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A B S T R A C T

The high temperature behavior of thin metal films (tungsten and titanium) confined between two off-axis single 
crystal SiC substrates is investigated. Through the application of transmission and scanning transmission electron 
microscopy, scanning electron microscopy, and X-ray scattering techniques, we examine the phase and 
morphology changes induced by high temperature annealing in thin layers consisting of these materials, as well 
as at their interfaces with SiC. Upon high-temperature annealing, a uniform and continuous W film formed by 
low-temperature deposition undergoes a transition to an array of discontinuous domains surrounded by a direct 
SiC/SiC interface. In contrast, a Ti film remains continuous with a strong thickness alteration. In parallel to step- 
bunching process of the internal SiC surfaces, both materials transform into new crystalline phases which contain 
Si and/or C atoms and achieve an epitaxial relationship with the SiC structures. The experimental findings are 
discussed in terms of dewetting phenomena and analyzed in light of potential chemical and structural reactions 
that may occur during interface reconstructions.

1. Introduction

Silicon carbide’s large band gap and high thermal conductivity make 
it a popular material for power electronics [1,2]. Especially interesting 
for use in electronics devices is the stacking of thin SiC layers of high 
quality over a substrate with varying doping levels and quality via wafer 
bonding [3–5]. A layer of intermediate material acting as a glue can be 
utilized to provide a strong binding between a SiC layer and a SiC sub
strate, as direct SiC/SiC bonding may prove challenging due to the 
formation of an isolating and low adhesive layer at the interface [6]. The 
fabrication of power devices at high temperatures necessitates a thor
ough investigation of the evolution of these bonding layers under such 
conditions.

When selecting a material for the bonding layer, some applications, 
e.g., Vertical Diffusion Metal-Oxide Semiconductor (VDMOS) transistors 
[7] require conductive SiC/layer/SiC interface. While bonding with a 
SiO2 layer has been demonstrated for insulating substrate 
manufacturing (SiCOI) and extensively studied in the literature [8–11], 
it is incompatible with such a specific requirement. The use of a 

semiconductor Si layer as a bonding layer is possible and the behavior 
has been extensively studied [12]. At high enough temperature, the Si 
layer breaks into isolated inclusions surrounded by direct SiC/SiC con
tacts. The Si dewetting from the SiC internal surfaces at temperatures 
below the Si melting point and a strong interface reconstruction at 
higher temperatures, over the Si melting point, are found to be 
responsible for the formation of such a structure. However, without 
changing its phase, Si inclusions present a potential barrier for con
duction at the interface [13].

Titanium and tungsten, both conductive materials, represent valu
able alternatives for SiC/SiC conductive bonding. In this work, we 
address the structural and compositional changes in nanometer-thick 
amorphous layers of titanium (Ti) and tungsten (W) sandwiched be
tween two single crystalline SiC substrates, which were exposed to high- 
temperature annealing above and/or below their respective melting 
points. Specifically, we examine the impact of the annealing tempera
ture, the initial deposition thickness and the formation of novel 
conductive crystalline phases. The purpose of this work is to provide an 
insight on the fundamental changes within a thin metallic layer confined 
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between single crystal SiC structures under high temperature annealing 
in order to evaluate its potential use for a conductive wafer − to- wafer 
bonding.

2. Experiments

We utilized two 4H-SiC off-axis single crystal wafers with the [0001]
(Si-terminated) and the [0001] (C-terminated) axes rotated by 4◦ around 
the in-plane [1100] direction away from the normal to the wafer surface. 
Prior to bonding, the C-face SiC substrate was implanted with H+ ions. A 
process called atomic diffusion bonding (ADB) (developed by T. Shi
matsu and U. Uomoto) was used to prepare the SiC/SiC stacked samples 
[14–17]. This method, conducted at room temperature, involves sputter 
deposition of thin films onto two wafers, followed by the direct vacuum 
bonding of the two substrates. Thin layers of W or Ti were deposited 
onto both SiC substrates. Then, maintaining the coaxial alignment of 
crystallographic directions, the SiC substrates were bonded under high 
vacuum conditions, bringing into contact the two surfaces of W or Ti. It 
is worth noting that the bonding layer comes into contact with the Si- 
face and C-face SiC surfaces from different sides, resulting in two 
distinct SiC/metal interfaces. After bonding, the stacked wafers were 
annealed in a range of temperatures of 900 ◦C-1000 ◦C allowing the 
transfer of a thin SiC layer on top of the Si-face SiC substrate. This 
SmartCut™ process was used to create a 800 nm-thick SiC layer. The 
SiC/film/SiC structures were cleaved into pieces and heated to different 
temperatures, below the melting point of W (3422 ◦C [18]) and below 
and above the melting point of Ti (1668 ◦C [19]), during a second 
annealing cycle.

After bonding, scanning electron microscopy (SEM) and AFM were 
performed to examine the W and Ti thin films’ upper surface after the 
thin SiC layers were removed via cleavage. The cross-sectional trans
mission electron microscopy (TEM) techniques were utilized to char
acterize the structure and morphology of interfaces, ascertain the 
crystalline phases present in the layers, and analyze their crystallo
graphic orientation with respect to SiC. The images were performed 
using the aberration corrected SACTEM-Toulouse (Tecnai-FEI) and 
conventional Jeol2010 microscopes operating at 200 kV. High- 
resolution high angle annular dark-field scanning transmission elec
tron microscopy (HR-HAADF-STEM) images were used for visualizing 
heavy atoms of the structures. The images were acquired at probe cor
rected JEOL JEM ARM 200F operating at 200 kV. The Abstrain pro
cedure and correspondent plug-ins for Gatan Digital Micrograph [20]
were utilized to rectify the image distortions and calibration errors. 
From those corrected images, crystalline phases were identified and 
strain with reference to the Bravais lattices of the correspondent struc
tures were quantified. Thin TEM lamellas were prepared following the 
lift-out procedure and using the FEI Helios Nanolab 600i focused ion 
beam (FIB) operating between 30 kV and 2 kV. X-ray diffraction (XRD) 
measurements were performed to identify the crystalline phases at a 
macroscopic scale and evaluate the film textures. Those experiments 
were realized with laboratory equipment using copper or cobalt sources.

3. Results

3.1. Tungsten bonding

In this section, we investigate structures bonded with thin W layers. 
The samples were prepared with an as-deposited film thickness of 1 nm 
to 4 nm, followed by exposure to high annealing temperatures ranging 
from 1700 ◦C to 1900 ◦C, still far below the melting point of 3422 ◦C of 
W.

Fig. 1 shows the results of SEM, STEM and TEM investigation of the 
SiC/2 nm-thick W/SiC structure annealed at 1900 ◦C for 30 min.

The 52◦-tilted SEM image of this structure following the removal of 
the top SiC layer reveals the presence of dark-contrast spots which are 

likely to be attributed to W-containing inclusions (Fig. 1(a)). The 
transformation of initially continuous amorphous W layer into isolated 
crystalline inclusions is confirmed both by bright-field STEM plan-view 
(Fig. 1(b)) and cross-sectional (1100) (Fig. 1(c)) imaging. No voids are 
detected within the structure. The surface fraction Sf of the nodules is 
measured at 17 %. The rest 83 % of the surface is occupied by a direct 
SiC/SiC interface (Fig. 1(b) and (c)). The TEM image shows the existence 
of steps at SiC inner surfaces around the inclusions. The upper and 
bottom surfaces of the nodules are parallel to (0001) SiC. Both TEM plan 
view and cross-sectional images indicate that the inclusions have a 
quasi-cylindrical shape with facetted borders. Some inclusions reveal an 
irregular shape most likely due to a coalescence phenomenon. The in
clusions have a density of 44 µm− 2 and a lateral size which varies be
tween 40 nm and 150 nm. The inclusions have the same thickness h of 
14 nm, independent of their lateral size.

By using the geometrical parameters of the inclusions and the atomic 
density of W within the as-deposited layer of ρl

W = 6.3 × 1022cm− 3 (2 
atoms per unit cell of pure W) [21], we estimate the concentration of W 
atoms within the inclusions as ρincl

W = ρl
W

h0
Sfh = 5.29× 1022cm− 3. Such a 

value is 1.19 times less than that of pure W. This indicates a different 
from pure W composition within the nodules. Further on, we confirm 
such a finding through the determination of their structure with two 

Fig. 1. SEM, STEM and TEM images of the SiC/2 nm W/SiC structure annealed 
at 1900 ◦C for 30 min: (a) 52◦-tilted SEM image of the interface once the top 
substrate has been removed by cleavage; (b) Bright-field plan view STEM 
image; (c) Bright-field cross-sectional (1100) TEM image of the nodules.
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different approaches by measuring the interplanar distances and angles 
over their TEM images.

The first method is based on AbStrain analysis [20] of the cross- 
sectional (1120) (Fig. 2(a)) and (1100) (Fig. 3(a)) HR-TEM images of 
the nodules formed after annealing at 1800 ◦C for 30 min. The nodules 
were sectioned by a thin TEM lamella. Prior to a quantification treat
ment, the images were fully corrected from distortions and calibration 
errors by AbStrain procedure [20] by using separate images of 4H-SiC 
structure taken beneath (not shown).

The cross-sectional (1120) image (Fig. 2(a), see insert on the left) and 
the Fast Fourier Transform (FFT) of the zone of the nodule (Fig. 2(b)) 
indicate that the nodule possesses a single crystal structure, with the 
crystalline planes aligned with that of the SiC substrate. It indicates an 
epitaxial relation between the nodule and the SiC substrate structures. 
The interface between the bottom and the upper SiC structures (see its 
zoomed part in the right insert) contains a stacking fault. Such a stacking 
fault suggests that the creation of an interim thin layer of the 3C-SiC 
structure occurs during the transition from one 4H-SiC structure to the 
other.

Fig. 2(b) shows the FFT of the nodule’s region of the image with the 
horizontal and vertical reciprocal vectors g1 and g2 used for the AbStrain 
analysis. Fig. 2 (c–e) shows the maps of the corresponding interplanar 
distances and the angle between these reciprocal vectors. The average 
values of 2.585 ± 0.005 Å for d1 and of 2.365 ± 0.005 Å for d2 are 
measured within the nodule and indicated over the images. The mea
surements in the SiC image region closely match the values of the 4H-SiC 
structure, which indicates a high accuracy of the image correction. An 
angle of 90 ± 0.2◦ is measured between the correspondent reciprocal 

vectors. The reciprocal vectors are found to be collinear with that of the 
4H-SiC structure indicating likely a hexagonal structure in the nodule. 
By making such an assumption, the lattice parameters are found to be of 
a = 2.985 Å and c = 4.730 Å. These values are in good agreement with 
the lattice parameters of the W2C phase (space group P-31 m 164, 
aW2C=2.99 Å, cW2C=4.73 Å [22]) which gives dW2C

1100
= 2.59 Å and dW2C

0002 =

2.365 Å.
The maps of the strain tensor and rigid body rotation components 

extracted with reference to the Bravais lattice of W2C are shown in Fig. 2
(f–i). Since all the average values of the strain tensor components are 
within ± 0.1 %, the nodule is indeed composed of the fully relaxed W2C 
structure. The upper and the bottom SiC structures are clockwise and 
anticlockwise rotated by 0.5◦ close to the right apex of the nodule, 
respectively, as measured from the rigid body rotation map. The in- 
plane, shear and rigid body rotation maps clearly indicate the pres
ence of the net of misfit dislocations all around the inclusion (see the 
arrows in Fig. 2(f) and the Bragg filtered image of one of the dislocations 
extracted from the displacement map). The inclined facets contain 
mixed type dislocations. At the (0001) nodule/SiC interfaces, the pro
jection of the Burgers vector b in the image plane has only an in-plane 
component with a length of about 0.26 Å. The dislocations are sepa
rated by an average distance of 9 ± 2 nm. For a fully relaxed W2C 
structure with an in − plane misfit of − 2.95 % with the 4H-SiC structure, 
a distance of 8.6 nm is expected between the dislocations with such a 
Burgers vector, which corresponds well to the measured value.

To gain a three-dimensional view of the nodule’s structure, the 
(1100)SiC projection of another nodule of the same structure has been 
analyzed. Fig. 3(a) shows the AbStrain corrected HR-TEM image of a 

Fig. 2. AbStrain analysis (b–i) of the cross-sectional (1120) HR-TEM image (a) of the W2C nodule formed after annealing at 1800 ◦C for 30 min: (a) inserts on the left 
show the zoomed region of the nodule’s image and corresponding hexagonal structure of W2C. Inserts on the right show the zoomed region of the interface between 
the bottom and upper 4H-SiC structures which is mediated by the transition layer of the 3C-SiC structure; (b) FFT of the nodule’s region of the image with the 
reciprocal vectors g1 and g2 used for the AbStrain analysis; (c–e) maps of the interplanar distances and the angle between g1 and g2. Numbers indicate the average 
values measured within the W2C and SiC regions; (f–i) maps of the strain tensor components εij and rigid body rotation ωij extracted with reference to the Bravais 
lattice of W2C. Some misfit dislocations with the in-plane Burgers vector are indicated in (f) by arrows. The scale bar shown in (c) is valid for (c–i) figures.
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part of the nodule. Its zoomed region is shown in insert on the left side of 
Fig. 3(a). The analysis of its FFT (Fig. 3(b)) and comparison with the 
structure of SiC (see insert on the right side of Fig. 3(a)) confirm that the 
nodule is also seen along its [1100] direction. The AbStrain analysis of its 
image (Fig. 3 (b-e)) provides the maps of the interplanar distances and 
the angle between the reciprocal vectors shown in Fig. 3(b).

The average values of 1.502 ± 0.005 Å for d1 and of 2.382 ± 0.005 Å 
for d2 are measured within the nodule and indicated over the images. 
These measurements correspond well to the nominal values dW2C

1120
=

1.50 Å and dW2C
0002 = 2.37 Å. The dislocations seen in Fig. 3(c) are 

separated by a distance of 4.8 nm. They have an in-plane component of 
the projected Burgers vector of a length of 1.5Å. With an in-plane misfit 
of − 2.95 %, an expected distance between these dislocations in the W2C 
structure fully relaxed on a 4H-SiC substrate is of about 5 nm, which 
corresponds well to the measured value of 4.8 nm.

All these findings confirm that the nodules obey the hexagonal W2C 
structure (see the right-side inserts in Fig. 2(a) and Fig. 2(b)). The 
following crystallographic relationships are satisfied: 
(0001)W2C

//(0001)SiC, 〈hkh + k0〉W2C
//〈hkh + k0〉SiC.

We have applied an alternative method for the analysis of the 
interplanar distances in the nodules formed after annealing at 1900 ◦C 
for 30 min. The method is based on the analysis of the moiré patterns 
formed over the dark-field and bright-field cross-sectional (1100) im
ages of the inclusion (Fig. 4 (a), (b)). Here, the nodule is embedded 
within a thick enough TEM lamella that ensured its coating by the SiC 
structure. The images are taken at two beam conditions with g = 1120 
(Fig. 4 (a)) and g = 1124 (Fig. 4 (b)).

The moiré patterns appear due to the interference of the waves dif
fracted from the (1120) or (1124 ) SiC planes with that of the inclusion’s 
structure. Each image prominently exhibits a one-fringe family pattern, 
characterized by a distinct period and inclination. Such a moiré pattern 
can serve for the determination of the interplanar distances of the 

Fig. 3. AbStrain analysis (b–e) of the cross-sectional (1100) HR-TEM image (a) of the W2C nodule formed after annealing at 1800 ◦C for 30 min: (a) inserts on the left 
show the zoomed region of the nodule’s image and corresponding hexagonal structure of W2C. Inserts on the right show the zoomed region of the bottom 4H-SiC 
substrate and it’s structure; (b) FFT of the nodule’s region of the image with the reciprocal vectors g1 and g2 used for the AbStrain analysis; (c–e) maps of the 
interplanar distances and the angle between g1 and g2. Numbers indicate the average values measured within the W2C and SiC regions. Some misfit dislocations with 
the in-plane Burgers vector are indicated in (c) by arrows. The scale bar shown in (c) is valid for (c–e) figures.

Fig. 4. (a), (b) Cross-sectional (1100) TEM images of the nodule formed after 
annealing at 1900 ◦C for 30 min: (a)dark-field image taken with g = 1120; (b) 
bright-field image taken with g = 1124; (c) Schematic representation of the 
single fringe moiré pattern in the reciprocal space. Blue, red and violet colors 
indicate reference, unknown and moiré structures, respectively. Solid and 
dashed lines represent the same moiré fringe pattern which can be formed with 
different structures.
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unknown structure and of its misorientation with the matrix structure 
with a high precision [23]. Let’s consider gref and g to be the diffraction 
vectors of the reference lattice and the unknown structure, respectively 
(Fig. 4(c)). Δg is defined as Δg = g − gref . Its direction is perpendicular 
to the moiré fringes making an angle αm with the horizontal axis and its 
length is in inverse proportion to their period T given by |Δg| = 1

T. The 
period T and αm can be measured from the TEM images (Fig. 4(a) and 
(b)). However, the position of the diffraction spot of the unknown 
structure must be identified from the corresponding diffraction pattern 
since αm or π − αm result in the same moiré period while provide 
different g (see g ∗ in Fig. 4(c), dashed lines). The angle β between Δg 
and gref is calculated using the values of αm and the angle αref between 
gref and the horizontal axis. αref is measured from the corresponding 

diffraction pattern. 
⃒
⃒
⃒gref

⃒
⃒
⃒ is in inverse proportion to the {hkl}SiC inter

planar distance dref . From a simple geometrical consideration, the 
interplanar distance d in the unknown structure and the angle Δα be
tween gref and g can be calculated as 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

d =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
1

d2
ref

+
1
T2 −

2
Tdref

cosβ

)√
√
√
√

,

Δα = cos− 1

((
1
d2 +

1
d2

ref
−

1
T2

)
ddref

2

)

.

(1) 

By measuring T and β for two different gref and substituting these 
values in Eq. (1), we calculated the interplanar distances as well as the 
corresponding angles between gref and g for the unknown structure. For 
gref=1120, the average fringe period is measured of 5.3±0.5 nm and the 
average angle β of 179.9±0.5◦. By substituting these values and dSiC

1120 =

0.1541 nm for dref in Eq. (1), we get d1 = 0.15 ± 0.005 nm and 
Δα1 ≅ 0◦ . For g=1124, the average fringe period is measured of 
3.8±0.5 nm and the average angle β of 179.5±0.5◦. With dref = dSiC

1124 =

0.1314 nm we get d2 = 0.127 ± 0.005 nm and Δα2 ≅ 0◦ . The angle be
tween g1 and g2 is calculated of 32 ±0.5◦ . By presuming that the in
clusion has the hexagonal structure we index g1 = 1120 and g2 = 1122 
and obtain a=3.0 ± 0.05 Å, c=4.77 ± 0.05Å which corresponds to the 
hexagonal structure of the W2C nodules formed after annealing at 
1800 ◦C.

Finally, we performed macroscopic-scale X-ray diffraction mea
surements in order to determine average structural characteristics of the 
population of inclusions. Fig. 5(a) shows the θ/2θ scan aligned on the 
(0004)SiC planes. A cobalt source with a wavelength λ of 1.789 Å was 
used for this experiment.

The curve presents two peaks at 2θ = 41.5◦ and 2θ = 44.46◦ which 
correspond to dhkl = 2.52 Å and dhkl = 2.36 Å, respectively. The first 
peak is referent to the (0004) reflection of 4H-SiC. The second peak 
corresponds well to the reflection of the (0002) W2C planes. Fig. 5(c) 
shows that the full width at half maximum increases as the film thickness 
decreases, with values of 1.4◦, 1◦ and 0.51◦ for the thicknesses of 1 nm, 
2 nm and 4 nm, respectively. That allows the estimation of the average 
nodule thickness which changes from 10 nm in a 1 nm-thick W film to 
15 nm and 28 nm in 2 nm and 4 nm-thick W films, respectively.

Fig. 5(b) shows the reciprocal space mapping over these reflections 
in a 4 nm-thick W film. The reflection of the (0002) W2C planes is 
perfectly aligned with that of the (0004) SiC planes in the [0001]SiC di
rection. Thus, W2C hexagonal nodules are single crystalline with an 
epitaxial relationship with the SiC substrates.

The interplanar distances and angles within the inclusions’ crystal 
were measured both locally and macroscopically, allowing for their 
attribution to the W2C hexagonal structure. From this result, we can 
estimate the quantity of W and C contained within the population of 
inclusions, compare these values with the amount of W available in the 
as-deposited W layer and estimate the thickness of a SiC layer which was 

dissolved during annealing from both SiC surfaces.
The unit cell of W2C contains 6 W atoms and 3C atoms which pro

vides an atomic density of W atoms of 5.44×1022 cm− 3. It is 1.16 times 
less than the atomic density of W atoms in pure W. Such a value cor
responds well to our previous estimation of a factor of 1.19 calculated 
from the volume per surface fraction occupied by 14 nm-thick nodules 
formed in a 2 nm-thick W layer after annealing at 1900 ◦C for 30 min 
(Fig. 1).

The atomic density of C atoms within W2C structure is of 2.72×1022 

cm− 3. The surface density of C atoms contained within the 14 nm-thick 
nodules occupying 0.17 of the surface is thus calculated to 6.47×1015 

cm− 2. The SiC substrate and the SiC layer are the only source of carbon 
atoms. Each unit cell of 4H-SiC contains 4C atoms that corresponds to 
4.85×1022 cm− 3 density of C atoms. By dividing the surface density of C 
atoms contained within the nodules by this value, we estimate a thick
ness of the dissolved SiC layer of 1.33 nm, i.e., about 5 to 6 (0004) planes 

Fig. 5. X-ray diffraction data from the W films annealed at 1900 ◦C for 30 min: 
(a) θ/2θ diffraction scan along the [0001]SiC direction for a 2 nm-thick W film; 
(b) Reciprocal space mapping around the (0004) SiC planes for a 4 nm-thick W 
film; (c) θ/2θ diffraction scan along the [0001]SiC direction for three different 
film thickness.
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of 4H-SiC has been dissolved in total from the internal surfaces of the SiC 
substrate and the transferred layer.

In parallel, the surface density of Si atoms released by SiC dissolution 
must be equal to that of C atoms. For an atomic density of fcc Si of 
5×1022 cm− 3, the thickness of released Si per surface fraction of dis
solved SiC layer is of 1.3 nm. It was difficult to find such a little amount 
using the current techniques, which may be dispersed as thin shells 
surrounding the W2C nodules or as isolated Si nodules in a weak density.

To conclude, from this part of the experiments, we learned that the 
homogeneous W film fragments into nodules after annealing at high 
temperature. The nodules are surrounded by a direct 4H-SiC/3C-SiC/ 
4H-SiC interface. The nodules have hexagonal W2C phase structure 
which has an epitaxial relation with the SiC substrates. The nodules are 
completely plastically relaxed by the formation of the net of misfit dis
locations at their interface with the SiC structure. Dissolution of several 
(0004) planes at SiC inner surfaces provided enough carbon to justify 
such a phase transformation.

3.2. Titanium bonding

In this part, we studied the SiC/10 nm-thick Ti/SiC bonded structures 
annealed at temperatures below and above the Ti melting point of 
1668 ◦C.

3.2.1. Below Ti melting point
First, we studied the sample annealed at 1550 ◦C for 30 min. Fig. 6(a) 

shows the SEM image of this structure after cleaving out the top layer. 
The light spots distributed over the darker background indicate the 
presence of nodules within a continuous Ti-containing layer. No voids 
are observed.

Fig. 6(b) shows the bright-field cross-sectional (1100)SiC TEM image 
of this sample. Small steps and large terraces together with the step 
bunching are formed at both SiC internal surfaces. The bonding layer 
remains continuous but the thickness of this layer varies with the step 
height. When the steps are shallow of a height of 1–2 nm, the layer re
mains thin with a thickness of 10 nm. When the steps are of about 20 nm 
high, the layer thickness is doubled. This results in the formation of 50 
nm- large nodules. Interesting to note that the nodules and the layer in- 
between have different structures as revealed by the corresponding 
diffraction patterns (Fig. 6(c) and (d)). As a common feature, both 
structures seem to get an epitaxial and pseudomorphic relationship with 
the SiC substrates.

By analyzing the length and the orientation of the selected diffraction 
vectors g1, g2, g3 (see white arrows in Fig. 6(c) and (d)), we deduced the 
corresponding interplanar distances in the nodule: d1 = 6.7 ± 0.05 Å, d2 
= 2.5 ± 0.05 Å and d3 = 2.5 ± 0.05 Å and the angles 89◦ between the 
directions g1 and g3 and 70◦ between g1 and g2. Regarding the thin 
layer, we found d1 = 8.5 ± 0.05 Å, d2 = 1.5 ± 0.05 Å and d3 = 1.5 ±
0.05 Å and the angles 90◦ between the directions g1 and g3 and 80◦

between g1 and g2. Since Ti has crystallized at high temperatures, one 
would expect the formation of the hexagonal structure of alpha titanium 
with a = 2.951 Å et c = 4.681 Å [24]. However, neither of its interplanar 
distances corresponds to the experimentally obtained values. Thus, the 
chemical interactions between titanium and SiC structures have led to 
the creation of two new distinct crystalline phases, which will be 
determined later on.

3.2.2. Above Ti melting point
Here, we studied the structure annealed at 1700 ◦C, i.e above the 

melting point of Ti, for 30 min. Fig. 7(a) shows the SEM image of this 
structure which reveals contrast variation corresponding to the thin 
layer and presumably, to thick nodules. Distinct steps are clearly iden
tifiable on top of the layer, indicating a significant interface recon
struction of SiC surfaces through step bunching at such a high 
temperature.

The cross-sectional (1100)SiC TEM image (Fig. 7(b)) indicates an 
increase in the height of the steps which is measured to be of 50 nm. In 
turn, the nodules also exhibit an increased thickness, with an average 
height of about 40 nm. It is noteworthy that the nodules are confined 
between the steps of both SiC internal surfaces and surrounded by a thin 
layer.

The diffraction patterns obtained for the thin layer and the nodule 
(Fig. 7(c) and (d)) are identical to those observed after annealing at 
1550 ◦C (Fig. 6(c) and (d)) indicating the same correspondent structures. 
Additional investigations were conducted to identify their crystalline 
structures.

Fig. 8(a) shows the cross-sectional (1100) HR-HAADF-STEM image 
of the thin layer.

This image is obtained as a result of the alignment and summing-up 
of a stack of 10 images each of which has been corrected for STEM 
induced distortions and calibration errors by applying Abstrain pro
cedure [20]. The heavier element, titanium, is represented by the bright 
contrast spots in the image, whereas silicon is represented by the darker 
ones. Carbon atoms are too light to be discerned in such an imaging 
mode. SiC structure is represented at the bottom and the top parts of the 
image. It is clear that the thin layer is composed of two crystalline 
phases.

In the bottom part of the layer, there is a noticeable periodicity in the 
contrast of the atomic rows. The three high intensity layers, which are 
likely to represent Ti atoms, are alternated by a layer of a darker in
tensity, which is likely to represent Si atoms. Such a block of 4 layers is 
repeated in the [0001]SiC direction. From the left part of the intensity 
profile (Fig. 8(d)) extracted along the white arrow shown in Fig. 8(a), we 
can identify the periodicity of such a unit cell which is marked with the 
black rectangle. The mean distance between the Si fringes (low intensity 
peaks) is estimated of 8.7 Å and the mean distance between the Ti 
fringes (high intensity peaks) of 2.34 Å.

In the upper part of the layer, we see the periodic stacking of high 

Fig. 6. A 10 nm-thick Ti layer annealed at 1550 ◦C for 30 min: (a) 52◦-tilted SEM image once the top SiC layer has been removed by cleavage; (b) Bright-field 
(1100)SiC TEM image showing the thin layer (1) and the nodules (2); (c) Diffraction pattern from the thin layer; (d) Diffraction pattern from the nodule.
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intensity rows, which are likely to be represented by Ti atoms. From the 
right part of the intensity profile, the distance between the Ti planes is 
found to be of 2.46 Å.

We realized the quantitative measurement of the in-plane (Fig. 8(b)) 
and out-of-plane (Fig. 8(c)) interplanar distances in the layer by 
applying AbStrain analysis of the image. The identical color over the 
whole field of view in Fig. 8(b) implies the same in-plane interplanar 
distance throughout the stack. The similar average distance 〈d1〉 =

1.54 Å ± 0.01 Å is measured at the various depths. Such a value 

corresponds to dSiC
1120 = 1.541 Å. It indicates that both layer phases are 

pseudomorphic to the SiC substrate. The map of the out-of-plane dis
tance indicates that it changes from 〈d2〉 = 2.51 ± 0.01 Å in SiC to 〈d2〉

= 2.40 ± 0.01 Å in the three-layer blocks of the bottom layer phase then 
to 〈d2〉 = 2.46 ± 0.01 Å in the upper phase of the layer.

By combining all these data, the structure of the bottom layer phase 
can be attributed to the MAX phase of hexagonal Ti3SiC2 (space group P 
63/mmc, a = 3.065 Å, c = 17.635 Å) [25] seen along the [1100]MAX 

Fig. 7. A 10 nm-thick Ti layer annealed at 1700 ◦C for 30 min: (a) 52◦-tilted SEM image once the top SiC layer has been removed by cleavage; (b) Bright-field 
(1100)SiC TEM image showing the thin layer (1) and the nodule (2); (c) Diffraction pattern from the thin layer; (d) Diffraction pattern from the nodule.

Fig. 8. A 10 nm-thick Ti layer annealed at 1700 ◦C for 30 min: (a) HAADF-STEM image of the thin layer. Insert shows FFT with g1 and g2 vectors selected for 
AbStrain analysis. AbStrain analysis of (a): (b), (c) maps of the interplanar distances corresponding to g1 (b) and g2 (c) in (a); (d) Intensity profile obtained in the 
[0001]SiC direction, see white arrow in (a).
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direction. The upper part is likely to be composed of cubic TiC (space 
group F m-3 m, a = 4.325 Å) [26] seen along the [112]TiC direction. The 
corresponding structures are shown in inserts of Fig. 8(a) where Ti, Si 
and C atoms are represented by red, blue and yellow solid circles, 
respectively.

The measured value of 〈d2〉 = 2.40 ± 0.01 Å for the MAX phase 
corresponds well to the distance of 2.38 Å which separates three sequent 
Ti layers lying on the (0008) planes of Ti3SiC2. The value of the in-plane 
interplanar distance 〈d1〉 = 1.54 Å measured experimentally is also well 
consistent with dTi3SiC2

1120
= 1.537 Å. The Ti3SiC2 layer is slightly in-plane 

tensile strained to a value of εxx =
(

dSiC
1120 − d

Ti3SiC2

1120

)
/dTi3SiC2

1120
= 0.2 %.

For the upper part of the layer, the measured in-plane and out-of- 
plane interplanar distances fit well the dTiC

220 = 2.531 Å and dTiC
111 =

2.50 Å of the cubic TiC phase assuming it is tensile strained in the 

interface plane to a value of εxx =
(

dSiC
1120 − dTiC

220

)
/dTiC

220 = 0.7 %. The 

measured out-of-plane interplanar distance of 2.46 Å is lower by − 1.6 % 
than dTiC

111 due to the Poisson reaction.
The two structures identified in the thin layer, Ti3SiC2 and TiC, 

exhibit an epitaxial relation with the SiC substrates: (0001)Ti3SiC2// 
(0001)SiC, <hkh + k0 >Ti3SiC2//< hkh + k0>SiC and (111)TiC// 
(0001)SiC, [110]TiC//[1120]SiC, [112]TiC//[1100]SiC.

The thick nodules obey different from the layer structure and 
composition. Fig. 9(a) shows the corrected HR-HAADF-STEM image of 
the bottom part of the nodule.

From the bottom, the layer starts with a (3 + 1) block of the MAX 
phase which is followed by the periodic blocks of two bright rows 
alternated by a darker row. Interesting to note that the intensity of the 
bright rows is lower while the intensity of the darker row is higher than 
that in the Ti and Si containing layers of the MAX phase, respectively. 
Such a finding suggests a mixture of Si and Ti atoms in these layers. The 
SiC and MAX phase structures’ images clearly show both vertical and 
horizontal atomic planes, whereas the nodule’s image does not. Only 
rows parallel to the (0001)SiC planes are resolved. That suggests either a 
twist misorientation of the layer structure with that of SiC or a much 
lower in-plane interplanar distance, that could not be resolved in the 
image. The periodicity of the rows is evidenced in the intensity profile 
(Fig. 9(c)) extracted along the white line shown in Fig. 9(a). The in
tensity profile provides an interplanar distance of 2.3 Å between two 
bright-contrast layer and of 6.7 Å between the (2 + 1) blocks. Alterna
tively, AbStrain analysis of the image was applied providing the map of 
the correspondent interplanar distance (Fig. 9(b)). An average value 
of〈d2〉 = 2.20 ± 0.01 Å is measured within the part with the (2 + 1) 

periodicity.
While the structure of the thick nodule could not be identified 

unambiguously, we address the composition distribution there by 
applying EDX measurements (Fig. 10 (a-f)). Within the thick nodule, the 
absence of carbon within this structure is clearly revealed. The nodule 
contains twice more silicon than titanium which imposes a structure of 
TiSi2 (space group C mcm, a = 3.61 Å, b = 13.77 Å, c = 3.65 Å [27]).

EDX measurements conducted in the bonding layer where the two 
distinct phases are observed (Fig. 10 (g)) confirm the presence of a phase 
rich in Ti, Si, and C at the bottom of the thin layer, where the MAX phase 
is identified, and a phase rich in Ti and C above with no signature of Si 
there, where TiC phase is identified (Fig. 10 (h)).

The macroscopic X-ray diffraction measurements in this structure are 
presented in Fig. 11. The θ/2θ scan aligned on the (000l)SiC planes re
veals the presence of three sets of diffraction peaks. First, the peaks at 
17.57◦, 26.49◦, 35.48◦, 44.91◦, 54.55◦ and 75.44◦ come from the 
diffraction of SiC crystalline planes: (0002), (0003), (0004), (0005), 
(0006) and (0008). The broader peaks observed at 10.08◦, 20.06◦, 
30.35◦, 40.83◦, 51.72◦ and 88.45◦ exhibit a full width at half maximum 
(FWHM) of 1.15◦, corresponding to a thickness of 7 nm. These peaks can 
be attributed to the diffraction from the 10 nm-thick thin layer (as 
extracted from TEM images). Those diffraction peaks are consistent with 
the Ti3SiC2 phase. They correspond respectively to the (0002), (0004), 
(0006), (0008), (00010) and (00016) crystalline planes. This finding can 
explain why the thickness measured from XRD experiments is lower 
than the total thickness of the thin layer observed at the interface. Only 
the diffraction from the Ti3SiC2 phase is observed; no peaks are identi
fied for the TiC layer. The diffraction peak from the {111} TiC planes 
(2θ = 35.84◦) is obscured by the diffraction from the (0004) SiC planes 
(2θ = 35.58◦). The narrower peaks observed at 39.95◦ and 54.1◦ exhibit 
a full width at half maximum (FWHM) of 0.31◦, corresponding to a 
thickness of 30.3 nm, which aligns well with the diffraction of the thick 
nodules. Such a value corresponds to the thickness of 37 nm measured in 
the TEM images. These peaks are consistent with the diffraction of {060} 
and {080} planes of the cubic TiSi2 phase.

The θ/2θ scan in the out-plane direction [1120]SiC reveals the pres
ence of several diffraction peaks. The peak at 60.032◦ corresponds to the 
diffraction of the (1120)SiC planes. The diffraction from the (1120)
Ti3SiC2 planes and {220} TiC planes is obscured by the diffraction from 
the SiC substrate. The additional peaks at 53.72◦, 57.22◦, 65.99◦ and 
74.91◦ arise from the diffraction of the intermediate layer, specifically 
from the nodules. They are consistent with the diffraction of {220}, 
{112}, {260} and {222} TiSi2 planes.

In conclusion, the as-deposited Ti layer evolves into three crystalline 

Fig. 9. A 10 nm-thick Ti layer annealed at 1700 ◦C for 30 min: (a) HAADF-STEM image of part of a thick nodule (top) and SiC substrate (bottom); AbStrain analysis 
of (a): (b) Map of the interplanar distance in the [0001]SiC direction; (c) Intensity profile obtained in the [0001]SiC direction, see white arrow in (a).
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Fig. 10. A 10 nm-thick Ti layer annealed at 1700 ◦C for 30 min: (a) Low magnification HAADF-STEM cross-sectional (1100)SiC image of the interface; (b–d) EDX 
composition maps from (a): (b) C, (c) Si, (d) Ti; (e),(f) EDX line scan quantification in: (f) the thick nodule; (f) the thin layer. The scan directions are shown in inserts; 
(g) HAADF-STEM image of the thin layer with the regions of the EDX measurement; (h) EDX quantification results from (g).

Fig. 11. A 10 nm-thick Ti layer annealed at 1700 ◦C for 30 min: (a) θ/2θ diffraction scan aligned in the [0001]SiC direction; (b) θ/2θ diffraction scan aligned in the 
[1120]SiC direction; (c) Zoom of the θ/2θ diffraction scan aligned in the direction [0001] for 2θ = 36◦–44◦; (d) Zoom of the θ/2θ diffraction scan aligned in the 
direction [0001] for 2θ = 48◦–56◦. Copper source (λ = 1.5404 Å).
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phases. The thick quasi-isolated nodules contain an alloy of Si and Ti 
atoms in form of TiSi2. The thin layer surrounding the nodules contain 
either an alloy of Ti, Si and C atoms in form of MAX phase of Ti3SiC2 or 
an alloy of Ti and C atoms in form of cubic TiC. The thin layer is pseu
domorphic to the SiC substrate that imposes the presence of in-plane 
tensile stress there. On the contrary, the nodule structure seems to be 
fully relaxed.

4. Discussions

A solid-state fragmentation of the tungsten films together with the 
formation of a new crystalline phase in the individual nodules was 
shown. The contact angle between SiC and W2C clusters can be esti
mated at ~ 120◦ from the TEM cross-sectional images. Thus, the 
reduction of interfacial energy brought on by dewetting- that is, the 
decrease of the W/SiC contact surface- drives the fundamental process 
for W redistribution. The nodules have the W2C hexagonal structure in 
an epitaxial relation with SiC substrates which is relaxed by misfit dis
locations. From the phase diagrams of the W-C system proposed in the 
literature [28,29], W2C is a stable phase obtained at high temperatures 
(T > 1500 ◦C) and for a small amount of carbon. The formation of W2C 
hexagonal phase in our system is therefore in good accordance with 
thermodynamics and several authors have mentioned the formation of 
W2C on SiC substrates at high temperatures [30–35]. The W2C phase 
appears due to a chemical reaction occurring between tungsten and SiC 
surfaces. The formation of carbide phases is promoted by the dissolution 
of several (0004) planes of the internal surfaces of the SiC structures, 
which releases C atoms. The equivalent amount of silicon is likely to be 
embedded within the thin shells surrounding the nodules as TEM and 
EDX measurements do not reveal the presence of silicon-rich clusters. 
The amplified dissolution of SiC in the presence of a W layer is enabled 
by the low binding energy of Si, C atoms at the SiC/W interface 
compared to the SiC/vacuum interface. The solubility of carbon in 
tungsten is very low (≈0.3 at.%) [36]. However, as there is a strong 
concentration gradient of Si and C at this interface, Si and C atoms do 
diffuse in the layer reaching high enough concentrations, resulting in the 
formation of new W-Si-C alloy and the reconstruction of SiC internal 
surfaces. The system prefers to create structures during crystallization 
that cost less energy. According to the misfit analysis between SiC and 
W2C, fewer misfit dislocations need to be created to relax the stress in 
W2C, it is more favorable.

The Si-C-W ternary phase diagram indicates that moving along the 
W-SiC line, if hcp W2C is formed, one should have a simultaneous for
mation of tungsten silicides (W6Si3). Comparing binary diagram of 
tungsten carbide and silicide, it appears that melting temperatures of 
silicides are much lower than carbides which may explain the observed 
increased mobility at the interface. Note that the bulk self-diffusion of W 
at the interface cannot explain the observed dewetting kinetics. At 
1900 ◦C, the self-diffusion coefficient of W is typically below 1×10-14 

cm2.s− 1 [37]. Assuming of diffusion type motion, 10000 s would be 
required to form the 100 nm-wide nodules, which is much longer than 
the 1800 s of annealing we did. Hence, it appears that alloying strongly 
increase the kinetics of diffusion of W in the confined SiC interface.

A transition from a continuous layer to inclusions was also reported 
in SiC/Si/SiC structures [12]. The existence of a similar phenomenon in 
SiC/W/SiC structure suggests a significant dewetting of tungsten from 
SiC surfaces, likely driven by the reduction of interfacial energies. To the 
best of our knowledge, the dewetting of W thin films from SiC substrates 
and a W/SiC contact angle have not been reported so. From our obser
vations, we can suggest a large (>90◦) W/SiC contact angle and a high 
interface energy resulting in a favored dewettting at the interfaces. 
There are very few mechanisms for matter transport. It seems that 
alloying strongly increase the diffusion of W at the interface. When a 
new W:Si:C alloy is formed, the binding energy of W, Si and C is 
changed. The melting point of tungsten carbide and tungsten silicide 
decreases drastically compared to pure W. As a result, the binding 

energy of W in these alloys becomes smaller, the activation energy for 
diffusion of W atoms decreases and the diffusion coefficient increases, 
enabling the film fragmentation.

The electrical resistivity of the W2C phase is low, around 75.7 μΩ.cm 
[31] which makes its presence at the interface favorable for a good 
conduction. The contact resistance between W2C and 4H-SiC is esti
mated of 1.7.10-3 Ω.cm2 [38]. The direct 4H-SiC/3C-SiC/4H-SiC inter
face around the nodules also satisfies the requirement for a good 
conductance. Voids and oxide layers are often the cause of poor con
duction [6,39]. From our observations, no such objects are created at the 
interface and a good conduction can be expected. Thus, the use of 
tungsten for SiC/SiC bonding seems to be a valuable option for appli
cation in high power electronics.

For titanium bonding, we evidenced Ti redistribution and its chem
ical reactions with Si and C atoms, rather than its dewetting from the SiC 
substrates. No evident fragmentation of Ti film is observed. On the other 
hand, Ti promotes SiC surfaces reconstruction by step bunching, an ef
fect similar to that observed with W and Si layers [12] which requires 
also significant Ti transport. Step bunching mechanism is driven by the 
dissolution and recondensation of C and Si atoms at SiC internal sur
faces. Small steps transform into high steps and wide terraces to create 
low-index facets that are energetically more favorable. Similar to W 
layers, Ti layers are transformed into new complex phases. The mech
anisms of amplified SiC dissolution at SiC/Ti interfaces and amplified Ti, 
Si, C diffusion enable the evolution of interface morphology, step- 
bunching and the formation of carbides and silicides in spite of a still 
low solubility of carbon in titanium (≈3.1 at.%) [36]. Three different 
phases were identified after annealing: the Ti3SiC2 MAX phase has been 
formed in the thin layer, along with a cubic TiC phase above it. The thick 
nodules obey the structure of the TiSi2 phase. We believe that the Ti 
layer becomes supersaturated with Si and C atoms upon dissolution of 
the SiC inner surfaces. Ti, Si and C atoms are then recondensated into 
thermodynamically favorable structures such as Ti3SiC2 and TiC [40], 
which also cost less elastic energy with regard to their in-plane misfit 
with SiC substrates. In the end, the remaining Ti layer is Si-rich due to a 
more pronounced recondensation of C atoms. The TiSi2 phase is thus 
created during crystallization in the form of thick clusters. The forma
tion of new crystalline phases may decrease the interfacial energy and 
the driving force for dewetting. Thus, we do not see any dewetting since 
all the internal surfaces are covered by the material. In good accordance 
with our experiments, dewetting of titanium thin films on SiC substrates 
has not been reported in the literature. The mechanisms involving the 
dissolution, transport, and recondensation of carbon and silicon atoms 
allowing SiC surfaces reconstruction are significantly favored at higher 
temperatures which results also in enhanced step bunching after 
annealing at 1700 ◦C.

The formation of Ti3SiC2 or TiC over SiC substrate has been well 
studied in the literature [41–48] and the authors mentioned a good 
ohmic contact with a contact resistivity of around 10-4-10-5 Ω.cm2. The 
formation of Ti3SiC2 and TiC improves the conduction at the interface 
between the two SiC substrates. Similarly to W, bonding with titanium 
thin film without creation of voids or oxide layers seems to be a good 
option to ensure a good adhesion between the two substrates and a good 
interfacial conductivity.

Investigations on Ni-Ti-Al ohmic contacts obtained on p-type 4H-Si.
Investigations on Ni-Ti-Al ohmic contacts obtained on p-type.

5. Conclusions

We studied the phase transformations occurring in the SiC/W/SiC 
and SiC/Ti/SiC structures under high temperature annealing. For the 
two materials, we evidence specific structural and compositional 
transformations in the layers and the internal SiC surfaces as a function 
of annealing temperature.

We demonstrated that an amorphous, homogeneous and continuous 
film created after deposition transforms into a discontinuous crystalline 
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structure for W layer and into continuous but phase separated and 
thickness variable structures for Ti layer, following high temperature 
annealing. All the structures reached an epitaxial relationship with the 
SiC substrates. We identified the transformation of the W layer into the 
W2C phase, which was fully relaxed by the formation of misfit disloca
tions. The Ti layer is transformed into three phases, namely Ti3SiC2, TiC, 
TiSi2 which are found mostly pseudomorphic to the SiC structure. As a 
result, they became in-plane tensile stressed. While enrichment of Ti 
with Si and C atoms ensured good wetting of the eventual layer on the 
SiC surfaces, W enrichment with C atoms strongly enhanced its dewet
ting. Such a finding suggests that Ti, Si and/or C alloys on SiC obey a 
relatively low interfacial energy, while W2C/SiC phase has a high 
interfacial energy. The latter results in the creation of isolated nodules 
already for the temperatures below the melting point. It was accompa
nied by the creation of 4H-SiC/3C-SiC/4H-SiC contacts around the W2C 
nodules.

The strong interface evolution of SiC internal surfaces by step 
bunching was evidenced. The presence of C and Si atoms within the new 
phases was provided by the dissolution of few (0004) SiC layers during 
annealing. Chemical reactions are a mechanism at work at the interface 
even at relatively low temperatures, below the melting points.

All the new phases formed from the W and Ti layers represent highly 
conductive materials. Thus, SiC to SiC bonding with these materials 
seems to be a promising approach to provide a good enough adhesion 
between the two SiC substrates and ensure a high conductivity of the 
interfaces, a necessary requirement for such substrate applications in 
power electronics.
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