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Recently, silicon carbide (SiC) has replaced silicon (Si) as a potential material for next-generation power
devices. In this study, a Si-SiC low-temperature bonding method based on graphene composite slurry as
an interlayer was developed. Ar plasma was used to treat the surfaces of Si and SiC to improve surface
hydrophilicity for higher strength bonding. With the increase of discharge power, the root-mean -
square (RMS) surface roughness of Si and SiC has obviously increased and the bonding quality was also
greatly improved. For 70 W discharge power, the RMS surface roughness values of Si and SiC were
3.22 nm and 1.67 nm respectively, and the bonding strength reached approximately 10 MPa. Through
SEM interface analysis, it can be found that a seamless bonding interface was obtained using this bonding
process.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Silicon carbide (SiC) has been emerging as a material to solve
silicon limitations in many applications due to its excellent band
gap, high breakdown electric field, high thermal stability, and high
chemical inertness [1,2]. It has been reported that the combination
of SiC with Si can greatly improve the limiting power and the oper-
ating temperatures of Si-based devices [3]. However, the fabrica-
tion of SiC on traditional Si-based materials is still a huge
challenge on account of the lattice mismatch between Si and SiC.
Although Si/SiC bonding strategies such as surface activation bond-
ing, vacuum ultraviolet surface radiation bonding, hydrogen–oxy-
gen catalytic bonding have appeared in recent years, these
strategies have their own disadvantages such as high bonding tem-
perature, high cost, and complex process [4–6]. As a result, it is
urgent to find a new bonding method with low temperature, low
cost and simple process.

Graphene is considered a revolutionary material known to have
excellent optical, electrical, thermal conductivity and mechanical
properties [7,8]. Takenori Naito et al. used a wafer bonding method
to prepare a Si-graphene-Si planar double heterostructure, but the
interfacial bonding strength is only about 30 KPa, and the graphene
film need to be transferred during the bonding process, which is
difficult for mass-production and applications [9]. Graphene com-
posite slurry made of graphene nano-powders is widely used as a
conductive agent for lithium ion batteries because of good thermal
and electrical conductivity [10]. Here, a facile Si-SiC bonding
method using graphene composite slurry as an interlayer was pro-
posed at low temperature. Thanks to excellent thermal conductiv-
ity and good electrical conductivity of graphene slurry, it may be
applied for heat-spreader in power management integrated cir-
cuits (PMIC) [11] or as a potential conductive material for
carbon-based device or ICs [12]. In this study, the morphological
features, thermal and electrical conductivity of graphene compos-
ite slurry were analyzed. The effect of different discharge powers of
plasma for surface treatment on the mechanical properties and the
bonding interface were investigated. Additionally, the fracture
positions of many bonded samples were observed after the shear
test, and the reason of the fracture has been analyzed.
2. Experimental section

The single-side polished Si chips (10 mm � 10 mm) and double-
side polished 4H-SiC chips (6 mm � 6 mm) were used in the exper-
iments. Graphene composite slurry was prepared by mixing gra-
phene powder (1%), polyvinylidene fluoride (PVDF, 1%), N-
methylpyrrolidone (NMP, 95%), conductive carbon black (2%) and
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dispersant (PVP, 1%). The bonding process is shown as follows.
First, Ar plasma was used to treat the surfaces of Si and SiC chips,
which can remove contaminants on the chip surfaces and lead to
rougher and hydrophilic surfaces. Then, graphene composite slurry
films (’ 20 lm thickness) were spin-coated on the surfaces of Si
and SiC by spin-coater (EZ4 SPIN COATER) at low speed (800 rad/
s), respectively. Next, two pieces of chips to be bonded were put
into the chamber of the thermo-compression bonding machine
for low temperature sintering. Finally, an external pressure of ’
600 N was applied to the two substrates at 200 �C for 30 min dur-
ing bonding.
3. Results and discussion

The morphologies, thermal conductivity and the resistivity of
graphene composite slurry film formed at different sintering tem-
peratures (125 �C, 150 �C, 175 �C, and 200 �C) were studied, shown
in Fig. 1. For lower sintering temperature, the film structure of the
graphene composite slurry is loose and there are relatively large
holes, as shown in Fig. 1(a), which is caused by the fact that a large
amount of organic solvents in the film have not been volatilized.
As the sintering temperature increases from 125 �C to 200 �C, the
solvent begins to volatilize gradually, and the holes in the film
Fig. 1. (a) The morphologies of graphene composite slurry at different sintering tempera
and resistivity.

Fig. 2. The effect of different discharge powers of plasma on (a) The RMS surface r
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structure of the graphene composite slurry become smaller and
smaller. Therefore, a relatively dense graphene composite slurry
film was formed at 200 �C. Moreover, the tightness of the graphene
slurry film structure has greatly influence on the thermal conduc-
tivity and resistivity. Fig. 1(b) shows the thermal conductivity and
resistivity of graphene slurry at different sintering temperatures
measured by four probe tester (Keithley 4200-SCS) and thermal
conductivity tester (LFA 467). It can be seen that as the sintering
temperature increases to 200 �C, the resistivity of the film
decreases to 0.05 X.m, and the thermal conductivity increases to
118 W/m.K, which is higher than that of SiC (83.6 W/m.K).

To improve bonding quality, the surfaces of Si and SiC chips
were treated by Ar plasma to improve surface hydrophilicity. The
RMS surface roughness of Si and SiC and the shear strength were
measured by atomic force microscope (AFM) and shear strength
tester (MFM 1200), respectively, as shown in Fig. 2(a)–(b). As the
discharge power increases, the RMS surface roughness of the Si
and SiC increases. In addition, owing to the hardness of SiC is
greater than that of Si, the surface of Si is rougher than that of
SiC at the same conditions. Meanwhile, the shear strength is
improved with the increase of discharge power since the increase
of roughness makes the chip surface more hydrophilic. For 70 W
discharge power, the RMS surface roughness of Si and SiC are
tures and (b) The effect of different sintering temperatures on thermal conductivity

oughness of Si and SiC, (b) The shear strength, and (c) The bonding interface.



Fig. 3. (a) The fracture sketch of Si/graphene slurry/SiC bonding interfaces with plasma surface treatment at different discharge powers, (b) XPS analysis spectra from SiC and
Si surface after shear test respectively, the inset shows the spectra of the F 1s core level.

X. Ye, J. Wan, X. Yin et al. Materials Letters 293 (2021) 129710
respectively 3.22 nm and 1.67 nm, and shear strength of Si-SiC
reaches approximately 10 MPa. Compared with the 30 KPa bond
strength obtained by Takenori Naito et al. [9], the bond strength
of Si-SiC was improved greatly in this study.

To study the bonding interface of the bonded samples before
and after the Ar plasma treatment, cross-sectional SEM analyses
of bonding interface treated with different discharge powers are
performed, as shown in Fig. 2(c). It is clearly found that there are
more gaps at the bonding interface before Ar plasma treatment,
especially between the slurry and the SiC interface. The gaps
between the slurry and Si interface are much smaller and less than
the interface between the slurry and SiC, which means that the
bonding strength between the slurry and Si is better than that
between the slurry and SiC. With the discharge power of Ar plasma
treatment increase from 30 W to 70 W, fewer or no gaps were
found at interface, and a seamless bonding interface was formed
with 70 W discharge power. The effect of bonding temperature
on the interfacial resistivity also was studied (see Fig. S1 in supple-
mentary material). It can be found that the interfacial resistivity
decreases with the bonding temperature increase.

Fig. 3(a) shows the fracture sketch of bonding interfaces with
plasma surface treatment at different discharge powers. Through
fracture positions observation of many bonded samples after shear
test, it can be found that most fractures of the bonded samples
occur at the interface of the graphene slurry and SiC due to the
weak bonding between the graphene slurry and SiC. With the
increase of discharge power, the residual slurry on the SiC surface
increases gradually, which indicates the bonding strength between
SiC and slurry also increases gradually. There are two reasons for
the fracture position at the interface of SiC and graphene slurry.
One of the reasons is that the surface of Si is more hydrophilic than
that of SiC surface after Ar plasma treatment for Si and SiC surfaces.
The second reason may be the effect of fluorine contained in the
PVDF in the graphene composite slurry. The fluorine ions may etch
the Si surface to enhance the bonding strength, which has been
reported by Chenxi Wang and Tadatomo Suga et al. [13–15]. To
verify whether fluoride ions have an etching effect on the surfaces
of Si and SiC, XPS analysis was performed for the bonded surface of
Si and SiC after removing graphene slurry layer, as shown in Fig. 3
(b). The F 1s peaks from Si and SiC surfaces show feature at
686.1 eV and 688.2 eV respectively, which are corresponding to
Si-F bond and C-F bond reported previously [13]. It can be con-
firmed that Si-F bonds were formed at Si surface, which indicates
that fluoride ions have an etching effect on the Si surface. However,
there are only C-F bonds and no Si-F bonds to be found on the SiC
3

surface, which indicates that the Si-C bond is not broken, and the
C-F bonds maybe from the PVDF in graphene composite slurry. It
can be confirmed that fluoride ions have almost no etching effect
on the SiC surface. As a result, the bonding strength of graphene
slurry/Si is greater than that of graphene slurry/SiC, and the frac-
tures of the bonded samples usually occur at the interface of gra-
phene slurry/SiC after shear test.
4. Conclusions

In this study, a low-temperature Si-SiC bonding process using
graphene composite slurry as an interlayer was investigated. Ar
plasma was used to treat the surface of Si and SiC before bonding
to increase the hydrophilicity of the surface, which improved the
bonding quality of Si/SiC. With the increase of the discharge power,
the bonding strength also continues to increase, and reaches
approximately 10 MPa when discharge power is 70 W. Meanwhile,
the thermal conductivity of graphene slurry film reaches to 118W/
m.K at 200 �C, which is higher than that of SiC (83.6 W/m.K). Com-
pared with traditional bonding, this bonding technology does not
require high temperature, high cost and complicated process,
which can be used for the fabrication of heat-spreaders for high
performance power devices.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
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