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Cu-Cu Bonding in Ambient Environment by
Ar/N, Plasma Surface Activation and Its
Characterization

Shen Lin Chua, Jiawei Marvin Chan, Simon Chun Kiat Goh and Chuan Seng Tan

Abstract— Ar/N2 plasma surface activation in ambient
environment for Cu-Cu bonding has been performed and
characterized. Cu-Cu bonding occurs at room temperature and
under normal atmospheric conditions. Post-bonding annealing is
performed at 300 °C and below to control the overall thermal
budget. Shear strength and hermeticity property of samples with
varying annealing temperature are investigated. Samples
annealed at 250 °C demonstrates the highest average shear
strength of 20.3 MPa and lowest average helium leak rate of 8.7 x
10-9 atm.cc/s. Daisy chain structures are used to examine the
electrical property of sample bonded at 300 °C and temperature
cycling tests from -40 to 125 °C for 1,000 cycles have been
performed for reliability assessment. It is observed that the dies
are well bonded and intact after 1,000 cycles even though the
exposed Cu surface is heavily oxidized.

Index Terms— Bonding processes, Packaging, Seals, Annealing,
Bonding forces

[. INTRODUCTION

W ith the applications of the internet of things (IoT)
projected to grow in the years to come, the demand for
smaller form factor packaged devices with multiple
functionalities continues to increase. Devices for loT typically
consist of sensors, processors and communication chips
packaged together in a small form factor [1]. This requires
system scaling, increase in the number of components and
complexity in each device, which in turn increases the
interconnect density [2]. Hence, packaging technology with
high density and low power consumption interconnects is
required to connect individual components such that signal
transmission and power delivery can be accomplished
seamlessly. One of the promising technologies to package
components in IoT devices is three-dimensional (3D)
integration. 3D integration reduces the overall system form
factor, propagation delay, energy consumption, and allows
integration of heterogeneous components in a seamless way [3].

Solder-less metal bonding is widely used in 3D integration to
form the connections between components for signal and power
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delivery. Examples of metal bonding include Au-Au, Al-Al,
Au-Sn, Au-In and Cu-Cu bonding [4, 5, 6, 7 and 8]. Cu-Cu
metal bonding was used in this study as Cu is commonly used
as metallization layers in modern integrated circuits. This
allows the ease of acceptance of this technology with the
existing fabrication processes. Different Cu-Cu bonding
methods have been studied in several studies such as thermo-
compression bonding, direct Cu surface activated bonding
(SAB), and direct Cu bonding with optimized chemical and
mechanical polishing (CMP) [8, 9 and 3]. Among these
methods, thermo-compression Cu bonding has the least
stringent requirement for surface roughness of the Cu bonding
layer. However, this method requires simultaneous application
of external force and heating for a long duration during the
entire bonding process [8]. If the surface roughness can be kept
low (e.g., root mean square roughness below 1 nm), direct Cu
SAB can be achieved in principle. In direct Cu SAB, initial
bonding is achieved instantly, and this is followed by annealing
to enhance the bond strength which can be accomplished in
batches, hence resulting in shorter overall processing time
(hence higher throughput) as compared to thermos-
compression bonding. However, direct Cu SAB requires the
alignment and bonding to be performed without breaking the
high vacuum (< 3 x 10-3 Pa) and can only be done in a modified
machine in most cases [9]. Direct Cu bonding with optimized
CMP modifies the Cu surface and allows the bonding to take
place in atmospheric ambient within a window of time lag after
CMP [3]. The advantage of this bonding method is that it can
be processed using existing semiconductor fabrication
equipment.

In this study, Ar/N; plasma is used for surface activation of the
Cu instead of CMP with similar advantages. Besides wafer to
wafer bonding, this method can be extended to die level
bonding to optimize the wafer usage when there is large size
disproportion between the top and bottom die. The Ar/N»
plasma activation method can also allow easier implementation
of bonding of wafers fabricated externally as the CMP process
does not need to be repeated. To evaluate the technical merits
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of Ar/N; plasma activation method for 3D integration, the
physical properties of the bonded Cu are characterized. These
properties include mechanical, hermeticity and electrical
properties which are the primary considerations. The samples
used in this study are prepared in the die form and bonded by
Cu-Cu bonding using Ar/N, activation in atmospheric
environment.

II. PLASMA ACTIVATION

The Cu-Cu bonding method used in this study can be
summarized in three steps. Figure 1 shows the three steps of
plasma activation bonding process. The first step is to modify
the Cu surface by physically removing surface copper oxides
and impurities which are detrimental to bonding with plasma
exposure. The second step is to place the bonding surfaces in
proximity and apply sufficient force in ambient conditions to
ensure uniform contact between the surfaces in order to initiate
bonding. A commercial die bonder was used during this step.
The last step is post-bonding batch annealing with no applied
force to enhance the bonding strength by promoting Cu
diffusion and grain growth across the bonding interface.

sampes————osapion |

Plasma is applied to the
bonding surface of both top
and bottom dies to activated
them for bonding.

The dies are placed together
face-to-face. Sufficient force is
applied uniformly to the dies
to aid bonding.

Step 2: Die placement
and applied force

The bonded dies are annealed
to increase Cu diffusion.

Step 3: Annealin

Fig. 1. Schematic of Cu-Cu plasma activation bonding method.

In the first step, either Ar/N, plasma or Ar plasma can be used
to remove surface copper oxides and impurities. To determine
which plasma best serves the purpose, the effects of Ar/N, and
Ar plasma on the Cu surface was evaluated. For the purpose of
evaluation, a 6” Si (100) wafer of 675um thickness was
deposited with 200 nm of SiO; by tetraethoxysilane (TEOS)
plasma enhanced chemical vapor deposition (PECVD). The
layer of SiO, was deposited to electrically isolate the Cu metal
layer from the Si substrate. After the deposition of SiO,, 100
nm Cu metal layer with 10 nm Ti barrier layer were deposited

by e-beam evaporation physical vapor deposition (e-beam
PVD). Subsequently, the wafer was diced into square dies with
dimensions of 25.4 mm % 25.4 mm. Twelve dies were annealed
for 1 h at 300 °C in vacuum (20 Pa) to stabilize the
microstructure of the Cu layer. This annealing step will
minimize variation in resistance due to grain size change in the
Cu layer. The sheet resistance of the samples was measured
before and after annealing. The average sheet resistance was
0.31 Q/sq before and 0.29 Q/sq after annealing. These samples
were divided into 3 groups, and each group was subjected to
Ar/N, plasma activation, Ar plasma activation and no
activation. The parameters of Ar/N, plasma activation and Ar
plasma activation are shown in Table I. Both plasma activation
uses Ar only for cleaning of the Cu surface. After the plasma
activation, the samples were annealed for 2 h at 300 °C (the
highest temperature to be used for annealing in this study) in N
environment. After annealing, the sheet resistance of the
samples was measured to examine the effects of activation on
the electrical property.

Table I. Parameters of Plasma Activation

Cleaning Step Similar for Both Activation
Time 7s

Pressure 20 Pa

RF Power 200 W

Ar Gas Flow 100 cm’/min
Activation Step Ar/N, | Ar
Time 10s

Pressure 20 Pa

RF Power 200 W

Ar Gas Flow 50 cm®/min 150 cm®/min
N, Gas Flow 100 cm®/min 0 cm’/min

The variation of sheet resistances of the Cu layer after
annealing is shown in Figure 2. Ar/N, plasma activated and
non-activated samples show small increase of sheet resistance
(5.8 and 4.3% respectively). However, Ar plasma activation
results in significant increase of sheet resistance in the Cu layer
(33.3%). The increase in the sheet resistance after annealing is
due to unintentional surface oxidation during annealing as the
N> chamber contains residual O,. Plasma activation creates a
highly energized Cu surface causing it to oxidize readily at a
higher rate than a non-activated surface. Hence, the Ar plasma
activated surface samples have higher sheet resistances after
annealing. In the case of Ar/N; plasma activation, the activation
was found to form a layer of copper nitride on the Cu surface in
previous work [10]. Due to its inert property, the copper nitride
needs to decompose before the Cu surface starts to oxidize. This
reduces the oxidation rate of the Cu surface in the presence of a
copper nitride passivation layer and hence a smaller increase in
sheet resistances. Therefore, Ar/N, plasma was selected to
activate the surfaces in Cu direct bonding in this study.
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Fig. 2. Mean increase in sheet resistance after annealing at 300 °C for
different activation conditions.

III. WAFER TO WAFER BONDING

A. Experimental Procedure

Blanket wafer to wafer bonding was performed to
demonstrate Cu-Cu bonding with the Ar/N, plasma activation.
Two 6” Si wafers (100) of 675 um thickness were deposited
with 10nm of Ti as adhesion/barrier layer and 100 nm of Cu
using e-beam PVD. After the metal layers were deposited, both
wafers were activated by Ar/N, plasma with the parameters
stated in Table 1. After activation, the wafers were placed
together in a double-sided wafer aligner vacuum contact mode
for 4 min. Lastly, the bonded wafers were sent for post-bonding
annealing at 300 °C for 2 h in N, environment. The annealed
wafers were diced into 10 mm by 10 mm square dies.
Transmission electron microscopy (TEM) image and electron
energy loss spectroscopy (EELS) analysis were performed in a
previous study and concluded successful Cu-Cu bonding [11].
To study the reliability of the Cu-Cu bonding with the Ar/N,
plasma activation, the dies were sent for temperature cycling
test (TCT) of 1000 cycles ranging from -40 to 125 °C in
atmospheric environment.

B. Results and Discussion

Figure 3 and 4 shows the TEM image and EELS mapping of
a TCT sample respectively. Focus ion beam (FIB) were used
for sample preparation. There were no voids at the bonding
interface observable in the TEM images and O and N were not
observed in the EELS mapping. This showed that there were no
degradations of the Cu-Cu bonding interface caused by 1000
cycles of TCT. Unlike Sn-Ag-Cu solder on Cu pillar, there were
no voids [12] at the Cu bonding interface as there was no
intermetallic compound changes could cause volume change.

Fig. 3. TEM image of bonded sample after 1000 TCT with 200 nm and 50 nm
scale bar respectively.

EELS MAPPING

Color

Flg 4. EELS mapping of bonded sample after 1000 TCT showing Si, Ti and

IV. Cu-Cu BONDS MECHANICAL PROPERTY

A. Experimental Procedure

To characterize the mechanical properties of the bonded Cu
after Ar/N, plasma activation, shear strength test was used to
obtain the shear strength of the bonded samples. The top and
bottom dies were prepared as shown in Figure 5. Two 6” Si
wafers (100) of 675um thickness were used as the substrates for
the top and bottom dies. Reactive-ion etching (RIE) was used
to etch 6 pm of Si on the wafer for the top dies. This is to
provide a gap at the edge between the top and bottom dies such
that subsequent dicing step will not affect the bonded interface.
The 1.5 mm by 1.5 mm square feature of the top die defines the
bonding area as shown in Figure 5. After RIE to define the top
dies, 200 nm SiO,, 10 nm Ti and 100 nm Cu was deposited on
both wafers. Subsequently, the wafers were diced into 2 mm by
2 mm dies. Each pair of top and bottom dies for shear strength
test was activated by Ar/N» plasma. Figure 6 shows the atomic
force microscopy (AFM) scan of an activated sample and
Figure 7 shows the 3D image of the 10 um X 10 um scanned
area. The average root mean square (RMS) roughness of the
activated samples is 1.17 nm. Figure 8 shows a profiler linescan
of the surface of an activated sample. High height variations can
be observed from the profiler linescan which increases the
bonding force required. Within 3 min of activation, the top and
bottom die were placed face to face and a bonding force of 375
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N was applied to each pair of dies for 5 min to ensure good and
uniform contact between the bonding surfaces. The bonded
samples were subjected to post-bonding annealing with no
applied force.

1.5mm |2mm

T

Cu 100 nm with 10 nm Ti
Si0, 200 nm
Si675 um

Fig. 5. Schematics of the top and bottom dies for shear strength test samples
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Fig. 6. AFM (10 um %10 pm) of activated sample showing a) 2D height map,

b) roughness values
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Fig. 8. Profiler linescan of activated sample showing height variations over
500 um scan length.

Initially when the activated Cu surfaces were brought in
contact, only small areas were in contact due to the roughness
and unevenness of the surface (i.e. surface asperity). The local
contact stress greatly exceeded the yield point of Cu and deform
plastically, increasing the area of contact until the contact stress
falls below the yield point of Cu. Due to low roughness of the
surface when compared to thermocompression bonding,
majority of the top and bottom surface were close enough
together for the Van der Waals force to bond them together.
This allowed the removal of force applied on the dies unlike
thermocompression bonding. Next, post-bonding annealing
was performed to strengthen the Cu bonds. The temperature
used for the post-bonding annealing needs to be kept at 300 °C
and below to prevent undesired damage to the CMOS devices
in actual manufacturing. As the annealing temperature was
considerably lower than the melting point of Cu, grain
boundary self-diffusion is the most dominant mechanism of
self-diffusion [13]. Initially, surface diffusion occurred at the
voids at the bonding interface due to chemical potential from
different curvature at different part of each void [14]. Surface
diffusion reduced the size of the voids and turned irregular
voids into spherical voids. However, once the voids become
spherical, surface diffusion greatly reduced. At this point,
diffusion across the interface boundary became the most
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dominant mechanism. Since interface boundary can be treated
as normal grain boundary, diffusion across the interface can be
considered as grain boundary diffusion [14]. Grain boundary
self-diffusion follows the Arrhenius relation as shown in
Equation 1. In the equation, D, represent the grain boundary
diffusion coefficient, 8 the boundary thickness, (6Dy), the pre-
exponential factor, Q, the activation energy, R the universal gas
constant and 7'is the absolute temperature. The § D}, used in this
study was obtained with values of (6D, ), and Q, from a study
by Gust et al. [15].
8Dy = (6Dy)o exp(—Qy/RT) (Eq. 1)
The values for § D, for temperature 100 to 350 °C (373 to 623
K) are presented in Figure 9 and it can be observed that 6D,
decreases from 7.8 to 21.0 times for each 50 °C decrement from
300 to 150 °C (573 to 423 K). Increase in annealing temperature
will have the greater effect on diffusion than that of increase in
annealing time. Therefore, only variation in the annealing
temperature on the shear strength test was investigated. Post-
bonding annealing was performed at 150 °C with 50 °C
increments to 300 °C in this study.
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Fig. 9. Plot of 6D,, using (6D})¢ and Q,, from Gust et al. with temperature
from 373 to 623K

A set of 10 samples was prepared for each annealing
temperature. The entire duration of temperature ramping and
holding time was kept the same for the different annealing
temperatures as shown in Figure 10. For example, the holding
time was 2 h for post-bonding annealing at 300 °C. After post-
bonding annealing, the samples were sheared in order to
estimate their shear strength.
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Fig. 10. Profile for different annealing temperature. The holding time for 300
°C is 120 min.

B. Results and Discussion

In Figure 11, the shear strength test results show that the
samples annealed at 250 °C have the highest shear strength on
average while those annealed at 150 °C have the lowest average
shear strength. It can also be observed that the shear strength
increases with the increase of post-bonding annealing
temperature up to 250 °C. This is due to the higher grain
boundary diffusion at higher temperature which promotes
diffusion and grain growth across the bonding interface hence
forming a stronger bond. However, the samples annealed at 300
°C have lower shear strength as compared to 250 °C annealed
samples despite higher amount of grain boundary diffusion.
Careful observation of the sheared samples concluded that
failure of the samples occurred at the Ti layer as there was no
Cu-Cu interface failure for the samples annealed at 250 and 300
°C. The lower shear strength of the 300 °C annealed sample
could be attributed to higher amount of oxidation of the Ti
barrier layer. This oxidation of Ti layer can be attributed to the
high affinity of Ti for oxygen that decomposes the SiO; to form
TiO; [16, 17]. The lower temperature annealed samples (150 to
200 °C) have mixed failure interface where each sample failed
at both the Cu-Cu interface and at the Ti layer. This is attributed
to the lower rate of Cu self-diffusion and hence a weaker Cu-
Cu bonding strength that succumbs to mechanical shear force.
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Fig. 11. Mean shear force per area with minimum and maximum values
represented by error bars for different post-bonding annealing temperature

V. Cu-Cu BONDS HERMETICITY PROPERTY

A. Experimental Procedure

To examine the hermeticity property of the bonded Cu, two
6” Si wafers (100) of 675 um thickness were used as the
substrates for the top and bottom dies. Deep reactive-ion
etching (DRIE) was used to etch away 0.08 mm of Si leaving a
sealing ring feature behind for each of the Si top die. The
sealing ring feature, shown in Figure 12, forms a cavity volume
of 1.24 mm?, which is greater than the minimum required
volume of 1 mm?® for accurate helium (He) leak testing [18].
The sealing ring thickness is 0.15 mm and the distance from the
edge to the sealing ring is 1 mm. The same thicknesses of SiO-,
Ti and Cu as the samples used in shear strength test were
deposited on both the wafers. After the deposition of Cu, the
wafers were diced into individual dies with the dimension
showed in Figure 8. Each pair of top and bottom dies was
activated by Ar/N» plasma. Average root mean square (RMS)
roughness of the activated samples is 1.2 nm. Within 3 min after
plasma activation, a bonding force of 385.24 N was applied to
each sample for 5 min and the samples were annealed at
temperature and duration same as those of the shear strength
test.

3.12 mm

0.15 mm

4.973 mm

Cu 100 nm with 10 nm Ti
Si0, 200 nm
Si675 um

Fig. 12. Schematics of the top and bottom dies for fine leak test samples

During hermeticity examination, He leak test was first
performed on the samples. The samples were placed in a
bombing chamber with a gauge pressure of 0.52 MPa for 2 h as
specified in the MIL-STD-883E standard and tested with a mass
spectrometer for helium leak immediately upon removal from
the bombing chamber [19].

After the fine leak test, a perfluorocarbon bubble gross leak
test was performed for gross leak according to the MIL-STD-
883E standard. The samples were firstly placed in vacuum at 5
torr for 30 min to evacuate the cavity. Subsequently the samples
were submerged in Type I perfluorocarbon and placed in the
bombing chamber at gauge pressure of 0.52 MPa for 2 h. Type
I perfluorocarbon has a boiling point of 56 °C. In the event that
a die demonstrates gross leak, the Type I perfluorocarbon will
penetrate the sealing ring and fill the cavity. After the bombing,
the dies were removed from the Type I perfluorocarbon and air
dried for 20 s. Then, the samples were placed in a heated tank
of Type II perfluorocarbon (boiling point at 179 °C) at 125 °C.
Air drying allowed the Type I perfluorocarbon on the die
surface to evaporate prior to immersion in the Type II
perfluorocarbon tank. Upon immersion in the tank, Type I
perfluorocarbon within the cavity of the dies boiled and escaped
from the cavity as bubbles. If the die did not have a gross leak,
Type 1 perfluorocarbon will not be present in the cavity and
therefore no bubbles will be observed.

The samples must satisfy both tests for acceptance of
hermeticity. The requirement for the fine leak test is to have He
leak rate less than 5 x 10" atm.cc/s, and the requirement for the
gross leak test is to have no observable bubbles from the sealed
cavity.

B. Results and Discussion

The results in Figure 13 on the hermeticty test show that
samples annealed at 150 and 250 °C are among the lowest in He
leak rate. However, all the samples annealed at 150 °C failed
the bubble test. These contradicting results require careful
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contextual analysis. The samples annealed at 150 °C have the
weakest mechanical strength and as a result the samples failed
to retain the He trapped in the cavity when mass spectrometer
chamber was pumped down before commencing the He leak
test. Hence, very limited amount He was detected during the He
leak test. Consistent with the shear test results, samples
annealed at 250 °C have the best hermetic sealing. The leak rate
is observed to increase as the annealing temperature decreases
as expected. Samples annealed at 300 °C also have higher leak
rate as compared to 250 °C annealed samples possibly due to
the higher amount of oxidation of the Ti layer that compromises
the mechanical strength of the bonded Cu layer.
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Fig. 13. a) Fine leak test results for different post-bonding annealing
temperature and percentage yield (Total of 6 sample per anneal temperature).
b) Image showing both passed and failed bubble test samples with bubble
coming out of failed sample.

VI. CuU-Cu BONDS ELECTRICAL PROPERTY

A. Experimental Procedure

The electrical property of the bonded samples was studied by
forming Daisy chain structures. RIE was performed on two 6”
Si wafers (100) of 675 um thickness to remove 6 pm of Si to
form the Daisy chain structures as shown in Figure 14. After
RIE, 200 nm of SiO, were deposited by TEOS PECVD. Lift-
off process was used to pattern the 10 nm Ti and 100 nm Cu
deposited on the SiO,. After lift-off, the wafers were diced into
top and bottom dies. The dies were activated by Ar/N» plasma
and bonded within 5 min with a pick and place tool with

alignment capability of 5 um in accuracy. A bonding force of
210 N was applied to the sample for 5 min. Dummy samples
with pre-connected Daisy was also fabricated for comparison
with the bonded samples. These pre-connected dummy samples
allowed for isolation of the root-causes (such as poor bonding,
surface oxidation, etc.) that result in higher electrical contact
resistance. The bonded sample, Ar/N; plasma activated dummy
sample and non-activated dummy sample were annealed at 300
°C for 2 h. The annealing temperature of 300 °C was chosen as
it caused the most oxidation in the metal layers as the worst
case. After annealing, the samples were probed to measure the
resistance of the Daisy chain at different interval.

o o [}

& &

Fig. 14. Schematics of overlapping top and bottom Daisy chain design

Finally, temperature cycling test (TCT) ranging from -40 to
125 °C was performed on the samples in atmospheric
environment. The resistances for the bonded sample, activated
dummy sample and the non-activated dummy sample were
measured after 500 and 1,000 cycles of TCT, respectively.

B. Results and Discussion

Figure 15 shows the simplified schematics of the bonded
sample, activated dummy sample and the non-activated dummy
sample, their description and respective electrical test results.
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Before anneal: Fig.16a
(Dummy)

After Anneal: Fig.16a
(Annealed Dummy)}

After Anneal and 500 TCT:
Fig.16b (Dummy)

After Anneal and 1000 TCT:
Fig.16¢ (Dummy)

After Anneal: Fig.16a
(Annealed Activated Dummy)
After Anneal and 500 TCT:
Fig.16b (Activated Dummy)
After Anneal and 1000 TCT:
Fig.16¢ (Activated Dummy)

After Anneal: Fig.16a
(Annealed Bonded Sample)
After Anneal and 500 TCT:
Fig.16b (Bonded Sample)
After Anneal and 1000 TCT:
Fig.16c (Bonded Sample)

by the patterns on
Bonded top die

Fig. 15. Simplified schematics of the bonded sample, activated dummy
sample and the non-activated dummy sample.

Figures 16a, 16b and 16¢ show the Daisy chain resistance of
the samples before TCT, after the 500 cycles TCT and after
1,000 cycles TCT, respectively. Dashed lines were drawn to
represent best fitted linear lines. These show the variation of
resistance at different segments of the Daisy chain. In principle,
the Daisy chain resistance should be linear and intercepts the
origin as every individual chain is designed to be identical. In
Figure 16a, the annealed dummy sample (m) are of higher
resistance compared to the non-annealed dummy sample (4).
This is due to oxidation of the Cu layers during annealing as the
chamber for post bonding annealing contains some amount of
residual O,. On the other hand, the activated and annealed
dummy sample (®) present a lower increase in the resistance.
This suggests that the activation step helps to increase the
oxidation resistance due to the formation of copper nitride as
discussed earlier. However, the bonded sample (A) shows the
highest resistance compared to the other samples. It also shows
deviation from the best fitted line. The higher resistance and
deviation could be due to uneven bonding and misalignment
between the top and bottom dies. Figure 17 shows the forcefully
separated top and bottom dies after the one thousand cycles of
TCT. Misalignment of approximately 32 pm can also be
observed when compared to the design of the Daisy chain
shown in Figure 14. The large misalignment of the dies was
caused by the shifting of the bottom die when external bonding
force is applied.

After 500 cycles of TCT, all samples’ resistance increased as
evidenced from Figure 16b, largely due to oxidation as the TCT
was performed in ambient air. However, both the activated
dummy (e) and bonded (A) samples resistance are much
higher than that of the dummy sample (m). This shows that the
activation step increases the oxidation rate of Cu when the Cu
surface is exposed to atmospheric air at elevated temperature.

The bonded sample has the highest resistance and deviation
from the best fitted line. In Figure 16c¢, after 1,000 cycles of
TCT, further increase in resistance is clearly observed. The
activated dummy sample (®) resistance was the highest with
non-linear characteristic. Unlike the activated dummy samples
(®), the bonded sample (A) Cu surface was exposed only
through small gaps between the top and bottom dies and the
bonded area was not exposed. This reduces the oxidation rate
as the air could not flow between the dies freely. However, the
activated sample (o) was exposed completely during
experiment, hence there was higher oxidation rate across the
Daisy chains. Non-activated dummy samples (m) have the
lowest resistance and least deviation from the best fitted line.
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o | After the TCT, the bottom die of the bonded sample and the
non-activated dummy were further examined to understand the
200 — microstructure of the bonded layer by means of transmission
- electron microscopy and energy-dispersive X-ray spectroscopy
0 (TEM/EDX) line scan. Figure 18 and figure 19 show the
TEM/EDX line scan of non-activated dummy and bonded
0 50 150 200 sample bottom die at the metal layers, respectively. The line
Number of contacts scan in Figure 18 shows that the bonded sample have lower

C) Annealed Samples After 1000 Cycles thlgkness of Cu layer as C(.)mp'ared to the line scan in Figure 19.
3500 This shows that the oxidation rate of Cu is higher after
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Fig. 16. Daisy chain resistance a) before TCT, b) after 500 cycles and c) after
1000 cycles.
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Fig. 18. TEM/EDX linescan of non-activated dummy sample at its metal

layers after 1000 cycle TCT.
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Fig. 19. TEM/EDX linescan of bonded sample bottom die at its metal layer
after 1000 cycle TCT.

Noticeable decrease in Cu

Fig. 20. TEM of bonded sample bottom die at its metal layers

It can also be observed that the TCT did not weaken the

bonded sample as no bonding interface failure was observed
when the sample was sheared and separated. In Figure 17 where
the bonded sample was separated, the breakage of Si was
observed. As the Daisy chain patterns were RIE etched into Si
patterns, those patterns broke when the sample was forcefully
separated. There was also delamination of Cu to Ti or Ti to Si
interface observable on the separated dies. This was similar to
the failure interface observed in the shear test samples for
samples annealed at 300 °C discussed earlier. The breaking of
the Si patterns also shows that the Cu-Cu bond remains
sufficiently strong after the TCT to withstand the shear force.

VII. CONCLUSION

In this work, a method was developed to bond Cu to Cu in
ambient environment using Ar/N, plasma for surface cleaning
and surface modification. Wafer level bonding with this method
is also possible, however, die level bonding was demonstrated
in this study to facilitate the characterization of the mechanical,
hermeticity and electrical properties. Effects of post-bonding
annealing temperature on shear strength and hermeticity were
investigated. From the shear strength test and hermeticity test,
samples annealed at 250 °C had the highest average shear
strength and lowest average leak rate. The shear strength and
leak rate obtained at 250 °C suggest that Cu-Cu direct bonding
with Ar/N, plasma activation is a viable bonding technology for
3D packaging enabling greater number of components at a
smaller foot print with shorter global interconnects that results
in lower power consumption. However, the Daisy chain
resistances of the TCT activated samples show that the
activated Cu has higher oxidation rate as compared to non-
activated Cu in ambient air. Passivation layers should be
deposited to prevent exposure of Cu to the atmosphere as a
mitigation. Cu-Cu bond does not fail during the TCT
demonstrating that the Cu-Cu direct bonding with Ar/N» plasma
surface activation method is able to provide mechanically
reliable bond.

This method provides the following advantages.

1. Allows shorter bonding time as compared to
thermocompression bonding and the ability to batch
anneal. Actual bonding time is only 5 min while
allowing multiple bonded samples to be annealed in
batch at once in the annealing chamber since no
force is required during the post-bonding annealing.
This reduces time and energy to heat up each sample
at a time in the case of thermocompression bonding.

2. Since the movement of Cu grain boundary from
diffusion will increase the bonding strength, it is
theoretically possible to anneal at a lower
temperature for a longer time to achieve the bonding
strength of a high temperature anneal. Low
temperature post bonding anneal with longer
duration will be investigated in future.

3. Cu-Cubonds formed in wafer bonded sample do not
have voids after 1000 TCT unlike SAC Cu pillar
technology. Cu-Cu bonding allows smaller pitch
size for interconnects compared to Cu pillar
technology as the bonding occurs at solid phase.
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4. This method also uses existing semiconductor [18] Y. Tao and A. P. Malshe, “Theoretical Investigation on Hermeticity
P . . Testing of MEMS Packages Based on MIL-STD-883E,” Microelectron
fabrication equipment and requires only dry Reliab, 45(3-4), p. 559-566 (2003),
processes. [19] MIL-STD-883E, Method 1014.9, Test Method Standard: Micro-circuits,
(1995).
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