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SiC monocrystal substrates are implanted by Pd ions with different ion-beam energies and fluences, and the effects
of Pd ion implantation on wettability of Si/SiC and Al-12Si/SiC systems are investigated by the sessile drop technique.
The decreases of contact angles of the two systems are disclosed after the ion implantation, which can be attributed to
the increase of surface energy (osy) of SiC substrate derived from high concentration of defects induced by the ion-
implantation and to the decrease of solid-liquid surface energy (ogy ) resulting from the increasing interfacial interactions.
This study can provide guidance in improving the wettability of metals on SiC and the electronic packaging process of SiC

substrate.
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1. Introduction

Silicon carbide (SiC), as a promising wide band-gap ma-
terial, has been widely used in high power, high frequency,
and high temperature semiconductor devices. The fabrication
of a SiC semiconductor device involves ion implantation and
heterogeneous interfacial bonding closely related to wettabil-
ity. Actually, the wettability of SiC by molten metals plays
a critical role in the brazing of SiC ceramic components, the
preparing of metal-SiC composite, and the electronic pack-
aging of SiC substrate.[''”) However, the wettability of the
metal/SiC system is not always so good as required. Accord-
ing to Young’s equation: cos 8 = (0sy — OsL)/OLy (Where Gjj
denotes the characteristic surface energies of the solid (S)-
liquid (L)—vapor (V) system), there are two main technologi-
cal approaches to improving the wettability: 1) increasing osy
and/or simultaneously reducing the oy, by modifying the ce-
ramic surface; 2) reducing the oy, by adding interfacial active
elements to the metal for enhancing the interfacial interactions
between the metal and the substrate.

Presently, there are a few investigations focused on
surface modification of SiC to improve the wettability of
the metal/SiC system by liquid phase sintering,!”! plasma
pulses,® and electroless plating!*>! techniques. Compared
with these techniques, ion implantation can possess many ad-
vantages such as non-thermal, non-equilibrium process and no
interface, change both the surface crystal structure and phase
composition,®”) and fabricate PiN diodes.®! Therefore, ion
implantation into the ceramic substrate can cause the wettabil-
ity of the metal/SiC system to change. For instance, our group
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obtained a significant improvement in the wettability of Ni(—
56Si) on the SiC monocrystal substrate by Mo ion implanta-
tion, and found that the contact angle was almost completely
picked up after succeeding high-temperature annealing treat-
ment on the Mo-implanted SiC substrate.'®) However, Barlak
et al. concluded that the Ti-implantation on sintered SiC ce-
ramic cannot improve the wettability of Cu on the SiC sub-
strate in their experiments.[!% In particular, our recent investi-
gation showed that Pd ion implantation reduced the wettability
of the Al/SiC reactive system.[!!]

In this paper, SiC monocrystal substrates are implanted
with Pd ions at room temperature, and the effects of Pd ion
implantation on wettability of Si/SiC and Al-12 (all in unit
wt%) Si/SiC systems are investigated and analyzed based on
the variations of substrate surface characteristics and interfa-
cial microstructures. The Pd is selected as an implantation ele-
ment due to its relatively high melting point and low reactivity
with SiC substrate. Our results show that the Pd ion implanta-
tion can improve the wettability of the non- and low reactive
(Si/SiC and Al-12Si/SiC) systems to different degrees, and
this study can further demonstrate the role of ion implantation
in determining the wettability of the metal/SiC system.

2. Experiment

The commercially available double-side polished n-type
6H-SiC (0001) monocrystal substrates were implanted with
two fluences of Pd ions (5% 100 jons/cm?, 5 x 10'7 ions/cm?)
at two acceleration voltages (20 keV, 40 keV) and room tem-
perature. The lattice damages or disorders and the electrova-
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lences of surface elements of the Pd-implanted SiC substrates
were characterized by Rutherford backscattering spectrometry
in channeling geometry (RBS/C), Raman spectroscopy, and
x-ray photoelectron spectroscopy (XPS). The displacement
per atom (dpa) and Pd ion distribution on the Pd-implanted
SiC substrate were simulated by the Monte Carlo software
SRIM2008. The wetting behaviors of Si and Al-12Si alloy
on the as-received SiC and Pd-implanted SiC substrates were
evaluated by a high temperature contact angle measuring in-
strument (OCA15LHT-SV, Dataphysics). The two kinds of
wetting samples were heated to 1430 °C and 1050 °C at a
heating rate of 5 °C/min in a vacuum of ~ 4 X 10~ Pa, re-
spectively. After the wetting tests, some couples of samples
were selected and immersed in saturated NaOH distilled-water
solution to dissolve the solidified drops in order to expose the
interface beneath the drop after they had been mechanically
removed from the most part. The interfacial microstructures
were observed and analyzed by a scanning electron micro-
scope (SEM) coupled with an energy dispersive spectroscope
(EDS).

3. Results and discussion

Monte Carlo simulation has been widely used in ion im-
plantation experiments for simulating the dpa distribution and
ion concentration profile. Figure 1 shows the variations of
dpa and Pd concentrations with depth on the Pd-implanted
SiC surfaces generated by different implantation doses and
voltages. The maximum implantation damages are essentially
centered at depths of ~ 8, 8, and 12 nm with the dpa levels
of 193, 1930, and 2190 for implanting Pd ion concentraions
of 20 keV/5 x 10'® jons/cm?, 20 keV/5 x 10'7 ions/cm?, and
40 keV/5 x 10'7 ions/cm?, respectively. It reveals that a high
level of lattice damages can be produced by the Pd ion im-
plantation, and that a positive proportional relationship can
be clearly seen between the damage level and the implanta-
tion energy or fluence. The largest concentrations of Pd ions
are located at centers of 15, 15, and 21 nm corresponding
to 20 keV/5 x 10! jons/cm?, 20 keV/5 x 10!7 ions/cm?, and
40 keV/5 x 10'7 jons/cm?, respectively, indicating that the im-
plantation energy directly affects the depth of Pd ion.
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Fig. 1. (color online) Variations of dpa and Pd concentrations with
depth, obtained from SRIM simulation.

The RBS/C technique is powerful for determining the
disorder accumulation of the ion-implanted sample. Fig-
ure 2(a) shows the aligned and random RBS/C spectra of the
as-received and Pd-implanted (40 keV/5 x 10'7 ions/cm?) SiC
substrates. The aligned spectrum of Pd-implanted SiC (black
line) shows the higher aligned yields than the as-received one
(green line, no peak), suggesting that the lattice disorder is
induced by the Pd ion implantation. The ratio of aligned-to-
random yield of the Pd-implanted sample is about 2:3, indi-
cating a high level of lattice disorder on the surface. The
presence of Pd in the implanted SiC substrate is verified by
the peak centered at 423 keV. The increase in the Si random
yield indicates the accumulation of defects (vacancies and in-
terstitials). The random peak of Si shifts from ~ 295 keV to
260 keV, indicating the formation of Si vacancies after the Pd
ion implantation.!'?! The result provides evidence that the dpa
centered at ~ 12 nm can be mainly related to vacancies. A
similar trend should be observed for C, but the corresponding
signal is overwhelmed by the background signal and therefore
is hard to analyze.'?!
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Fig. 2. (color online) (a) RBS/C aligned and random spectra, and (b) Raman
spectra of the as-received and Pd-implanted SiC substrates, showing the high
concentration of surface defects (lattice damage or disorder and vacancies).
The crystalline damage of 6H-SiC substrate, induced
by ion implantation under different implantation conditions,
is measured by using Raman spectroscopy in a range from
700 cm~! to 1000 cm~'. The results are shown in Fig. 2(b).
The three first-order peaks of Si-C vibration at 766, 788, and
966 cm! are detected on the as-received single crystal, corre-
sponding to two transverse phonons E2 (TO) and one longitu-
dinal optical phonon A1 (LO) mode, respectively.[!3 After the
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Pd ion implanation, the three peak positions are still kept there,
and the peak intensity gradually decreases with implanted dose
and energy increasing. The results indicate that the Pd ion im-
plantation brings about the damage to the crystallinity of SiC
single crystal to different degrees since the variation of Ra-
man spectrum is related to the accumulation of defects and to
the changes in atomic forces and displacements owing to the
breakdown of Si—C bonds. ['4]

Figure 3 presents the XPS spectra of the as-received and
Pd-implanted (40 keV/5 x 10'7 ions/cm?) SiC substrates. The
two survey spectra confirm the presence of Pd after the Pd
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ion implantation (Fig. 3(a)). As shown in Fig. 3(b), the Pd
3d peaks at 336.9 eV (3ds;) and 342.5 eV (3d3/,) can be
assigned to PdO,!") and the peaks at 335.0 eV (3ds),) and
340.5 eV (3d3,) can be assigned to metallic Pd,!'! indicat-
ing that the implanted Pd exists mainly as an elementary sub-
stance. The O peak at 532.8 eV can be derived from Si—
O (Fig. 3(c)),!'”! and after the Pd ion implantation the Oy
core level spectra at 532.8 eV and 530.5 eV are respectively
assigned to Si-O and Pd—O (Fig. 3(d)),!'8! which is in good
agreement with the Pd spectra.
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Fig. 3. (color online) XPS spectra of the as-received and Pd-implanted SiC substrates: (a) survey spectra, (b) Pd spectrum, [(c) and

(d)] O spectra before and after the Pd ion implantation.

Figure 4(a) presents the variations of contact angle with
time for molten Si on the as-received and Pd-implanted
SiC substrates at 1430 °C. The equilibrium contact angle of
molten Si on the as-received SiC is ~ 38°, and it respec-
tively decreases to ~ 35° and 32° while implanting Pd ions
of 5x10'® ions/cm? and 5% 10'7 ions/cm?, indicating the im-
provement of wettability of the Si/SiC system after the Pd ion
implantation. As mentioned above, a high concentration of
defects (lattice damage or disorder and vacancies) induced by
the Pd ion implantation can result in the increase of surface
energy (osy) of SiC substrate. In the wetting experiments, the
opy of liquid Si remains unchanged at a certain temperature.
Moreover, comparing with the non-reactive Si/SiC system, the

solid-liquid interfacial energy osp. can decrease to a certain

extent due to the presence of interfacial reactions between the
Si drop and Pd at the SiC surface deduced from the Pd-Si
phase diagram.l!”) As a result, the equilibrium contact angle
of Si/SiC system declines more or less according to Young’s
equation.

Figure 4(b) shows the variations of contact angle with
time for molten Al-12Si alloy on the as-received and Pd-
implanted SiC substrates at 1050 °C. The equilibrium contact
angle of molten Al-12Si alloy on the as-received SiC is ~ 40°,
and it falls sharply to ~ 20° when implanting the two fluences
of Pd ions in spite of the difference in spreading. Moreover,
the wetting hysteresis!?’! of the Al-12Si/SiC system is weak-
ened and lagged due to the hindering effect of Pd on the for-

mation of dense oxidation film on the SiC substrate surface.

046101-3
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Compared with the Si/SiC system, the Al-12Si/SiC system
has an equilibrium contact angle decreasing to a greater extent
(Fig. 4), which can be related to the interfacial reactivity after

the Pd ion implanation.
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Fig. 4. (color online) Time-dependent contact angles of molten (a) Si and
(b) Al-12wt.%Si alloy on the as-received and Pd-implanted SiC substrates,
showing the improvement of wettability after the Pd ion implantation.
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Fig. 5. (color online) Interfacial microstructures of Al-12Si/SiC systems in
triple line region and beneath drop [(a) and (b)] before and [(c) and (d)] after
the Pd ion implantation of 5 x 10'7 jons/cm?.

Figure 5 shows the interfacial microstructures at the triple
line region and beneath the drop of the Al-12Si/SiC system
before and after the Pd ion implantation of 5x10!7 ions/cm?
respectively. Before the Pd ion implanation, no obvious inter-
facial reactions can be observed (Figs. 5(a) and 5(b)), which
is in good agreement with Lee’s prediction, i.e., the interfa-

cial reactivity is quite low when the Si content of Al-Si alloy

211 However,

is close to an equilibrium Si content of ~ 13.5%.
after the Pd ion implanation platelet-shaped Al4Cs crystals are
observed (Figs. 5(c) and 5(d)), which can be attributed to the
formation of free C atoms on the substrate surface and the di-
rect chemical reaction between Al and C. So, the interfacial
interactions are enhanced markedly due to the presence of Pd
on the substrate surface, and thus the solid-liquid interfacial
energy (ogsr) decreases greatly. Similarly, the surface energy
(osv) of SiC substrate increases after Pd ion implanation and
the oy of molten Al-12Si keeps invariant. As a result, the
significant decrease of contact angle is obtained according to

Young’s equation.

4. Conclusions

In this work, two different energies and fluences of Pd
ions are implanted into 6H-SiC substrates, and the variations
of substrate surface characteristics and of contact angles of
Si/SiC and Al-12Si/SiC systems are comparatively investi-
gated before and after ion implantation. The RBS/C and Ra-
man analyses combined with SRIM simulation indicate the
high concentration of defects (lattice damage or disorder and
vacancies) induced by ion implantation. The presence of Pd,
confirmed by XPS analysis, reduces the ogp. to different de-
grees by enhancing the interfacial interactions between Si or
Al-12Si drop and SiC substrate. The equilibrium contact an-
gle of the Si/SiC system declines respectively from 38° to
~ 35° and 32° when concentrations of implanting Pd ions are
5 x 10'® ions/cm? and 5 x 10'7 ions/cm?, and the equilibrium
contact angle of the Al-12Si/SiC system decreases from 40°
to ~ 20°. The decrease of contact angle can be reasonably
attributed to the decrease of o derived from the enhanced
interfacial interactions and to the increase of ogy of the SiC

substrate.
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