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Abstract A methodology for the quantitative composi-

tional characterization of nickel silicides by high angle

annular dark field scanning transmission electron micros-

copy (HAADF-STEM) imaging is presented. HAADF-

STEM images of a set of nickel silicide reference samples

Ni3Si, Ni31Si12, Ni2Si, NiSi and NiSi2 are taken at identical

experimental conditions. The correlation between sample

thickness and HAADF-STEM intensity is discussed. In

order to quantify the relationship between the experimental

Z-contrast intensities and the composition of the analysed

layers, the ratio of the HAADF-STEM intensity to the

sample thickness or to the intensity of the silicon substrate

is determined for each nickel silicide reference sample.

Diffraction contrast is still detected on the HAADF-STEM

images, even though the detector is set at the largest pos-

sible detection angle. The influence on the quantification

results of intensity fluctuations caused by diffraction con-

trast and channelling is examined. The methodology is

applied to FUSI gate devices and to horizontal TFET

devices with different nickel silicides formed on source,

gate and drain. It is shown that, if the elements which are

present are known, this methodology allows a fast quanti-

tative 2-dimensional compositional analysis.

Introduction

A wide range of nickel silicide phases with different

electrical properties exists [1]. These nickel silicide phases

have important applications in the current microelectronics

technology. NiSi is used in CMOS devices to lower the

interfacial contact resistance between the metal contacts

and the source, drain and gate regions [2]. Different nickel

silicide phases are explored as potential gate electrodes in

fully silicided (FUSI) gate structures [3, 4]. It is generally

observed that the nickel silicide phases grow sequentially

in thin film reactions [5]. However, for very thin films the

diffusivity of nickel can be altered due to the contribution

of grain boundary diffusion, or due to the presence of

dopants [5]. This can change the reaction kinetics, or even

the reaction paths. Furthermore, the formation and disso-

lution of transient phases in narrow temperature ranges at

early stages of the nickel silicidation reaction have been

reported [6]. It is clear that control of nickel silicide phases

in device structures is critical. Therefore, it is important to

be able to perform a fast and accurate quantitative analysis

that reveals the 2-dimensional distribution of the different

phases present. In this article, we report a methodology for

the quantitative compositional 2D characterization of

nickel silicides by HAADF-STEM imaging.

In HAADF-STEM, a (sub-)nanometer-sized illuminat-

ing electron probe scans over the sample, and the signals

produced by the scattering of the electrons can be detected

and displayed as a function of the illuminating probe

position [7]. A high angle annular detector is used to col-

lect the scattered electrons. Since nickel silicide layers in
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scaled CMOS devices are only 10–20 nm thick, high spa-

tial resolution is essential for local phase identification. In

HAADF-STEM, the spatial resolution is mainly controlled

by the nanosized illuminating probe, down to 0.1 nm in

high-resolution STEM mode, allowing the direct visual-

isation of the atomic column positions if the imaging is

performed along a crystal zone axis [8]. As the nickel

silicides are generally polycrystalline, such imaging is not

possible over the full area of the device structures. In this

study, a larger probe is used instead (1–2 nm), which

results in an averaged contrast over the atom positions.

It is possible to combine HAADF-STEM imaging with

techniques such as electron energy loss spectroscopy

(EELS) and energy dispersive X-ray spectroscopy (EDS).

EELS and EDS analyses on nickel silicides are reported

before [9, 10].

The image intensity in HAADF-STEM can be described

as a convolution between the intensity of the electron probe

and an object function [11]. Such a description is only

possible if there is no coherency between nearby parts of

the object. In other words, HAADF-STEM imaging can be

described as being incoherent. This incoherent imaging

arises on the one hand from the geometry of the detec-

tor and on the other hand from contributions of phonon

scattering. Because the high angle incoherent scattering

gives an intensity which scales approximately with the

squared atomic number, the main advantage of working in

HAADF-STEM mode is the possibility to visually distin-

guish between materials with different compositions. This

imaging mode is therefore also called Z-contrast imaging.

[11, 12].

The main purpose of this study is to examine if

HAADF-STEM can be used as a sensitive method to

identify or at least differentiate between nickel silicides. In

order to do this, a set of nickel silicide reference samples is

examined: Ni3Si, Ni31Si12, Ni2Si, NiSi and NiSi2. We use

this set of reference samples to define the relationship

between the experimental Z-intensity and composition.

This methodology is then applied to device structures

containing various nickel silicides.

Sample preparation and experimental setup

Nickel silicide reference samples are prepared by rapid

thermal annealing of a Ni-layer (thickness range from 60 to

170 nm) either deposited directly on a Si(001) substrate, or

deposited on a thin polycrystalline Si film (about 100 nm

thick) on top of a SiO2/Si(001) substrate. The temperature

and thickness ratio of the Ni and Si layers are varied to

obtain different phases. X-ray diffraction (XRD) is used

to investigate which phases the samples contain, and the

composition of the silicide layers is determined by EDS [9]

and EELS [9, 10]. In most cases, the preparation resulted in

a layer consisting of a single phase, i.e. Ni3Si, NiSi or

NiSi2. In one case, a layered silicide with two phases is

obtained: Ni31Si12 and Ni2Si.

All samples are prepared for TEM in cross section by

focused ion beam (FIB, Strata400S) with in situ lift-out.

The nickel silicide reference samples are produced in a

wedge shape with a thickness gradient to study the effect of

specimen thickness on the quantification results. In prin-

ciple the thickness increases linearly from 0 to *300 nm,

but in practice the thinnest part is rounded due to the ion

beam milling. Both the FUSI gate and the tunnel field-

effect transistor (TFET) device structures are prepared as

plan parallel cross-sectional samples.

HAADF-STEM measurements are carried out on a

Tecnai F30 microscope operating at 300 kV. A spot size of

about 1–2 nm is used. The HAADF detector semi-angle is

25 mrad. An attempt is made to further exclude diffraction

contrast by performing additional measurements with a

JEOL 3000F microscope, operating at 300 kV with a

detector semi-angle of 30 mrad.

The HAADF-STEM images are processed using FEI

TEM Imaging and Analysis (TIA), and Digital Micrograph

(DM) software.

Results and discussion

Correlation between HAADF-STEM intensity

and sample thickness

Prior to comparing the HAADF-STEM intensities of the

nickel silicide reference samples, it is necessary to examine

the correlation between sample thickness and experimental

HAADF-STEM intensity. In order to study this correlation,

wedge-shaped samples of the nickel silicide references,

which have a thickness ranging from 0 to about 300 nm,

are examined. HAADF-STEM images of these samples are

recorded at identical experimental conditions (beam

intensity, detector angle, contrast and brightness settings,

scan rate, etc.). Figure 1 shows HAADF-STEM images of

the different phases at comparable thicknesses. A differ-

ence in the intensity of the silicide layers can be seen. The

samples are tilted 5� away from the Si [110] zone axis to

eliminate channelling of the substrate and of the epitaxial

NiSi2 phase. Since most of the layers are polycrystalline,

all channelling contrast cannot be suppressed in all grains

simultaneously. Intensity profiles are taken on the images,

along the silicide layers, using TIA software.

For each nickel silicide phase, the thickness of the

sample is measured at 15 points along the wedge-shaped

silicide layer, using the EELS log ratio method. This is

done with DM software. The dataset is then extrapolated
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over the entire length of the silicide layer to obtain the

thickness at each point. In order to determine the thickness,

the total inelastic mean free path, k, is required. k is a

function of the collection semi-angle, the incident energy

and a mean energy loss which depends on the chemical

composition of the specimen. Bonney [13] reported that

this thickness determination gives values which lie within

10% of the true value, when tested on sub-micron vana-

dium spheres of which the thickness was taken to be the

same as their diameter [13, 14]. Meltzman et al. [15]

reported, however, that this error is larger when a high

beam energy (i.e. 300 kV) and a large collection angle are

used. Furthermore, since the chemical composition of the

nickel silicides on the device structures is unknown, a

larger error is expected on the thickness determination in

the quantification procedure.

The correlation between the intensity profiles and

thicknesses is examined. Figure 2 shows that a linear

relation is obtained between HAADF-STEM intensity and

sample thickness. The intensity profiles shown here are

from the NiSi2 (Fig. 2a) and Ni3Si (Fig. 2b) phases, and

from the Si substrate (Fig. 2c). This linear dependence is in

agreement with Pennycook and Nellist [11], who have

shown that the thickness behaviour of the image intensity

changes from oscillatory at low angles reflecting the long

coherence length between phonons, to more linear at large

angles where the coherence length is much shorter than the

specimen thickness [11]. This methodology is not appli-

cable at the very thin part of the wedge; since there the

thickness interpolation becomes unpredictable.

It can be seen in Fig. 2 that the profile of Ni3Si shows

fluctuations, while the profile of NiSi2 shows smoother

thickness dependence. This different behaviour can be

attributed to the fact that NiSi2 is grown epitaxial on the

silicon substrate, i.e. is single crystalline in the whole

studied area, while Ni3Si is polycrystalline. The fluctua-

tions are due to diffraction contrast that reaches the

detector and to electron channelling in the grains. Figure 1

shows that the HAADF-STEM images still show diffrac-

tion contrast, even though they are recorded using a high

angle annular dark field detector at the largest possible

detector angle (in this case, the detector semi-angle equals

25 mrad). It is clear that this will disturb the Z-dependence

of the image intensity. The influence of diffraction contrast

and channelling on the measurements will be discussed

further.

Fig. 1 HAADF-STEM images of the nickel silicide reference

samples, taken at identical experimental conditions, at comparable

sample thickness ranges increasing from left to right (150–190 nm)
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Fig. 2 Correlation between HAADF-STEM intensity and sample

thickness for (a) the NiSi2 phase, (b) the Ni3Si phase and (c) the Si

substrate. A linear fit is made through the data points
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Comparison of the reference samples

Because the HAADF-STEM images are taken at identical

experimental conditions, the differences in intensity of the

nickel silicide phases depend solely on the squared aver-

aged atomic number, the atomic density and the sample

thickness. Other factors, such as electron density in the

beam, detector angle, can be considered to be constant

during the measurements. We can state that:

I ¼ cZ2Nt ð1Þ

with I the HAADF-STEM intensity, Z the average atomic

number, N the atomic density, t the sample thickness and

c a constant. The Z2 dependence is expected on the basis of

Rutherford scattering. Pennycook and Nellist [11] report a

dependence which is only slightly less than Z2 by calcu-

lating the dynamical object function for incoherent imaging

of thick crystals.

Because the images are taken at lower magnifications

with a probe size of about 1–2 nm, the probe function is

averaged over the atomic columns. Therefore, we expect

that the probe function will not influence the comparison of

the intensities of the nickel silicide reference samples.

We will now discuss two methods to remove thickness

effects from the intensity profiles. This is necessary to

compare the HAADF-STEM intensities of the nickel sili-

cide phases. In the first method, the ratio of the intensity to

the sample thickness is determined for each point of the

intensity profile. Since there is a linear relationship

between intensity (counts) and thickness, this ratio is

directly proportional to the squared average atomic number

and the atomic density, in agreement with Eq. 1. Subse-

quently, the mean of these values is determined. This is

done for each phase. The means together with the standard

deviations are given in Table 1. In Fig. 3a, these values are

plotted versus Z2N calculated based on composition and

crystallographic structure. It can be seen that a linear

relation is obtained, which is as expected because

Z2N should scale with the HAADF-STEM intensity. The

error bars are given by the standard deviations. It is clear

that the NiSi2 and NiSi phases can be unambiguously

distinguished from the other phases. However, the more

nickel-rich silicides, Ni2Si, Ni31Si12 and Ni3Si, are more

difficult to distinguish.

The thickness normalized intensities can change over

time mainly due to differences of the beam current used

and the HAADF-detector sensitivity. This implies that to

obtain a high precision, the set of nickel silicide reference

samples will have to be re-measured each time an unknown

sample is examined. Moreover, apart from the simple

acquisition of a HAADF-STEM image of the sample of

interest, cumbersome thickness measurements will be

necessary. Since this is impractical for a fast quantitative

analysis, an alternative methodology is proposed. The

HAADF-STEM intensities can be scaled by the intensity of

the silicon substrate acquired at a position with the same

foil thickness as the silicide. This way, the change of the

relative intensities over time due to changes in experi-

mental conditions, is omitted. In this methodology, it is

assumed that the nickel silicide layers and silicon substrate

are thinned equally by the FIB sample preparation proce-

dure. As the ion beam in the FIB is incident under grazing

angle, no large thickness steps are expected between the

silicide and the underlying substrate.

Table 1 HAADF-STEM intensities of the nickel silicide reference

samples relative to the sample thickness and the intensity of the sil-

icon substrate. The values are compared to Z2N, calculated based on

composition and crystallographic structure

Phase Z2N
(91025/cm3)

I(nickel silicide)/

t (counts/nm)

I(nickel silicide)/

I(Si)

NiSi2 2.66 139.8 ± 2.9 3.5 ± 0.2

NiSi 3.66 160.2 ± 5.0 4.4 ± 0.2

Ni2Si 4.99 184.1 ± 5.1 5.7 ± 0.3

Ni31Si12 5.28 199.0 ± 6.1 5.9 ± 0.4

Ni3Si 5.70 208.6 ± 8.4 6.3 ± 0.3
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specimen thickness. A linear fit is made through the data points
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The ratio of the HAADF-STEM intensities relative to

the intensity of the silicon substrate as a function of the

squared atomic number and atomic density is shown in

Fig. 3b and Table 1. The error bars are given by the

standard deviations. It can be seen that, using this meth-

odology, again a linear relationship between the relative

HAADF-STEM intensity and Z2N is obtained. As with the

previous methodology, the NiSi2 and NiSi phases can be

well distinguished from the other phases. The error bars of

the more nickel-rich silicides (Ni2Si, Ni31Si12 and Ni3Si)

overlap. In order for the quantification procedure to be

successful, the TEM-specimen thickness in the silicon

substrate should not differ more than about 10% from the

thickness in the silicide layer, based on the obtained means

and standard deviations. This condition is generally ful-

filled on FIB prepared specimens.

Both methodologies allow us to quantify the relationship

between the experimental Z-contrast intensities and com-

position of the analysed nickel silicide samples. The phases

follow the expected trend that a higher nickel concentration

corresponds with a higher relative intensity.

Influence of diffraction contrast and channelling

It is expected that only high angle incoherent scattering is

recorded with the HAADF detector. Nevertheless, it can be

seen on Fig. 1 that diffraction contrast is still visible, even

though the images are recorded with the HAADF-detector

set at the largest detector angle. It is clear that this can

disturb the Z2 dependence of the image intensity. The

influence of diffraction contrast on the quantification

results is illustrated by Fig. 2, where the intensity profile of

polycrystalline Ni3Si is compared to the intensity profile of

epitaxial NiSi2. The fluctuations in intensity caused by

diffraction contrast will affect the standard deviations of

the intensities of the reference samples. An attempt is made

to overcome the diffraction contribution to the image

intensity by re-performing the second quantification pro-

cedure using relative intensities, with a larger detector

angle (30 mrad) in a JEOL 3000F microscope. Figure 4

shows that, even though the standard deviations are smaller

than with the 25 mrad detector semi-angle (Fig. 4b),

diffraction effects can, also in this case, not completely be

omitted (Fig. 4a).

Figure 5 demonstrates the effects of channelling, by

comparing the relative intensity of the Ni3Si phase when

the Si substrate is oriented along the [110] zone axis, with

the relative intensity of the Ni3Si phase when tilted 5�
out of orientation. When the Si substrate is oriented along

a zone axis, a higher Si intensity is measured on the

HAADF-STEM detector which leads to a lower relative

intensity for the silicide. The 58 tilt away from the zone

axis is typically used during all our measurements, to avoid

channelling effects in the Si substrate. In the relatively

thick blanket layers used as reference samples this tilt is

generally not a problem, but in device structure with thin

layers and narrow structures this might limit the lateral

resolution that can be obtained due to overlap with

neighbouring materials.

Application on transistor structures

The validity of the quantification methodology is evaluated

on device structures which contain different nickel silicide

phases. The quantification methodology is applied to

TFETs and CMOS device structures with FUSI gates.

The TFETs are promising successors of metal–oxide–

semiconductor FETs (MOSFETs). The TFETs major

Fig. 4 Measurements with a

JEOL 3000F microscope at a

detector semi-angle of 30 mrad.

(a) HAADF-STEM image of the

sample containing Ni31Si12 and

Ni2Si. Diffraction contrast is

still visible. (b) Relative

intensity ratios for the different

reference samples

2

3

4

5

6

7

8

0 200 400 600 800 1000I (n
ic

ke
l s

ili
ci

d
e)

 / 
I (S

i s
u

b
st

ra
te

)

Position on profile (nm)

Out of orientation
In orienation

Fig. 5 Influence of channelling on the quantification methodology.

Intensity profiles of a part of the Ni3Si layer are shown in [110] zone

axis orientation and tilted 5� away from this orientation

J Mater Sci (2011) 46:2001–2008 2005

123



advantage is a significant decrease in power consumption

[16–19]. Due to this decreased power consumption, TFET

process integrations allow an increased on-chip device

density compared to the MOSFET, a benefit which can be

especially exploited in vertical nanowire-based transistor

architectures with three-dimensional stacking capability.

The structure investigated here is a planar TFET structure

obtained by applying different dopant implantations in

source and drain region. The edge of the implantation mask

is nearly in the middle of the gate. For the given annealing

conditions, the silicidation turned out to be non-uniform

and dependent on doping and width of the active region.

TEM images of such structures with different gate

dimensions are shown in Fig. 6. Figure 6a illustrates the

dependence on the active width (all regions are n-type in

this test structure), Fig. 6b the effect of different doping of

source versus drain. The specimens are thinned by FIB and

are tailored to have a constant thickness. Slight thickness

variations occur due to variations in milling rates of the

different materials (‘‘curtaining’’, see e.g. the darker con-

trast in the oxide under the W-filled contacts on the TEM

image in Fig. 6b). Prior to applying the HAADF-STEM

quantification procedures, the samples are examined

by EDS using the absorption corrected Cliff–Lorimer

approach [20, 21]. The results of the EDS analyses, toge-

ther with the expected phases are given in Table 2. The

quantification procedure relating the HAADF-STEM

intensity to the sample thickness is applied to the transistor

structures. The results are given in Table 2 and can be

compared to the reference samples in Table 1. However,

due to differences in the beam current and the HAADF-

detector sensitivity on the one hand, and the relatively large

error on the thickness measurements on the other hand, the

obtained values are generally too small when compared to

the reference samples.

Subsequently, the mean intensity relative to the intensity

of the Si substrate is determined for the HAADF-STEM

images and is given both in Table 2 and by the 2D colour

maps in Fig. 6. The choice of the Si region to scale the

image does not have a significant influence on the quanti-

fication results, as long as there are no large differences in

thickness. The Si region for the normalisation is chosen

outside the area with some curtaining, as is indicated by the

boxes on the 2D colour maps. The obtained values are

Fig. 6 TEM images and

corresponding HAADF-STEM

2D colour maps normalized to

the Si substrate (box) of TFET

device structures (colours can

be seen online) (a) test structure

with dense lines, the outer line
is shown, i.e. on the left a wide

silicided area is present,

(b) TFET, source and drain

regions are indicated by S and

D, respectively

Table 2 Application of the quantification methodology on TFET device structures. The compositions determined by EDS are presented. The Si

concentrations are given in atomic percentages

Position EDS (at.% Si) Phase based on EDS I(nickel silicide)/t (counts/nm) I(nickel silicide)/I(Si)

Figure 6a, gate 67.0 ± 1.8 NiSi2 119.6 ± 2.1 3.6 ± 0.1

Figure 6a, left 51.4 ± 0.8 NiSi 140.1 ± 3.2 4.4 ± 0.2

Figure 6a, right 67.8 ± 1.5 NiSi2 118.5 ± 2.5 3.4 ± 0.1

Figure 6b, gate 65.3 ± 0.8 NiSi2 110.6 ± 1.6 3.7 ± 0.1

Figure 6b, source 49.0 ± 2.2 NiSi 166.0 ± 3.2 4.3 ± 0.2

Figure 6b, drain 66.1 ± 2.8 NiSi2 112.6 ± 3.4 3.7 ± 0.2
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compared to the reference values to determine the nickel

silicide phases, which are then indicated on Fig. 6. It can

be seen that the quantification results match well with the

EDS quantifications. In the regions of the devices where

silicide is expected, the 2D colour maps allow to imme-

diately distinguish between the silicide phases. The colour

changes at the edges of the silicided regions are due to

projected roughness. The edges appear as more Si-rich

regions, which are caused by overlap of the silicide and Si.

The quantification methodology is also applied to

CMOS device structures with FUSI gates [3, 4]. Figure 7a

shows a TEM image of a FUSI device structure with

multiple nickel silicides in the metal gate, which is formed

on a 10 nm TiN/1.5 nm HfO2 stack. The 2D HAADF-

STEM colour map (Fig. 7b) is obtained by performing the

quantification methodology using relative intensities. The

intensity is normalized by the average of the silicon

intensities in the marked boxes. EDS measurements per-

formed on these samples are given in Table 3, together

with the results of the STEM quantification methodologies.

The phases are also indicated on Fig. 7b. It is shown that

the EDS results match well with the HAADF-STEM

quantification results. We can conclude that the gate con-

tains both the Ni2Si (top part) and the NiSi (bottom part)

phases. It can be seen on Fig. 7b that the two phases

overlap on the top left part of the gate.

These two examples demonstrate that a fast 2D quan-

titative compositional analysis based on HAADF-STEM

image intensity is possible. The distribution of the silicides

can be well visualized on the false colour images. The

method is especially efficient for identification of the sili-

con-rich nickel silicide phases (NiSi2 and NiSi) whereas

the metal rich phases are more difficult to distinguish. It is

shown that the quantifications by HAADF-STEM and EDS

correspond very well.

Conclusions

It is shown that HAADF-STEM imaging can be used as a

sensitive method for the identification of nickel silicides. A

quantification methodology is developed by examining a

set of nickel silicide reference samples with known com-

position. It is demonstrated that a linear correlation exists

between HAADF-STEM intensity and sample thickness.

Normalizing the experimental intensities of the reference

samples to the measured sample thickness is a possible

path for quantification. However, in order to obtain high

precision over longer time, the regular re-measurement of

the reference samples is necessary. Moreover, thickness

measurements have to be done in the regions of interest of

each analysed unknown structure. As a consequence, this

method is time consuming. A faster quantification method

is proposed, in which the ratio of the intensities of the

silicided regions to the intensity of the underlying silicon is

determined. It is shown that the Si-rich nickel silicide

phases (NiSi2 and NiSi) can clearly be distinguished in the

quantification. The more nickel-rich silicides (Ni2Si,

Ni31Si12 and Ni3Si) show overlap in their standard devia-

tions. It is demonstrated that this methodology can suc-

cessfully be applied to device structures to identify the

nickel silicide phase distribution. The use of 2D colour

maps is illustrated. Knowing where the silicides are

expected, the 2D maps allow a fast visualisation of the

distribution of the different phases.
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Left 50.7 ± 2.7 NiSi 4.2 ± 0.1

Right 50.6 ± 2.5 NiSi 4.2 ± 0.1

J Mater Sci (2011) 46:2001–2008 2007

123



(EMAT, Universiteit Antwerpen) for HAADF-STEM measurements

with the JEOL 3000F microscope, Paola Favia (Imec, Leuven) for

discussion on the STEM analysis and DM software, and Patricia Van

Marcke (Imec, Leuven) for sample preparations.

References

1. Maex K, Van Rossum M (1995) Properties of metal silicides.

INSPEC, London

2. Maex K (1993) Mater Sci Eng R11:53

3. Kittl JA, Lauwers A, van Dal MJH, Yu H, Veloso A, Hoffmann

T, Pawlak MA, Demeurisse C, Kubicek S, Niwa M, Vrancken C,

Absil P, Biesemans S (2006) ECS Trans 3:233

4. Kittl JA, O’Sullivan BJ, Kaushik VS, Lauwers A, Pawlak MA,

Hoffmann T, Demeurisse C, Vrancken C, Veloso A, Absil P,

Biesemans S (2007) Appl Phys Lett 90:032103

5. Gambino JP, Colgan EG (1998) Mater Chem Phys 52:99

6. Lavoie C, d‘Heurle FM, Detavernier C, Cabral C (2003)

Microelectron Eng 70:144

7. Shiojiri M, Yamazaki T (2003) Jeol News 38(2):54

8. Watanabe K, Yamazaki T, Kikuchi Y, Kotaka Y, Kawasaki M,

Hashimoto I, Shiojiri M (2001) Phys Rev B 63:085316

9. Verleysen E, Bender H, Schryvers D, Vandervorst W (2010)

J Phys Conf Ser 209:012057

10. Verleysen E, Bender H, Richard O, Schryvers D, Vandervorst W

(2010) J Microsc 240:75. doi:10.1111/j.1365-2818.2010.03391.x

11. Pennycook SJ, Nellist PD (1999) Impact of electron microscopy

on materials research. Kluwer Academic, Dordrecht

12. Pennycook SJ, Jesson DE (1991) Ultramicroscopy 37:14

13. Bonney LA (1990) In: Proceedings of the XIIth international

congress for electron microscopy. San Francisco Press, San

Francisco, p 74

14. Egerton RF (1986) Electron energy loss spectroscopy in the

electron microscope. Plenum Press, New York

15. Meltzman H, Kauffmann Y, Thangadurai P, Drozdov M, Baram

M, Brandon D, Kaplan WD (2009) J Microsc 236:165

16. Leonelli D, Vandooren A, Rooyackers R, Verhulst AS, De Gendt

S, Heyns MM, Groeseneken G (2009) In: Extended abstracts

solid state devices and materials conference, p 767

17. Leonelli D, Vandooren A, Rooyackers R, Verhulst AS, De Gendt

S, Heyns MM, Groeseneken G (2010) Jpn J Appl Phys 49:

04DC10

18. Verhulst AS, Vandenberghe WG, Leonelli D, Rooyackers R,

Vandooren A, De Gendt S, Heyns MM, Groeseneken G (2009)

ECS Trans 25:455

19. Verhulst AS, Sorée B, Leonelli D, Vandenberghe WG,

Groeseneken G (2010) J Appl Phys 107:024518

20. Cliff G, Lorimer GW (1975) J Microsc 103:203

21. Williams DB, Carter CB (1996) Transmission electron micros-

copy. Plenum Press, New York

2008 J Mater Sci (2011) 46:2001–2008

123

http://dx.doi.org/10.1111/j.1365-2818.2010.03391.x

	Compositional characterization of nickel silicides by HAADF-STEM imaging
	Abstract
	Introduction
	Sample preparation and experimental setup
	Results and discussion
	Correlation between HAADF-STEM intensity and sample thickness
	Comparison of the reference samples
	Influence of diffraction contrast and channelling
	Application on transistor structures

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


