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Abstract

The localization of Ti at grain boundaries after the phase formation of CoSis
on Si(111) from a Co-Ti bilayer is examined. For the chemical analysis at the
atomic scale, atom probe tomography (APT) is applied. The structure of grain
boundaries is analyzed by high resolution transmission electron microscopy (HR
TEM). A polycrystalline CoSiy film has been formed after annealing. Inside
the grains of CoSis, Ti is determined to be present in low concentration of
0.2at %. An excess of Ti is measured at the grain boundaries. The Ti excess
varies for different grain boundaries. HR TEM shows different distances between
defects for varying misorientation. The distances between defects are compared
with theoretical misfits at the grain boundaries. A relationship between the Ti
excess at grain boundaries determined by APT and the defect densities of grain
boundaries analyzed by HRTEM is proposed.

Keywords: Cobalt disilicide, Ti excess at CoSis grain boundary, Atom probe

tomography, Transmission electron microscopy

1. Introduction

CoSi, films on Si substrates are widely used in microelectronic applications
as contact material beside TiSis and NiSi films, depending on the scale. Low
electrical resistivity, high thermal stability and the good match of the crystal

structure with Si are the main advantages of CoSiz [I]. The aim of the intro-
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duction of a Ti interlayer between the Co film and the Si substrate was to grow
CoSis as a single crystal in epitaxy on Si(100) or Si(111) by sputtering deposi-
tion and reactive diffusion [2].

The role of the Ti interlayer during the phase formation has been investigated
and explanations were proposed. Two possibilities are considered: a) the re-
duction of native oxide on the silicon substrate b) the formation of a Ti rich
phase acting as a diffusion or reaction barrier. Both possibilities should provide
homogeneous diffusion and phase formation. The influence of parameters such
as the deposition of an alloy instead of a bilayer [3], the substrate orientations
[4], annealing environments [5], annealing temperatures [6], thickness of the Ti
interlayer or the Co layer [7] or other elements for the interlayer [8] have been
investigated to get a better understanding and a better process. The influence
of a Ti capping layer instead of a Ti interlayer was also reported [9, [I0]. The
Ti capping layer induced an increase of the nucleation temperature of CoSisy as
well as a preferred texture in comparison to the growth without capping Ti.
These effects can be explained by the diffusion of Ti from the capping layer to
the interface.

As Ti is only slightly soluble in CoSis, it was assumed that Ti has to be present
in the grain boundaries (GBs) after the formation of CoSip;. However, to the
best knowledge of the authors, the presence of Ti at the GBs after the formation
of CoSis has not been shown yet.

Atom probe tomography (APT) enables to detect single atoms and to recon-
struct them in 3D volumes with atomic resolution. It allows to quantify tiny
excess (number of atoms per unit area [I1]) of elements at 2D structures such
as GBs or interfaces [12]. An excess of elements can origin from strain fields
induced by defects [I3] as they are present on GBs. The combination of APT
and transmission electron microscopy (TEM) is a powerful method to compare
excess of elements with structural defects [14].

The aim of this work is the chemical investigation of CoSi; GBs by APT. The
structure at different GBs is analyzed by TEM. A comparison of the deter-

mined Ti excess at GBs and the defect density estimated from high resolution
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transmission electron microscopy (HRTEM) investigations will be discussed.

2. Materials and Methods

Si(111) wafers have been immersed in a 5% dilute HF for 1 min to remove

native oxide before load in the sputtering system. Successive deposition of 5 nm
Ti and 100nm Co from two individual targets of Ti and Co (both 99.99 % pu-
rity) has been done by magnetron sputtering. The deposition was performed
with a base pressure of about 108 Torr using 99.9999 % pure Ar gas flow of
6.7 sccm at room temperature. Thermal annealing were performed in vacuum
up to 850 °C to fully transform the as-deposited bilayer film into CoSis.
X-ray diffraction (XRD) measurements (here not shown) performed in the Bragg-
Brentano geometry, with a 1.5° offset to avoid the signal from the substrate,
show the presence of CoSiy with a strong peak of the (111) orientation and
minor peaks of further orientations. TEM lamellas and APT tips have been
prepared using a focused ion beam (FIB) FEI Helios 600. APT measurements
were performed on a LEAP 3000 HXR. Voltage mode at 40 K, 200 kHz, 20
% pulse fraction and 0.2 % detection rate was applied in order to get optimal
information in the compromise of resolution and volume size. IVAS software
was used for the reconstruction following the common procedure [15, [16]. TEM
has been performed on a TECNAI G20 for microstructure investigations and
energy dispersive X-ray spectroscopy (EDS) analysis and on a Cs-corrected TI-
TAN 80-300 equipped with a GIF Tridiem 863. The acceleration voltage was
always chosen to be 200 kV.

3. Results

3.1. APT

Figure [T presents three APT volumes which contain each one GB. The pres-
ence of the GB is indicated by an increased Ti concentration along a flat plane,
as highlighted in figure 1 by the isoconcentration surface for Ti 1.5 at %. In

order to determine the amount of Ti at the GBs, cylinders with a diameter of
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Figure 1: APT volumes of CoSiz contain GBs with excess of Ti (1.5 at. % isosurface high-
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25nm have been placed with their z-axis along the normal of the GB plane as
shown in figure [I} The 1d concentration profile has been measured along the
z-axis of these cylinders as shown in figure [2h for the cylinder in figure [Th. A
low constant concentration can be seen inside the grains. At the GB, a sharp
peak of Ti indicates the increased concentration of Ti. The full width at half

maximum (FWHM) of the peak is about 1.5 nm.

~
o
1

GB
. —T}
xR 34
B
S
= 24
g
=
Q
(5]
& 14
© Grain 1 Grain 2
0 T T T T T T T
10 12 14 16 18 20 22 24
b) Distance [nml]
1400 :
9'&""/0—/
1200 o1
£ e’ o
> e\
21000 e
©
= i g™
"'_5 800 Ti excess g i
o 4152t~
g 600 ) il
© S
S 400
E
= |
© 200+

3 4
Cumulative # of all atoms [10°]

Figure 2: a) The concentration profile along the z-axis of the cylinder in figure visualizes
the increased concentration of Ti at the GB. b) The constant concentration inside the grains
can be fitted with a linear function in the integral profile. The slope corresponds to the
concentration (about 0.2 at. % for both grains). The step height at the GB is related to the

number of Ti atoms on the base area of the cylinder (415 at).

However, the comparison of the excess concentration at a GB is only semi-
quantitative. The spatial resolution in the APT is not isotropic and thus ex-
perimental broadening due to different spatial resolution can occur depending

on the orientation of the grain boundary inside the APT tip volume. This can
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change the local excess concentration of identical grain boundaries. In contrast,
the determination of the excess number of atoms projected on the GB plane
allows a more quantitative comparison as it is not affected by anisotropic effects
[11I]. The value of the Ti excess at the GB can be specified as the number of
atoms per unit area. Thus, experimental broadening of the GB plane has no
influence on the excess quantity.

The accumulation of Ti atoms over the accumulation of all atoms along the
z-axis of the cylinder is shown in the integral profile (Figure ) For a constant
concentration, as seen in the grains, a linear behavior is verified: the concentra-
tion is determined from the slope of the fit. The Ti concentration in the grains
is about 0.2at %. The offset between the two slopes of the grains at the GB
corresponds to the Ti excess at the analyzed GB area (red line). In this exam-
ple it is determined to 415 atoms integrated over the base area of the cylinder.
Dividing the number of atoms by the base area of the cylinder gives the value
of Ti excess at the GB per unit area. The same procedure was applied for the
three different GBs from figure [1]and the Ti excess is visualized in figure |3} The

Ti excess is significantly different for the three investigated GBs.
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Figure 3: The comparison of Ti excess at different GBs shows a significant variation.

3.2. TEM

Figure [4] shows a low angle tilt GB. The fast Fourier transformations (FFT)
(inset in figure [4h) demonstrates that both adjacent grains are in [10-1] zone
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Figure 4: HREM on low angle tilt GB. a) Two grains in [10-1] zone axis are slightly tilted
around the [10-1] axis to each other (about 5°). b) Bragg filtering of (1-11) planes visualizes

the misorientation of the grains. Furthermore, defects along the GB becomes visible.

axis and thus have a close relationship. A rotation of about 5° around the [10-
1] axis can be measured in the FFT of a region including both grains, where
two spots are found close to each other for all directions (inset figure [db). A
rotation axis parallel to GB plane, as in this example, identifies a tilt GB.
Different intensities of spots for same directions of the both grains indicate that
an additional misorientation is present. However, due to the fact that both
grains are in the same zone axis, the total misorientation is assumed to be low
and the GB has a main low angle tilt character.

Figure [4p is an image obtained only from the (1-11) spots of the FFT. Tt
shows the (1-11) planes of CoSiy. This Bragg-filtered image of selected planes,
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Figure 5: HREM on special GB. a) Two grains in [111] and [010] zone axis are visible. The

misorientation of the two zones is 54.7°. Both grains have the (202) planes in common. b)
Bragg filtering of the (202) planes shows defects at the GB in very large distance (about
11.6 nm) compared to ﬁgureE}

visualizes defects along the GB. They show a periodic distance of about 3.5 nm.

Figure [5|is an example for a special twist GB [I7]. The two adjacent grains
are in different low indexed zone axis ([111] and [010], compare FFTs of insets
in figure [5). They have the (202) planes in common. Thus, the rotation axis is
perpendicular to the (202) planes. Furthermore, the GB plane is aligned close
to the (202) planes and so the rotation axis is almost perpendicular to the GB
plane. That identifies a main twist GB character. The misorientation of the

two zone axis is 54.7°. Figure is the Bragg-filtered image of the (202) planes.
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Defects in the (202) planes can be found and are highlighted. The distance is
about 11.6 nm. Their origin is in the mismatch of the planes perpendicular to
the GB plane. In parallel to the viewing direction these are the (242) planes for
the grain on the left side of the figure and the (202) planes for the grain on the
right side of the figure (normal vectors of planes indicated in figure )

EDS, energy-filtered transmission electron microscopy (EFTEM) and scanning
transmission electron microscopy (STEM) electron energy loss spectroscopy
(EELS) have been applied in order to investigate the presence of Ti at the
GBs directly in TEM (not shown). However, no Ti excess was detected at dif-
ferent GBs. Since the APT results of section [3.1] show a systematic enrichment
of Ti on GBs, the local concentration variation of Ti should be under the de-
tection limit of these analytical TEM techniques and the combination of TEM

and APT is crucial for this investigation.

4. Discussion

The values of Ti excess at CoSis GBs investigated by APT determine a num-
ber of atoms per unit area. In the Gibbs approach, it is assumed that all the
excess atoms are located on the GB plane with no thickness. The sharp peak
at the GB in the concentration profile of figure justifies that assumption.
The FWHM is about 1.5nm and can be explained by experimental broadening.
Furthermore, the defects in the GB plane can be energetically favorable posi-
tions for Ti atoms, as seen for other material system with excess on defects [I3].
Thus, it is of interest to estimate a defect density per unit area on the GBs from
the TEM investigations and compare them with the Ti excess.

Figure [] shows that the distance between the defects along a low angle GB
plane is about dg;s;o = 3.5nm. Low angle tilt GBs are well described by edge
dislocations parallel to the rotation axis [I8]. Their distance dg;s0 is geometrical
predicted from the Read and Shockley expression dg;s;,, = b/© where b is the
norm of the Burgers vector and © is the misorientation of the GB [19]. With

the measurement of the distance between the defects and the misorientation
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Figure 6: Schematic drawing of defect density calculation on low angle tilt GB with edge

dislocations paralle to the rotation axis.

of the GB by HRTEM, the norm of the Burgers vector can be calculated to
b = 0.31nm, even if the quality of the HRTEM image is not sufficient for a
direct determination. This value is in the order of the lattice plane distances of
CoSiy (111) planes. Thus, it can be assumed that there are primary b=a(111)
edge dislocations at the [101] low angle tilt GB. For verification it is necessary to
determine the orientation of the Burgers vector in a HRTEM image. Modeling
the low angle tilt GB by the superposition of supercells in [101] orientation and
5° misorientation verifies a distance of atomic positions in coincidence of about
3.5nm.

Additional planes from edge dislocations are normal to the plane of the HRTEM
image. Their distance is identical to the atomic spacing between the lattice
planes in the viewing direction [101] (d(1o1) = 0.378 nm). From that, the unit
area for one defect is calculated to d(1oi) X dgisio = 1.33nm? (compare scheme in
ﬁgure@. If every defect core is occupied by one Ti atom, an Ti excess of about
0.75 atoms/nm? is expected for the investigated low angle GB. This estimation
of the excess value is in between the two Ti excesses determined by APT at the

GBI and GB2 (Figure [3)).

10
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Figure 7: Schematic drawing of Ti excess over misorientation compared with estimated GB

defect density.

In figure [7} a schematic model of the relation between the Ti excess at the
GB and their misorientation is drawn. As it is assumed that the Ti excess is
correlated to the defect density, it is expected to be minimal for very low mis-
orientation and at special GBs where the lattices of both adjacent grains are in
high coincidence. From the calculation above, the Ti excess of GB1 and GB2
investigated by APT are slightly smaller and bigger than the defect density at
the low angle GB investigated in TEM. It can be estimated that they are in the
same misorientation region, as well as GB3.

The defects in the special GB (Figure [5|) have a distance 3 times larger than the
defects in the presented low angle GB. Thus, a significant lower defect density
and by this Ti excess at the GB would be expected to be measured.

The measured defect distance can be verified by comparison of the distance be-
tween coincidence sites of the different planes parallel to the viewing direction
perpendicular to the GB. Their normal vectors are drawn in figure [5p. For the
grain on the left in [111] viewing direction it corresponds to the atomic spacing
between (242) planes d(s45) = 2.187nm. For the grain on the right in [010]
viewing direction it corresponds to the atomic spacing between (202) planes
d(203) = 1.894nm. Distances between defects along the GB are estimated to be
at minimums of the differences in multiple atomic distances which are coinci-
dent sites for differences close to 0. After 7 and 6 atomic distances, respectively,
the difference has a minimum. Thus, the distance of defects is estimated to be

about 13.2nm, that is in the order of the measured distance. The (242) planes

11
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are not resolved, thus a simultaneous Bragg-filtering of (242) and (202) planes
is not possible.

However, strong assumptions have been made to calculate the defect density
on the GB plane from HRTEM image. The number of Ti atoms localized per
defect might be also different from one. In addition, different kinds of defects
(edge, screw or mixed dislocations, steps...) may have different behavior in view
on Ti excess. Simulations could help to compare the proposed relationship to
theoretical thermodynamic results.

To improve the interpretation of the presented results, a precise correlation of
the Ti excess to the GB misorientation and the GB plane would be necessary.
In principal, acquired APT volumes can contain enough crystallographic infor-
mation to determine the misorientation through the density variation along the
crystallographic poles and lattice planes [20] 2I]. Nevertheless, obtaining this
information is difficult and usually works easier for pure metals [20, 21]. More-
over, there are limitations if the GB is at the border of the APT volume. In the
volumes shown in figure[3p and [3f, there is not enough information to determine
the misorientation properly. Another method to determine the misorientation
of the GB is the use of electron microscopy before the APT run. Indeed, ori-
entation mapping of the tip by transmission Kikuchi diffraction (TKD) in a
scanning electron microscope (SEM) or by nanobeam diffraction in a TEM has
shown to be promising for systematic investigations between misorientation and
excess at GBs [22] 23].

Further studies are in progress to get better correlation between the misorien-
tation and the Ti excess as well as correlation between the structure of CoSis

GBs and the Ti excess.

5. Conclusion

In conclusion, Ti segregates to grain boundaries of CoSiy. The amount of
excess depends on the grain boundary characteristic as misorientation and defect

structure. A relationship between defects and Ti localization is proposed. It

12
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could be verified by a correlated study of HRTEM and APT on identical GBs
as well as by an exhaustive study of correlation between misorientation and Ti

excess.
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