 0.03 µm3 /nC, which is a factor of 5 less than the 
manufacturer supplied volume per dose (0.5 µm3 /nC), which we believe to be 
incorrect for given beam conditions. 

A decrease in deposition volume as a function of dwell time was measured. 
The rate of, assumed linear, decrease was measured -0.36±0.13 µm 3 / µs. This is 
related to the decrease in deposition efficiency for increasing dwell times. Milling 
becomes more dominant. 

The refresh time dependency of the volume was inconclusive, due to a er
roneous deposition method. Although measurements could not support this, 
literature suggests the volume decreases with increasing refresh time. 

Beam overlap is an important parameter in IBID depositions. A decrease in 
deposition volume for increasing overlap was measured due to increased milling. 
A negative overlap is therefore advised, however a too large negative overlap may 
result in a nonhomogeneous deposition. 
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Composition & electrical characterization EDX measurements showed 
that all depositions contained tungsten, gallium, carbon and oxygen. No un
expected elements were found. Due to the proximity of the silicon K01 and 
tungsten M0 peaks, no quantitative analysis could be made. 
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Chapter 6 

Recommendations & outlook 

Recommendations For further experiments we advice the following: 

• Use pillars to characterize growth processes and yields and optimize beam 
settings. Mainly because of the ease of growth and measurement . The larger 
square depositions can be used for EDX and 4-point-probe measurements 
as they require more deposited material. 

• Perform depositions several times to enable a statistical analysis of the 
results. Since focussing and beam current might change from experiment 
to experiment, this is strongly advised. 

• Measure the actual beam current by Faraday's cup prior to each deposition. 
Also measure the beam profile to exclude the uncertainty of beam diameter 
in diameter measurements. 

• To be able to accurately compare results the actual deposition time is to 
be held constant and not the total time. 

• To investigate optimal overlap settings we advice to change the scope to 
-100 to +30 %. 

• To investigate the composition a substrate with elements having no or little 
overlap of EDX-spectral peaks with the tungsten M and L peaks. 

Outlook The results of this report show that the production of nanowires with 
beam induced deposition techniques is possible. In the future more characteri
zation of both techniques should be done to build a clear chart of the pros, cons 
and possibilities of each technique. We feel beam induced deposition is yet to 
reach its full potential as a electrical microstructuring technique. 
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Moreover, the actual process of deposition has to be researched in great ex
tend, to be able to clarify some of the depositions that occurred during our 
research. Especially tree-formation, ever so beautiful, is an interesting phe
nomenon, which seeks clarification. 
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Appendix A 

Dual beam images 
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APPENDIX A. DUAL BEAM IMAGES 

(a) 1 s (b} 2 s (c) 3 s 

(d} 4 s (e) 5 s (f} 6 s 

(g) 7 s (h} 8 s (i) 9 s 

(j) 10 s (k} 20 s (1) 30 s 

Figure A.1: SEM images of the depositions made with a lOkV - 8.4nA beam to 
investigate the dependency on total depq,s).,tion time. Deposition time goes from 1 s 
to 300 s. See figure A.2 for the continuati6n of this figure. 
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(a) 40 s (b) 50 s (c) 60 s 

(d) 120 s (e) 180 s (f) 240 s 

(g) 300 s 

Figure A.2: Continuation of A.l. 
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Figure A.3: Enlargement of figure 4.3a. SEM images of EBID depositions with a 
30kV - 0.58nA beam. Scale 3µm. 
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Figure A.4: Enlargement of figure 4.3b. SEM images of EBID depositions with a 
30 kV - 0.58 nA beam. Scale 3 µm. 
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