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ABSTRACT PVD-deposited Cu3N has been demonstrated for Cu-Cu bonding as a low-cost passivation
material. Cu3N exhibits stability at room temperature but undergoes decomposition upon heating, making
it an attractive candidate for Cu bonding passivation. XRD analysis reveals that the decomposition of PVD-
deposited Cu3N primarily occurs within the temperature range of 200◦C∼250◦C. Cu3N-Cu3N bonding,
relying on the decomposition reaction, is successfully demonstrated, and TEM analysis confirms the
presence of Cu grains at the bonding interface. Moreover, Cu bonding using Cu3N passivation has been
demonstrated as well. The bonding capability at low temperatures is found to be influenced by the thin
film properties of Cu3N. For wafer level bonding, the N2 flow rate during Cu3N deposition requires
careful adjustment to balance the anti-oxidation capability and the N2 outgassing phenomenon. For chip
level bonding, the N2 outgassing phenomenon poses no significant issue. By demonstrating the potential
of Cu3N as a passivation material, this study suggests a promising method for achieving lower temperature
requirements in Cu bonding through the adjustment of Cu3N thin film properties.

INDEX TERMS Copper nitride, Cu bonding, passivation technology, PVD-deposited Cu3N.

I. INTRODUCTION
With the tremendous development of AI applications and the
increasing demand for high-performance computing (HPC),
the significance of advanced packages has raised in recent
years. Advanced package technologies offer an alternative
path from transistor scaling to enhance the performance
of electron devices. As a result, numerous institutes and
companies have engaged in this field, including EMIB
from Intel [1], [2], SoIC from TSMC [3], [4], and etc. In
advanced package schematics, the transmission distance of
signal and power among functional chiplets could be sig-
nificantly reduced. This reduction alleviates the RC delay
issue and improves power signal integrity. To properly con-
nect these chiplets, the bonding technique plays a crucial
role. For stacked chiplets, the structure must possess robust
mechanical strength and high-quality electrical paths. While
the mechanical strength could be provided by dielectric

bonding under 200◦C [5], [6], to achieve good bonding
quality with conventional Cu metal interconnects, requires
a temperature over 300◦C for Cu oxides dissolution [7].
However, such high temperatures can degrade the devices
and thus impact the feasibility of this technique [8],
[9]. Consequently, many researchers have focused on the
approaches to achieve excellent Cu-Cu bonding within a
lower thermal budget.
In low temperature Cu-Cu bonding methods, passivation

technology proves to be an effective approach for reduc-
ing native Cu oxides by creating a protective passivation
layer that facilitates Cu atom diffusion. The selection of the
passivation layer offers various options with different prop-
erties. For example, the self-assembled monolayer (SAM)
technique employs organic passivation materials that require
removal prior to Cu-Cu bonding [10], [11]. The effective-
ness of Cu-Cu bonding using the SAM technique depends
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on the anti-oxidation capability and the cleaning conditions
of the organic passivation material. On the other hand, metal
can serve as a passivation material eliminating the need for
removal due to its conductive properties. Noble metals such
as Au, Ag, or Pt are particularly suitable as passivation
materials [12], [13], [14], because they are less prone to oxi-
dation and can realize Cu-Cu bonding even at the temperature
less than 100◦C. However, the use of noble metals in the
Back-End-of-Line (BEOL) is not common and can increase
process cost. Therefore, it is essential to find lower-cost
passivation material.
In this study, PVD-deposited copper nitride (CuN) as a

cost-effective passivation material has been proposed. CuN,
applied as a surface protection layer, has been reported
using a two-step plasma treatment method and demonstrated
blanket Cu-Cu bonding at 260◦C [15], [16]. It has been
proposed that CuN exhibits stability at room temperature but
decomposes into Cu and N2 when heated [17], [18], [19].
These characteristics make CuN suitable for protecting Cu
from oxidation and achieving good Cu-Cu joint during the
bonding process. However, the formation of CuN through
plasma treatment can cause changes in the step height
for Cu/SiO2 hybrid bonding [20], which poses challenges
in achieving optimal bonding results. Thus, the potential
of PVD-deposited CuN as a passivation material for low
temperature Cu-Cu bonding has been examined.

II. PROCESS FLOW
In order to investigate the impact of CuN as a passivation
metal on Cu-Cu bonding, two different test vehicle structures
were employed in this study. The first structure involved a
thin CuN layer on top of Cu, representing a typical metal-
passivated Cu-Cu bonding approach. In contrast, the second
structure replaced the entire Cu layer with a thick CuN layer.
This configuration aimed to examine the behavior of PVD-
deposited CuN before and during the bonding process. The
fabrication of the test vehicles followed a 4-inch wafer pro-
cess, as illustrated in Fig. 1. Firstly, standard RCA clean
was performed on 4-inch Si wafers. Next, a 500 nm SiO2
layer was deposited on the surface through thermal oxidation.
The sequential metal deposition processes were carried out
using a sputtering system (DC-sputtering, Ion Tech Microvac
450CB). For the test vehicle with a thin copper nitride con-
dition, the layer consisted of 30 nm Ti, 300 nm Cu, and
10 nm CuN. For the thick copper nitride condition, the layer
included 30 nm Ti and 100 nm CuN. The structural schemat-
ics are depicted in Fig. 2. The working pressure during metal
deposition was about 1 Pa. For Ti deposition, the DC power
was set to 140 W, with an Ar flow rate of 24 sccm. For Cu
deposition, the DC power was 130 W, and the Ar flow rate
was 24 sccm. CuN deposition used the same Cu target as Cu
deposition, but with a gas mixture of N2 and Ar. Three dif-
ferent flow rate ratios were employed in this study, denoted
as 30%-CuN. 50%-CuN and 80%-CuN, with the gas flow
rates detailed in Table 1.

FIGURE 1. The process flow for both thin CuN passivation and thick CuN
specimens.

FIGURE 2. The structure schematics of thin CuN passivation specimen and
thick CuN specimen.

TABLE 1. Flow rate during CuN PVD process.

To examine the properties of the thin film, X-ray
diffraction (XRD) analysis was performed to determine the
crystallization condition of the PVD-deposited CuN and any
changes that occurred after heating the CuN film. In the
case of thin CuN passivation, where the CuN layer on top
of the Cu layer is only around 10 nm thick, the XRD sig-
nals primarily captured the signal from the Cu layer, resulting
in a spectrum dominated by Cu. X-ray photoelectron spec-
troscopy (XPS) depth analysis was conducted to investigate
the element composition and oxidation condition of the test
vehicle. Atomic force microscopy (AFM) analysis was uti-
lized to assess the surface roughness of the test vehicles
prior to bonding. Besides, a four-point probing system was
employed to measure the sheet resistance of each metal
stacking structure.
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FIGURE 3. XRD results of 50%-CuN and Cu.

The thermal compression bonding (TCB) process was car-
ried out at both chip level and wafer level. For wafer level
bonding (Aligner wafer bonder, AWB-08), the two wafers
were bonded under a vacuum environment of 10−4 Torr at
250◦C. The bonding pressure was approximately 1.30 MPa,
and the bonding duration was set to 50 minutes. In the case
of flip-chip bonding (SET, ACCμRA 100), the test vehicles
were diced into sizes of 10 x 10 mm and 15 x 15 mm as
the top chips and bottom chips, respectively, in advance. The
two chips were bonded at atmosphere with a bonding force
of 80 kgf. The bonding temperature was set to 250◦C and
the bonding duration was 6 minutes.
To assess the bonding quality and investigate the bonding

mechanism of the PVD-deposited CuN as the passivation
metal for Cu-Cu bonding, several analyses were performed.
Scanning acoustic tomography (SAT) analysis was utilized
to detect the presence of bonding voids larger than 5 μm at
the bonding interface. Pull tests were used to measure the
mechanical strength of the bonding interface under exter-
nal forces applied in the normal direction. Additionally,
to unravel the bonding mechanism, bonded test vehicles
were prepared using focused ion beam (FIB) for transmis-
sion electron microscope (TEM) (JOEL, JEM-2010F) and
energy-dispersive X-ray spectroscopy (EDS) analyses.

III. RESULTS AND DISCUSSION
A. THICK CuN
The thick 50%-CuN specimen was inspected by XRD anal-
ysis, as shown in Fig. 3, to determine its crystallization
condition. The presence of Cu3N (111) orientation, along
with a small amount of Cu3N (200), was observed in the
XRD spectrum for the thick CuN structure. This confirms
that the deposited CuN exhibits Cu3N crystallization. In
Fig. 3, the Cu specimen consists of a 30 nm Ti and a 300
nm Cu, which is identical to the CuN passivation structure
with only the addition of a CuN layer. For the comparison,

FIGURE 4. XRD results of deposited 50%-CuN, 50%-CuN with 200◦C
annealing and 50%-CuN with 250◦C annealing.

the XRD results reveals that the deposited Cu film primarily
exhibits Cu (111) orientation, with some occurrences of Cu
(200) and Cu (220).
Next, the decomposition behavior of the PVD-deposited

Cu3N was investigated through annealing at different tem-
peratures. The decomposition reaction of Cu3N can be
represented by the following equation [19]:

2 Cu3N
�→ 6 Cu+ N2 (1)

Upon heating, Cu3N undergoes decomposition into Cu
and N2. In order to analyze the changes in crystallization
condition, the focus of the examination was on the thick
CuN specimen. This is because the crystallization results of
the CuN passivation specimen would be dominated by the
Cu peaks, even without further annealing, due to the only
10 nm thinness of the CuN layer. The conducted anneal-
ing temperatures are 200◦C and 250◦C, respectively. The
annealing duration is 1 hour and the process is done at
vacuum under 10−4 Torr in each case. The XRD analysis
results are presented in Fig. 4. The XRD analysis indicates
that the Cu3N signal degraded after annealing at 200◦C,
suggesting partial decomposition of the Cu3N crystals. With
the 250◦C annealing, the spectrum is dominated by Cu and
Cu oxides, indicating extensive decomposition of Cu3N into
Cu, accompanied by an oxidation reaction. Based on these
results, it can be inferred that the decomposition reaction
of PVD-deposited CuN significantly occurs between 200◦C
and 250◦C. Consequently, a bonding temperature of 250◦C
was selected for both CuN passivation bonding and thick
CuN bonding to utilize the decomposition reaction.
Following chip-level bonding for thick 50%-CuN, the

bonding interface was examined through TEM analysis,
as depicted in Fig. 5. Fig. 5(a) presents the dark field
cross-sectional image of the bonding interface. It demon-
strates a well-bonded interface between the two CuN layers.
Moreover, bright spots can be observed at the bonding
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FIGURE 5. (a) TEM image of bonded thick 50%-CuN specimen with the red
line indicating EDX scan region. (b) EDX line scan result crossing the
bonding interface with bright spots. (c) EDX line scan result crossing the
bonding interface with no bright spots.

interface, suggesting regions with varying elemental com-
positions. The red line in the image indicates the scanned
region of EDX analysis, and the corresponding results are
illustrated in Fig. 5(b).

In Fig. 5(b), the composition line-scanning was conducted
across the Ti/CuN/CuN/Ti bonding structure, revealing bright
spots at the bonding interface. Notably, an evident increase in
the Cu atomic ratio was observed at the bonding interface,
accompanied by a decrease in the N atomic ratio to near
0%. This finding aligns with the XRD analysis, indicating
an obvious decomposition reaction taking place in the Cu3N

FIGURE 6. Sheet resistance result of Cu, CuN passivation, and thick CuN
with and without 250◦C annealing for 50 minutes.

film. Furthermore, the TEM results demonstrate that this
decomposition reaction plays a beneficial role in the bond-
ing process. The formation of Cu at the bonding interface
facilitates the connection between the bonded pair.
In contrast, the EDX line-scanning result across the bond-

ing interface without bright spots is shown in Fig. 5(c). The
insertion in Fig. 5(c) is a cross-sectional image, with a yel-
low line indicating the scanned region. In contrast to the
previous result, the atomic ratio of Cu does not exhibit an
increase. However, the atomic ratio of O becomes higher,
accompanied by a decrease in the N ratio. This phenomenon
is observed in wafer-level bonding as well. Considering the
vacuum environment during the wafer bonding process, it is
more likely that the increased oxygen is derived from sur-
face adsorption/absorption prior to bonding, as no additional
pretreatment process was conducted for surface cleaning.
While the bonding ability of the 100 nm CuN film under

250◦C has been demonstrated, it is important to consider
the potential impact of CuN on the electrical performance
of the metal joint. Fig. 6 presents the results of the sheet
resistance measurements for each metal stacking structure.
In the case of 50%-CuN, even a thin 10 nm passivation
layer leads to an increase in sheet resistance compared to a
Cu film without passivation. Replacing the 300 nm Cu film
with a 100 nm 50%-CuN film results in a sheet resistance
that becomes five orders higher. Although the decomposi-
tion of CuN into Cu can reduce the sheet resistance, the
presence of non-decomposed CuN can adversely affect the
electrical performance of the metal contact [21]. As depicted
in Fig. 6, the sheet resistance of thick CuN structure would
be reduced by two orders after annealing at 250◦C anneal-
ing for 50 minutes under 10−4 Torr. However, the sheet
resistance of the annealed thick CuN structure is still high,
which might be because of insufficient decomposition or
Cu oxidation. Therefore, using a CuN passivation layer
to cover the Cu surface appears to be a more favorable
approach than completely replacing the bonding structure
with CuN.
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FIGURE 7. XPS depth analysis results of Cu and 50%-CuN after three
weeks storage.

FIGURE 8. N1s spectrum of Cu, 30%-CuN, 50%-CuN, and 80%-CuN.

B. CUN PASSIVATION
Fig. 7 illustrates the oxidation condition of Cu and Cu with
50%-CuN passivation. Both specimens were stored under
the same conditions in a clean room environment at room
temperature for three weeks. Surface contamination was
observed in both specimens, with the presence of carbon
and oxygen elements alongside Cu or nitride. The carbon
signal profiles exhibited similar values in both examinations,
suggesting similar particle conditions. However, the oxygen
profile showed a slightly lower element percentage in the
50%-CuN passivation specimen compared to the Cu spec-
imen. More significantly, the oxygen percentage remained
consistently throughout the Cu film in the Cu specimen,
whereas in the 50%-CuN passivation specimen, the oxygen
percentage gradually decreased to zero within its Cu film
region. These results indicate that the use of a thin PVD-
deposited CuN passivation layer helps alleviate the oxidation
phenomenon.
Fig. 8 presents the N1s spectrum analysis by XPS, with

the deposition conditions corresponding to the 30%-, 50%-,

FIGURE 9. Surface roughness results of 30%-CuN, 50%-CuN, and
80%-CuN.

and 80%-CuN specimens as outlined in Table 1. In the N1s
spectrum, no distinct peak is observed for the Cu specimens.
However, for the CuN passivation specimens, a clear peak
near 397.28 eV is detected. This peak corresponds to the
CuN bond, as indicated in the literature [16], confirming
the formation of CuN through the PVD deposition method,
consistent with the XRD results for the thick CuN specimen
in Fig. 3. Furthermore, the CuN peak in the N1s spectrum
appears weaker for the 30%-CuN passivation compared to
the 50%- and 80%-CuN specimens. This could be attributed
to an insufficient N2 flow rate during deposition.
Fig. 9 shows the surface roughness measurements for

30%-, 50%-, and 80%-CuN passivation specimens, with
respective root mean square roughness (Rq) values of
2.15 nm, 1.84 nm and 2.10 nm. These values sug-
gest that the change in flow rate composition during
the deposition process does not have a significant impact
on the surface topography of CuN. Furthermore, the
smooth surface with nanometer-scale flatness observed in all
three specimens is advantageous for achieving high-quality
bonding.
The results of the bonding quality inspection for wafer

level Cu-Cu bonding with thin PVD-deposited CuN passi-
vation are presented in Fig. 10. Fig. 10(a) and Fig. 10(b)
show the SAT images of the 30%- and 50%-CuN passiva-
tion specimens, respectively. Under a bonding temperature
of 250◦C, the 50%-CuN passivation yields good bonding
quality, as observed in Fig. 10(b). However, the bonding
quality for the 30%-CuN passivation, as shown in Fig. 10(a),
appears to be poor. This poor bonding quality is unlikely
to be caused by the outgassing issue from CuN decom-
position, as the XPS result indicates weaker CuN bond
formation for the 30%-CuN passivation compared to the
50%-CuN passivation. Instead, it is more likely attributed to
Cu oxidation, as insufficient CuN coverage fails to provide
adequate protection against oxidation. On the other hand, the
80%-CuN passivation specimen could not be successfully
bonded under the same bonding conditions, possibly due to
severe outgassing, which hampers the bonding of decom-
posed Cu atoms between the two wafers. Fig. 10(c) shows
the pull test results of bonded Cu, 30%-CuN passivation and
50%-CuN passivation specimens. It can be observed that,
with proper deposition condition, PVD-deposited CuN as a
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FIGURE 10. (a) SAT image of 30%-CuN bonded wafer pair, (b) SAT image of
50%-CuN bonded wafer pair, (c) pull test results of wafer level bonded Cu,
30%-CuN passivation and 50%-CuN passivation.

passivation layer offers higher bonding strength compared
to Cu-Cu bonding without any additional pretreatment
process.
Based on the SAT image in Fig. 10(b), some voids are

still visible in the 50%-CuN passivation specimens. As the
bonding condition depends on the CuN decomposition reac-
tion, during wafer level bonding, the generated N2 gas can
become trapped at the bonding interface once the wafer edges
are bonded. To address this issue, one possible solution is
to reduce the formation of CuN. However, it is crucial to
delicately adjust the composition of the flow rate during
the deposition process to ensure the anti-oxidation ability is
maintained.
The pull test results of chip level bonding specimens with

PVD-deposited CuN passivation are presented in Fig. 11.
The bonding area for these specimens is approximately
10 x 10 mm. The smaller bonding area facilitates the escape
of N2 byproduct from the bonding interface. As a result, the
80%-CuN passivation specimen was successfully bonded,
demonstrating higher bonding strength compared to the 30%-
and 50%-CuN specimens.

IV. CONCLUSION
This study demonstrates the feasibility of using PVD-
deposited CuN as a low-cost passivation material for
low-temperature Cu-Cu bonding. The bonding process lever-
ages the thermal decomposition reaction of CuN, which has

FIGURE 11. Pull test results of chip level bonded Cu, 30%-CuN
passivation, 50%-CuN passivation and 80%-CuN passivation.

TABLE 2. Comparison with different low temperature bonding methods.

been examined and discussed. XRD analysis confirms that
the decomposition reaction primarily takes place within the
temperature range of 200◦C∼250◦C. TEM analysis reveals
the presence of Cu grains at the bonding interface of CuN-
CuN, indicating the connection of Cu atoms from the two
bonding pairs when N atoms are expelled during annealing
at 250◦C.
Properties of the CuN thin film are influenced by the

deposition process parameters. When the flow rate of N2 gas
accounts for 30% of the total flow rate, a weaker CuN peak is
observed compared to the specimens with 50% and 80% N2
flow rates. Conversely, the 80%-CuN specimen encountered
bonding failure at the wafer level bonding, potentially due
to an excessive generation of N2 gas. Hence, it is crucial to
carefully select the deposition parameters based on specific
packaging scenarios.
A comparison between PVD-deposited CuN and other

methods for low temperature Cu bonding is summarized
in Table 2. Despite the bonding temperature of 250◦C used
in this study not being considered aggressive for low tem-
perature bonding, the use of PVD-deposited CuN offers
a relatively simpler process flow and lower process cost.
Moreover, it has been reported that the decomposition
temperature of CuN varies depending on the deposition
approach [19]. In conclusion, based on the demonstrated
feasibility of using CuN as passivation for Cu, it indi-
cates the potential for achieving lower bonding temperature
requirements by making further adjustments to the thin film
properties of CuN.
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