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Abstract—The low-temperature wafer bonding has been
studied on two types of dielectric material (SiO, SiCN) as final
bonding layers. It is important for the wafer bonding
technology to obtain the higher interfacial energy between two
bonding wafers, and oxygen and nitrogen (O2, N2) plasma
treatments have been studied to properly activate the dielectric
film surfaces prior to a bonding process that includes
chemical-mechanical polishing, hydration with DI water and
heat treatment. The surface activation by the plasma
treatments with DI hydration formed ~ 10nm thick SiOx layer
on the SiCN films. It is found that a newly formed surface SiOx
layer played a role as a bonding medium. The dielectric film
surfaces were treated by plasma treatment, then characterized
by analyzing chemical binding states in the surface SiOx layer.
The characteristics of the new SiOx layers were found to be
dependent on the plasma species and bulk dielectric films. The
obtained properties of the surface layer have been co-related to
the initial bonding energy of the bonded wafers as well as the
final bonding energy with heat treatment. As a result, the N2
plasma treatment to the dielectric films enhanced the initial
bonding energy and SiCN-SiCN bonding wafers treated by the
O2 plasma have the better initial bonding energy rather than
SiO-SiO bonding due to high hydrogen contents in the surface
oxide films. In addition, the chemical analysis (XPS) has
revealed the surface activity of the films from the results of the
chemical binding states of Si. Basically, we focus on the initial
bonding energy and it is crucial to ensure that the Cu pads
facing each other comes into contact prior to the heat
treatment that causes Cu diffusion across the opposite Cu pads.
Keywords-Direct wafer bonding, initial bonding energy,
plasma-modified dielectric surface, SiCN-SiCN bonding, SiOSiO bonding

I.
INTRODUCTION
The scale-down of semiconductor device has reached to
its limitation due to the difficulties of small patterning and
increasing complexity of integrated circuits. Several
technologies including a stacked device are currently
proposed as a solution for 3D integration. Among them,
Through Silicon Via (TSV) technology with metal bumps
has been developed to increase interconnections in 2.5D and
3D integrations compared to gold wire bonding. Furthermore,
Cu-Cu wafer bonding is one of the most promising solutions
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under 20um pitch to directly interconnect wafers in building
3D integration [1]. It makes sure to satisfy the requirement of
fine-pitched semiconductor devices and many more of
interconnections between them for various purposes. Cu-Cu
wafer bonding is specifically classified into die-to-wafer
bonding and wafer-to-wafer bonding for the chip stacking
method [2]. Wafer-to-wafer bonding, so called direct wafer
bonding, is applied to homogeneous stacks for high density
memory devices, heterogeneous stacks for the advanced
performance such as complementary metal oxide
Semiconductor (CMOS) image sensor and stacking chips
with memory to logic [3,4].
The Cu-Cu hybrid wafer bonding process includes
chemical mechanical planarization (CMP) for the flat surface
of the wafer following Cu metallization with the metal
barrier, using SiCN especially for sub-2um [5], plasma
treatment and deionized (DI) water rinse to hydrate the
surface prior to the wafer bonding [2]. After that, it makes
three interfaces between materials, which may be following:
Cu-to-Cu, Cu-to-dielectric and dielectric-to-dielectric, which
exist depending on the alignment between the wafers. It is
important to enhance the bonding energy of the dielectric-todielectric in this study because the area of the dielectric
surface may be decreased as a number of interconnecting Cu
pads increase for the semiconductor device performances.
Plasma treatment can strengthen adhesion of the wafers by
activating the dielectric surface and form a thin (< 10 nm)
SiOx (oxide) layer. Many studies have shown that the SiOx
layer is a common dielectric medium due to its hydrophilic
surface and incorporation of silanol group during the
deposition process such as Plasma Enhanced Chemical
Vapor Deposition (PECVD) [6,7-9].
This newly formed thin SiOx layer on the SiCN film is
similar to the case of pre-bonding surface state of SiO2-SiO2
bonding. Surface analysis including investigations of binding
energy shift due to different chemical groups by X-ray
photoelectron spectroscopy (XPS) was performed to discuss
the new SiOx layer. Narrow scan XPS spectra of the
activated surfaces were acquired. Low take-off angle XPS is
known to examine the thinner layer due to its higher
sensitivity to the surface [10]. However, this work didn’t
make a distinct result due to its lateral spatial resolution limit.
Then, the surface activated layers were characterized by
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means of electron recoil detection analysis (ERDA)
revealing atomic composition, especially verifying hydrogen,
and Rutherford back-scattering spectrometry (RBS) was
used to determine the surface oxide layer on the SiCN films.
Also, the depth-profiling was performed by both XPS and
time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
to acquire their chemical binding changes through the
thickness of the new layers to the initial deposited dielectric
films. Further, other analyzing methods such as X-ray
reflectivity (XRR) and atomic force microscopy (AFM) were
used for the plasma-treated films together to determine the
suitable films and plasma treatment conditions for the wafer
bonding.
Considering with two types of the bonding energy, one is
the initial bonding energy right after bonding the wafers and
the other is the final bonding energy which is a function of
annealing temperature [6,11]. The analyzed results in the
previous paragraph were discussed again in terms of the two
types of the bonding energy. Especially, this study focus on
the initial bonding energy according to dielectric surface
states, which is important because the surfaces of the
dielectric films incorporating Cu pads must remain in contact
with each other prior to the heat treatment for inter-diffusion
of Cu atoms.
II.

MATERIALS AND METHODS

Reference [2] showed the process flow for Cu-Cu hybrid
wafer bonding. The simple process was conducted for
dielectric-to-dielectric bonding in the experiment as shown
in Fig. 1. For the experiment, Table 1 showed the details of
different types of materials, plasma activation and surface
oxide thickness on the SiCN films with their acronyms that
will be used in this paper. The dielectric films deposited on
300 mm p-type Si blanket wafers by using plasma-enhanced
chemical vapor deposition (PECVD) for SiCN (A/B) films,
SiO (P) films and sub-atmospheric chemical vapor
deposition (SACVD) for SiO (S) films and have a thickness

of 200 nm. Four types of dielectric films, SiCN (A/B) films
and SiO (P/S) films treated with ionized and dissociated
species of oxygen and nitrogen gas by capacitively coupled
discharge plasma. Two RF power sources were induced in
the chamber: one was with high frequency (HF), the other
was with relatively lower frequency (LF) for accelerating ion
species. O2 and N2 plasma were generated by the same HF
power, but the N2 plasma used 15 % of the low LF power
used for the O2 plasma. The SiCN (A) film and the SiCN (B)
film were deposited at 350 ℃ PECVD chambers with
different precursors that were based on methylsilane and
slightly different in terms of carbon contents. The SiO films
were deposited with TEOS in the different types of chambers
at 350 ℃ and 400 ℃, respectively. The dielectric films
deposited wafers had a CMP process to obtain flat surfaces
for 60 seconds, which were followed by the surface
activation including DI rinse and bonding wafers
consecutively. Their surface roughness was measured by
AFM right after the plasma treatments as an adequate surface
smoothness of bonding wafers were essential when bonding
wafers [12]. No significant difference in the film RMS
roughness was measured as it was found to be within 0.1
nanometers after the plasma treatments. The bonding energy
was measured by using double cantilever beam (DCB)
technique [13-15] and the experimental error associated with
the DCB measurement was about ± 0.05 J/m2. The bonding
energy was classified into the initial bonding energy and the
final bonding energy with heat treatment. The heat treatment
was performed in a batch system at 350 ℃ for an hour.
The chemical analysis was done for the film surfaces
prior to the wafer bonding. ERDA was done for revealing the
atomic composition including hydrogen by using N+ incident
ion with 500 keV. With 54.7 º (beam alignment) and 29.5 º
(random) of the incident beam angle in RBS, the damaged
surface region of the dielectric films was revealed with the
difference of intensity at the specific energy by using He+ ion
with 450 keV. In addition, the Thermo Scientific Alpha110
was used to acquire XPS spectra of each plasma activated
surfaces. The magnesium X-ray source with 15 kV and 13.33
mV was used for acquiring narrow-scan spectra with binding
energy resolution of 0.1 eV. Also, Ar ion etching with 2 keV
was done with 3×10-5 Pa pressure for depth-profiling which
was also done by ToF-SIMS with 25 keV (1 pA) Bi+ ion
beam acquisition and 2 keV (15 nA) Cs+ ion beam for
sputtering. In addition to the surface chemical analysis of
SiOx layers on CVD dielectric films, film density by XRR,
Young’s modulus by Nano-indenter.
III.

RESULTS AND DISCUSSION

A. The Initial and Final Bonding Energy
To discuss differences of bonding energy of the bonded
wafers in the experiment, two types of the bonding energy
were indicated in Fig. 2 (shown in arbitrary unit). The
wafers treated by the N2 plasma made the initial bonding
energy higher than the wafers treated by the O2 plasma
when compared to the same dielectric films. The two SiO
films treated by the O2 plasma had the lowest initial bonding
energy compared to the SiO films treated by the N2 plasma.

Figure 1. The process flow describing the experiment performed: (i)
dielectric film deposition on Si blanket wafer, (ii) CMP for flat surface,
(iii) plasma treatment and DI water rinse, (iv) wafer bonding, (v) heat
treatment, and measuring of the bonding energy at each steps of (iv), (v).
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Table 1. Description of the materials of deposited films with mechanical properties, their surface activation and surface oxide thickness on the SiCN
films with their acronyms.

In other words, the N2 plasma enhanced the surface
reactivity of the films for SiOx-SiOx bonding except that
SiCN(B):O2 had almost the same initial bonding energy as
the SiCN films treated by the N2 plasma. A more detailed
discussion will be in the next sections with the results of the
surface chemical analysis.
The measured final bonding energy was also displayed in
Fig. 2, It was higher than the initial bonding energy by 1.6 to
9.3 times due to the heat treatment. However, the results
were quite different from the results of the initial bonding
energy. The SiCN-SiCN bonding with the O2 plasma had the
higher bonding energy than that with the N2 plasma, which
was not only an opposite tendency to their initial bonding
energy, but also the SiO-SiO bonding case. In addition, the
final bonding energy of SiCN(B):O2 was around 15 % less
than SiCN(A):O2 and the SiO (S) films treated by the plasma
treatment had highest bonding energy among the
experimented samples. It is assumed that the properties of
the deposited dielectric film may affect the surface oxide
film treated by the plasma. The differences in the results of
the bonding energy will be discussed with the bulk dielectric
film properties and the atomic composition from the
chemical analysis in the next section.
Meanwhile, wafers for Cu-to-Cu hybrid bonding have
many Cu pads at the end of damascene BEOL to be
connected to the opposite Cu pads during the wafer bonding
process. After the wafer bonding, the sufficient bonding
energy at the Cu-to-Cu interface can be achieved after heat
treatment. It has been estimated to have an interface energy
around the silicon fracture energy of 2.5 J/m2 [16]. They
were surrounded with SiCN as the dielectric barrier due to
their better mechanical and electrical properties. Then, this
study suggests that the sufficient initial bonding energy of
dielectric-to-dielectric (SiCN-SiCN) has to be firstly required
in order for Cu pads to be well contacted until later heat
treatment for Cu grain growth, although many studies have
focused on the wafer bonding energy as the final bonding
energy after the adequate annealing process. Especially, the
initial bonding energy of the dielectric-to-dielectric bonding
is crucial when the Cu pads have the recessed surface that

makes the facing Cu pads non-contacted physically before
the heat treatment for Cu protrusion.
B. The Surface Oxide Layer
In the previous section, the necessity of the enough initial
bonding energy was mentioned. The results of the surface
chemical analysis will be discussed below to characterize the
required surface oxide film formed by the plasma treatments
for the wafer bonding.
First, it is important to define that SiOx layers formed by
the surface activation on the SiCN films for the characteristic
of the surfaces of the films. Fig. 3 shows the results of RBS
and ERDA for the SiCN (A) film and the SiO (P) film. RBS
helped define the thickness of the newly formed SiOx layer.
Determining the presence or absence of C and N on the
surface of the SiCN (A) film was well presented in the left
spectrum in Fig. 3 (a). The difference between the maximum
energy of the signals of SiCN(A):O2, SiCN(A):N2 and the
signal of SiCN (A) as CMP at which the signals started to
appear corresponded to the damaged surface thickness
(calculated based on the density of the SiCN (A) film). The
maximum energy was in order of SiCN(A):O2 and

Figure 2. The measured initial bonding energy without annealing and the
final bonding energy with annealing according to the plasma species and
the dielectric films.
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Figure 4. Cross-sectional images of the interfaces of the boned wafers with
(a) SiCN(A):O2 and (b) SiCN(A):N2 (a scale bar not shown). The thickness
of the (b) SiCN (A) film was 60 % of the thickness of the (a) SiCN (A)
film during the PECVD deposition process with the same CMP process.

depended on the storage temperature as well as the storage
duration if not saturated [6]. Hence, the higher concentration
of hydrogen contents in the surface of the SiCN (B) film,
based on the same type of the precursor of the SiCN (A) film,
with the N2 plasma was expected to interact to form singular
OH groups between opposite wafer surfaces and it resulted
in the enhanced initial bonding energy. In addition, the
difference in the concentration of OH groups incorporated in
the surface film on SiCN (A) depending on the plasma
treatment was analyzed by using ToF-SIMS in Fig. 5. The
plasma treatment broke the bonds of Si-C and Si-N on the
SiCN surface, and created a thin SiOx layer as oxygen and
hydrogen atoms replaced the atoms bridged to silicon. Fig. 5
(c) also showed that the SiCN (A) film with N2 plasma
treatment had the higher intensity of the OH group near the
surface rather than the film with N2 plasma treatment. It is
considered that the O2 plasma treatment almost fully
oxidized the dielectric film surface rather than the N2 plasma
treatment that just broke the chemical bonds at the surface
and formed more OH groups on the surface. A more detailed
discussion of the Si oxidation states will be with the results
of XPS spectra in the next section D.
On the other hand, the surface damaged area on the SiO
(P) film by the two plasma treatments was not clearly
revealed in the right spectrum in Fig. 4. In terms of hydrogen
contents at only a few nanometers depth of the surface, the
SiO (P) film seemed to be unfavorable to the initial bonding
comparing to the SiCN (A) film under the same plasma
treatment. For SiO-SiO bonding, an additional discussion
will be in the next sections with the results of the atomic
composition.

Figure 3. The surface oxide films (SiOx) and their compositions defined by
RBS with the incident beam angle of 54.7 º for (a, d) and 29.5 º for (b), (e)
and ERDA for (c, f). SiCN (A) and SiO (P) were analyzed and shown in
the left spectrums (a~c) and in the right spectrums (d~f), respectively. The
bottom table indicates the atomic compositions of the films as CMP and
the plasma treatment.

SiCN(A):N2 with the calculated thickness values of 6.5 nm
and 3.0 nm, respectively. Table 1 showed the surface oxide
thickness of the SiCN films measured by ellipsometry. Their
skew was around 1 nm each comparing with the bonded
interface images in Fig. 4.
C. Hydrogen Contents in the Surface Oxide Layer
The newly formed surface oxide layer on the SiCN (A)
film was confirmed by ERDA to reveal the atomic
composition. It indicated higher hydrogen contents in the
SiCN (A) film with the plasma treatment than the SiO (P)
film in Fig. 4 (c, f), which made the initial bonding energy
higher under the conditions with the same film and plasma
treatment. It implies that the higher hydrogen contents may
exist in the surface layer in the form of the hydroxyl (-OH)
group. According to the following reaction (1), the
polymerization of silanol bonds could be possible at even
room temperature if the two OH groups were close neighbors
such as those with hydrogen [6].


Si-OH + OH-Si → Si-O-Si + H2O.
In addition to the above reaction, the hydrogen bonds
could easily cleave to form singular OH groups, which

D. Silicon Oxidation States in the Surface Oxide Layer
Narrow-scan XPS spectra of the Si2p peak for the
dielectric films aged for 2 weeks at room temperature and the
films treated by the O2 and N2 plasma and the films sputtered
by Ar ions to acquire the states of the deposited dielectric
films were shown in Fig. 6. The Si2p peaks were deconvolved
using the mixed Gaussian/Lorentzian function to understand
the nature of the embedded components of the chemical
elements with shifting the adventitious carbon C1s peak
position to 285.0 eV (data not shown). The deconvolved Si2p
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Figure 3. Depth-profiling of the SiCN(A) films detecting (a) oxygen, (b)
SiN, (c) hydroxyl group (OH) and (d) SiC by using ToF-SIMS.

peaks for the all experimented samples and the depth
profiling to acquire the peaks of the as-deposited dielectric
films’ states were also performed. Si2p region was fit based
on previously reported silicon oxide binding environments
determined for plasma deposited SiO2 films consisting of Si(O)4 (Si in a tetrahedral SiO2 environment), Si(-O)3 and Si(O)2 at 103.8, 103.4 and 102.8 eV, respectively [17-18]. Also,
it is known that XPS analysis of SiO2 investigates
compositional stability after plasma treatment and aging [19],
and different oxidation states of Si0+, Si1+, Si2+, Si3+ and Si4+
after plasma oxidation [20]. Besides, the analyzed data were
similar to the suggestion [21] that silicon chemical
environments and the corresponding Si2p binding energies
were well determined.
To sum up with the result of the measured bonding
energy in Fig. 2 and the XPS spectra in Fig. 6, the initial
bonding energy had a tendency to the SiCN film surface with
the peak amount ratio of Si(-O)z to Si(-O)4 corresponding to
the binding energy of 101.4, 103.6~103.9 eV, respectively.
And N2 plasma treatment increased the peak amount ratio of
Si(-O)z to Si(-O)4, which enhanced the initial bonding energy
comparing with the O2 plasma treatment. In addition, the
initial bonding energy changed depending on the binding
energy corresponding to the Si oxidation states of Si4+ as Si(O)4 in the surface oxide film. The bond of Si(-O)4 was
considered as the fully oxidized state that would make no
additional reaction with other atoms in the environment.
Then, the relatively higher binding energy corresponding to
Si(-O)4 in the surface oxide film treated by the O2 plasma
treatment decreased the initial bonding energy. The detailed

results in terms of the deconvolved peaks’ positions and their
amount will be described in XPS analysis below.
Fig. 6 (a-2) shows four deconvolved Si2p peaks centered
at 106.6, 103.9, 103.3 and 101.3 eV attributed to Si(-O)y (y >
4), Si(-O)4, Si(-O)3 and Si(-O)z (z < 2), respectively. The
peak area under 1.0 % was not considered to understand the
bonding energy in this study. Then, it is assumed that
SiCN(A):O2 in Fig. 6 (a-2) had Si(-O)4 with 29.6 at%, Si(O)z with 6.39 at%. The peaks of the SiCN films treated by
the N2 plasma (Fig. 6 (a-4, b-4)) centered at 103.8, 101.4 eV
attributed to Si(-O)4, Si(-O)z, respectively. And the ratio of
Si(-O)z to Si(-O)4 in the surface oxide films of SiCN(A):N2
and SiCN(B):N2 was 27 at% and 26 at% rather than
SiCN(A):O2 and SiCN(B):O2 with 17 at% and 20 at% within
Si2p envelop. Also, the peak centered at 103.6 eV attributed
to Si(-O)4 of SiCN(B):O2 in Fig. 6 (a-2, b-2) was positioned
at relatively lower energy compared to the Si(-O)4 peak at
103.9 eV of SiCN(A):O2, which resulted in the higher initial
bonding energy of SiCN(B):O2 rather than SiCN(A):O2.
Meanwhile, the film without the plasma treatment (aged
for 2 weeks) had the peak of the binding energy at 102.4,
102.7 eV for SiCN (A), SiCN (B), respectively in Fig. 6 (a-1,
b-1). It implies that the SiCN films without the plasma
treatment rarely had the bond of Si(-O)z in the surface oxide
layer. Thus, the plasma treatment to the dielectric surface
should be considered for the wafer bonding.
However, XPS spectra (Fig. 6 (from c-1 to d-4)) for the
SiO films did not show any peaks’ shift with the plasma
treatments and all peaks were positioned at between 103.7
and 103.8 eV attributed to Si(-O)4. It is believed that the
concentration of the bond of Si(-O)4 was already saturated by
the bulk SiO films itself due to the storage duration for a
week at RT. Thus, the XPS spectra of the SiO films’ surface
themselves were difficult to be describe the wafer bonding
energy properly.
E. Atomic Composition in the Surface Oxide Layer
Following the section B with RBS and ERDA, XPS
analysis with the depth profiling could compare the surface
oxide thickness between the SiCN films treated by the O2
and N2 plasma in Fig. 6 (third and fifth rows). The distinct
Si-C bonds appeared from the SiCN films treated by the N2
plasma within a shorter time as shown in Fig. 6 (a-5), (b-5).
The dashed line in Fig. 6 pointed at 100.4 eV as the Si-C
bond, which was the same as Jedrzejowski’s [22]. With this
result, the O2 plasma treatment to the SiCN surface made the
new surface oxide layer thicker than the SiCN film with the
N2 plasma treatment as shown in Table 1 and Fig. 4.
According to the modeling of hydrophilic wafer bonding
by molecular dynamics simulations by Litton and Garofalini
[23]. It suggested that higher O:Si ratio on the surface had a
possibility to form SiO5 bonds (overcoordinated silicon
defects) easily which help form siloxane bond (O-Si-O) with
additional water molecule for hydrogen bonding initially and
compressive stress for the breakage of the hydrogen bonded
bridges. In Table 2, the atomic composition in the surface
oxide films by RBS, ERDA and XPS analyses can also
discuss the bonding energy.
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Figure 4. XPS spectra of the Si2p of the dielectric films experimented. In the longitudinal direction, they were arranged according to the dielectric films of
(a) SiCN (A), (b) SiCN (B), (c) SiO (P) and (d) SiO (S), respectively. In the horizontal direction, they were arranged in the order in which performed by the
storage duration for 2 weeks at room temperature (first row), O2 plasma (second row), N2 plasma (fourth row), and depth profiling by Ar ion sputtering for
30s, 60s displayed as pink and lime green solid lines, respectively (third and fifth rows). Dashed lines were to compare the binding energy shift in the XPS
spectra ((a)-(d)).

High hydrogen contents in the surface oxide on
SiCN(A):N2 (H:Si = 0.83:1) resulted in the higher initial
bonding energy compared to SiCN(A):O2 (H:Si = 0.59:1) as
mentioned in the section C with ERDA. The SiCN (A) films
treated by the plasma treatments also have the higher initial
bonding energy rather than the SiO (P) films with ~0.25:1 of
H:Si ratio. The final bonding energy of the wafers with the
SiCN films treated by the O2 plasma was higher than the
wafers with the SiCN films treated by the N2 plasma due to
the higher O:Si ratio in the results of XPS (in the right
column in Table 2). In addition, the SiO (P) films with
higher O:Si ratio (~1.77:1) resulted in the higher final
bonding energy rather than the SiCN (A) films. However,
when comparing the SiO films in this experiment, it had the

Table 2. Atomic composition measured by RBS, ERDA and XPS.
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limitation to explain the difference in the bonding energy
with only the amount of oxygen and hydrogen. Then, other
film properties will be required to discuss the enhancement
of the bonding energy.
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