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a b s t r a c t

In 3D IC integration, a critical demand of interfacial joints in high-end devices is ultra-fine

pitch, below 2 mm. The pitch cannot be fabricated by using solder joints because of its low

melting point. Microelectronic industry prefers a solid state process, but the processing

temperature cannot be too high, preferable near 250 �C. Thus, Cu-to-Cu direct bonding has

attracted much attention. We have bonded the highly (111)-oriented Cu microbumps to

highly (111)-oriented Cu films as well as to randomly-oriented Cu films for comparison, at

temperatures from 200 to 350 �C. We examined the microstructures of bonded interfaces

and conducted shear tests to evaluate the mechanical strength of the Cu joints. The

bonded interfaces for the (111) Cu microbumps to (111) Cu films had fewer voids than those

bonded to randomly oriented Cu films. In addition, the bonding strength of the latter is

much less than the former. We propose that the fast surface diffusivity on the (111) sur-

faces play a critical role on surface creep, which increases the bonding strength of the Cu

joint. A surface creep model and its creep rate are presented, and a comparison to the

experimental data has been made; the agreement is reasonable.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

While Pb-free solder microbumps have been widely used in

electronic packaging technology, it pitch is limited to about
. Chen).

by Elsevier B.V. This is
).
20 mm. This is because solder joint formation is based on

solideliquid interdiffusion reaction (SLID). Inmolten state, the

neighboring microbumps may touch each other if the pitch is

small during thermal compression bonding or reflow. Thus,

microelectronic packaging industry prefers an all solid state
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joint in processing so that the pitch can go down to 2 mm for

high-end electronic devices [1e11]. The most promising

replacement seems to be Cu-to-Cu direct bonding using (111)

oriented nanotwinned Cu (nt-Cu) [12e18]. Also, nt-Cu has

excellent electrical, thermal, and mechanical properties. In

addition, it has excellent reliability performance due to its

high toughness strength and ductile mechanical properties

[19e25]. Recently, there have been many studies on Cu-to-Cu

direct bonding, focusing on the wafer-to-wafer bonding

technique under isothermal and vacuum conditions [26e35].

They reported the methodologies for how to achieve void-less

bonding condition and demonstrated the low contact resis-

tance value via the loop testing. However, much less effort is

being devoted to the correlation between fast diffusion char-

acter on {111} planes and the bonded interfacemicrostructure.

In this study, Cu-to-Cu direct bonding experiments were

performed in N2 purging atmosphere, with different temper-

ature gradients between the top and bottom dies. The test

sample consists of a pair of top and bottom dies, and it is

designed to be amenable to the chip-to-chip or chip-to-wafer

bonding. We prepared two types of Cu structures on the test

dies. On the top die, it has an array of Cu pillar bumps, and on

the bottom die, it has Cu thin film. By this design, direct

bonding can be carried out without chip alignment process. A

simple bonding tool can be used.

Our goal is to understand the correlation between fast

diffusion character on {111} planes and bonded interface

morphologies at varying temperature gradients. It also helps

us to better determine a robust Cu-to-Cu bonded joint at N2

atmosphere without vacuum. A surface creep model is pre-

sented and the creep rate is compared to the experimental

data, and the agreement is reasonable.
Fig. 1 e The illustration of the Cu-to-Cu direct bonding

study in N2 atmosphere. (a) Bonding of arrays of bump

pillars to a Cu film. (b) Bonding setup. The top die was

maintained at 100 �C. (c), (d) and (e) Top die removal for

subsequent microstructure observation and shear tests.
2. Experimental

Fig. 1 illustrates the processing steps of Cu-to-Cu direct

bonding in N2 atmosphere. We prepared two types of Cu

structures on the test dies. The first is Cu pillar bump array on

the top die, and the second is Cu thin film on the bottom die.

To fabricate the (111)-oriented nt-Cu as the pillar bump and

thin film, 100 nm thick Ti barrier layer and 200 nm thick Cu

seed layer were pre-applied on the thermal oxidizedwafers by

physical vapor deposition (PVD) process. Then, for the top die

wafer, photolithography and electroplating were applied to

form the nt-Cu pillar bump array. For the bottom die wafer,

only electroplating process was performed to form the nt-Cu

thin film. For comparison between different bonding sur-

faces, with andwithout nt-Cu, polycrystalline Cu thin films on

the bottomdieswere prepared too. Owing to the rough surface

condition of Cu, chemical-mechanical-polishing (CMP) pro-

cess was conducted to minimize the surface roughness. The

root mean square surface roughness (Rq) of polished Cu sur-

face was measured using atomic force microscope (AFM,

Veeco Dimension 3100). The roughness of the Cu surfaces was

measured in an area of 3 � 3 mm. Subsequently, we diced the

top and bottom die wafers into single dies. The size of the top

die is 5 � 5 mm and the bottom die is 20 � 20 mm. The pillar

bump array on the top die is 30 mm in diameter and 17 mm in

height. The thickness of the thin film in the bottom die ranges
from 4 to 5 mm. Chemical etching process was performed to

remove the organic contaminants and the oxide layer before

bonding. The test dies were rinsed with deionized water, and

followed by a short immersion in a mixed solution of citric

https://doi.org/10.1016/j.jmrt.2021.06.099
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Fig. 2 e Cross-sectional FIB images showing the microstructure of (a) A (111)-oriented nt-Cu pillar bump, (b) A (111)-oriented

nt-Cu film and, (c) A randomly-oriented polycrystalline-Cu film.
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acid and deionizedwater (in the ratio: 133 g/100ml) at 60 �C for

about 30 s. Then, they were rinsed again with deionized water

and dried by N2 purging before bonding.

To examine the effect of surface orientation on the shear

strength of Cu-to-Cu direct bonding we investigated the

bonded Cu-to-Cu joints for varying bonding temperature

conditions in the two different bonding structures. Before

that, we have to perform a computer simulation to estimate

the interfacial temperature under a temperature gradient.

Because, it is essential to understand the relations between

interfacial temperature and the Cu-to-Cu joining evolution

during the direct bonding process. Cu-to-Cu direct bonding

with temperature gradients between the top and bottom dies,

is shown in Fig. 1(b). The schematic drawing depicts that the

high temperature side is at the bottom die and the low tem-

perature side is at the top die, which is kept at 100 �C. The
bonding conditions are 40.6 MPa for 20 min. To verify the

contribution of fast diffusion of {111} planes on the Cu-to-Cu

bonding, we fabricated two sets of specimens: (i) nt-Cu pillar

bump bonded to nt-Cu thin films; and (ii) nt-Cu pillar bumps

bonded to polycrystalline Cu thin films. The latter was con-

ducted as the control group.

After accomplishing the bonding experiments, the top sil-

icon dies of boned test samples were mechanically removed

for the subsequent microstructure analysis and shear testing.

Focused ion beam (FIB) was employed to observe the Cu-to-Cu

bonding interface and grain growth in the bonded joints.

Electron backscattered diffraction (EBSD) was performed to

acquire the data of structure, crystal orientation, and phase of

materials based on the Kikuchi patterns (JSM-7800F scanning
Fig. 3 e Plan-view EBSD orientation image maps showing the p

93.7% of surface area occupied by (111) oriented grains, (b) For n

oriented grain, and (c) For randomly-oriented Cu film, less than
electron microscopy (SEM) with Nordlys Max3 EBSD detector).

Aztec EBSD post-processing software was employed to pro-

vide statistical orientation maps and crystallographic tex-

tures. To quantify the strength of the bonded Cu joints under

varying temperature gradients, shear test was conducted. The

bonded joints were shear tested in a Nordson Dage-4000 shear

tester with BS250 testing module. A test height of 5 mm above

the Cu thin film surface and a test speed of 100 mm/s were

applied. For each condition, the bonding strength was ob-

tained by measuring average strength for twelve bumps.

Fracture modes of the shear tested joints were observed and

analyzed.
3. Results

3.1. Characterization of Cu surfaces before bonding

Fig. 2 shows the cross-sectional FIB images for the three

different Cu structures. They are nt-Cu pillar bumps (Fig. 2a),

nt-Cu thin films (Fig. 2b), and polycrystalline Cu thin films

(Fig. 2c). In nt-Cu (Fig. 2a and b), there are columnar grains

with densely-packed nanotwins perpendicular to the surface

of the Si substrate. In addition, their grain boundaries are tilt-

type. Besides, polycrystalline Cu films have randomly

distributed grain sizes and without densely-packed twins, as

shown in Fig. 2c.

EBSD results indicate that the nt-Cu bumps and films

possess very high ratio of (111) surface grains. Fig. 3 show the

orientation image map (OIM) for the surfaces of the three
ercentage of (111) surface grains. (a) For nt-Cu pillar bump,

t-Cu thin film, 99.9% of surface area occupied by (111)

20% of the surface area is (111)-oriented.

https://doi.org/10.1016/j.jmrt.2021.06.099
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Fig. 4 e AFM images showing the surface roughness in 3£ 3 mm. (a) nt-Cu pillar bumpwith Rq of 5.12 nm, (b) nt-Cu thin film

Rq of 1.34 nm, and (c) randomly-oriented Cu film with Rq of 0.69 nm.
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samples. The inverse pole figure (IPFs) is shown in the lower

right corner. For both nt-Cu pillar bumps and nt-Cu thin films,

more than 94% of the surface area are occupied by (111) ori-

ented grains, as illustrated in Fig. 3a and b. The highly (111)-

oriented Cu surface possesses the highest surface diffusivity

than randomly oriented Cu surface. It is due to that the sur-

face diffusivity of {111} planes of Cu, which is 3e4 orders of

magnitude faster than those on other planes [34]. The mech-

anism of diffusion is based on random walk. The Cu crystal

structure is face-centered cubic (FCC). On (111) surface of FCC

metals, the atomic packing is the most dense [36], so the

partial Burger's vector is the shortest, in turn the activation

energy of atomic jump in random walk is the lowest and the

diffusivity is the fastest. Hence, the fast surface diffusionmay

provide opportunity for atoms moving along the bonding in-

terfaces to fill the voids. Therefore, the Cu-to-Cu direct

bonding can be achieved at low temperatures. In Fig. 3c, the

grains of polycrystalline Cu films appear to be randomly ori-

ented. The percentage of (111)-oriented grains is only 18%.

Fig. 4 shows the AFM images for the surface roughness of the

three kinds of Cu films. The measured roughness (Rq) is 5.12,

1.34, and 0.69 nm for the nt-Cu pillar bump, nt-Cu thin film,

and polycrystalline Cu film, respectively.

3.2. Interfacial temperatures under various bonding
conditions

The interfacial temperature during the bonding is quite diffi-

cult to measure due to the micro-scale gap between the top

and bottom dies. Therefore, three-dimensional finite element
Fig. 5 e SEM images showing the bonded Cu joints after the rem

Cu film; and (b) Enlarged SEM image for a single Cu joint.
simulation was carried out to estimate the interfacial tem-

perature in the Cu joints under the bonding conditions. Four

different bonding conditions, i.e., 200/100; 250/100; 300/100;

and 350 �C/100 �C, were employed in the modeling. The

simulated interfacial temperatures are 149 ± 2; 167± 3; 200± 5;

and 224 ± 6 for the 200/100; 250/100; 300/100; and 350 �C/100 �C
conditions, respectively. In the following section, we will refer

the bonding temperature as the interfacial temperature.

3.3. Microstructure analysis at the bonding interface

Interfacial voids play crucial role on the bonding strength, and

thus they are examined in all the specimens in this study. Cu-

to-Cu direct bonding were performed in N2 purging atmo-

sphere, with different temperature gradients. Fig. 5a shows

the nt-Cu pillar arrays bonded on the nt-Cu film after the

removal of the top Si substrate, and Fig. 5b depicts an enlarged

image for a Cu pillar bump. The bonding strength of the

CueCu interface is stronger than that of the Cu/top Si inter-

face. So the top Si die can be mechanically removed without

deforming the Cu bumps.

Fig. 6 presents the microstructures of the bonded in-

terfaces for the two sets of the Cu joints fabricated at different

bonding temperatures. In the case of nt-Cu pillar bumps

bonded to randomly-oriented Cu films, good bonding can be

achieved when the interfacial temperature exceeds 200 �C.
When the samples were bonded at 149 �C for 20 min, a

continuous gap was observed between the nt-Cu bump on the

top and the randomly-oriented Cu film on the bottom, as

shown in Fig. 6a. Therefore, it is speculated that most of the
oval of top silicon die. (a) The Cu bump arrays bonded to a

https://doi.org/10.1016/j.jmrt.2021.06.099
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Fig. 6 e Effect of surface orientation on the microstructure of bonding interfaces. Secondary electron SEM images showing

the interface of (111) nt-Cu bumps bonded to randomly-oriented nt-Cu films at (a) 149; (b) 167; (c) 200; and (d) 224 �C. SEM
images for the interface of (111) nt-Cu bumps bonded to (111)-oriented nt-Cu films at (e) 149; (f) 167; (g) 200; and (h) 224 �C.
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contact area did not have good bonding. At the temperature of

167 �C, more of the contact area was bonded, as shown in

Fig. 6b. Some pancake voids were observed, as indicated by

the arrow in the figure. In addition, many tiny scattered voids

existed in the interface, revealing a poor bonding interface. As

the temperature increased to 200 �C, bonding was achieved

with discrete voids at the original interface, as illustrated in

Fig. 6c. The average size of the voids in this condition is

measured to be 115 ± 74 nm. As the temperature was

increased to 224 �C, similar results can be observed along the

bonded interface, as shown in Fig. 6d. The average size of the

voids is 110 ± 58 nm. However, no grain growth occurred

across the bonding interface in this set of specimens. Analysis

of grain orientation by EBSD will be shown later to elaborate

this point.

In the case of the nt-Cu pillar bumps bonded to the nt-Cu

thin film, satisfactory bonding can be achieved at a lower

temperature. Fig. 6e presents the magnified secondary SEM

image on microstructure of the interface bonded at 149 �C. A
partially bonded interface was observed, which is better than

the interface with a continuous gap in Fig. 6a. Yet, it seems

that most of the interface were not bonded well. At the tem-

perature of 167 �C, the bonded interface was improved
significantly. More contacting areas were successfully bonded

without the continuous gap. There were some scattered

nanoscale voids along the bonding interface, as presented in

Fig. 6f. The average void size is 77 ± 47 nm, which is smaller

than that in Fig. 6d. As the temperature was increased to

200 �C, the bonded interface exhibited less voids as depicted in

Fig. 6g. Most of the interface had bonding with few discrete

nanoscale voids. Bedsides, on-set of grain growth across the

bonding interface was observed, as indicated by the arrow in

the figure. It was identified that grain boundaries movement

initiated from the triple junctions (TJs) of columnar grain

boundaries. An analysis to explain this particular boundary

movement at the bonding interface has been addressed in the

previous study [37]. As interfacial temperature was continu-

ally increased to 224 �C, the bonded interface with less and

small voids was observed in Fig. 6h. The average void size

reduced to 55 ± 21 nm. The nt-Cu columnar grains in the pillar

bump and in the nt-Cu film have been merged into large

grains. Thus, no obvious boundaries remained at the bonding

interface.

Table 1 summarizes the average void size for the eight

bonding conditions in Fig. 6. For nt-Cu pillar bumps bonded to

the nt-Cu film, the measured void size is 99 ± 81; 77 ± 47;

https://doi.org/10.1016/j.jmrt.2021.06.099
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Table 1 e Measured void size for all the eight bonding conditions in this study.

Interfacial temp. 149 �C 167 �C 200 �C 224 �C

nt-Cu pillar bump to nt-Cu film 99 ± 81 nm 77 ± 47 nm 57 ± 27 nm 55 ± 21 nm

nt-Cu pillar bump to

polycrystalline Cu film

386 ±
747 nm

120 ± 134 nm 115 ± 74 nm 110 ± 58 nm

*Void size (Feret Diameter) ¼ mean ± Stdev.
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57 ± 27; and 55 ± 21 nm for the specimens bonded at 149; 167;

200; and 224 �C. respectively. In the case of nt-Cu pillar bumps

bonded to the randomly-oriented Cu film, the average void

size is 386 ± 747; 120 ± 134; 115± 74; and 110± 58 nm. The large

deviation in the average void size for the joint bonded at 149 �C
is attributed to incomplete bonding interfaces. Because the

bonding condition at 149 �C for 20 min was not enough to

achieve good bonding. As shown in Fig. 6a, some of the

interface remained unbonded and had very large voids or gap,

whereas some regions had small voids. The void size at the

interface decreased as the bonding temperature increased. It

also revealed that a good bonding interface can be achieved at

a lower bonding temperature using both highly (111)-oriented

nt-Cu surfaces. A surface creep model will be established in

the later section to correlate between voids size and surface

diffusivity of Cu.

3.4. Grain growth across the bonding interface in the Cu
joints

Grain growth in the bonding interface plays a crucial role on

the mechanical and electric properties of the Cu joints. Fig. 7a

through 6 h present the cross-sectional FIB and EBSD images

for (111) nt-Cu pillar bumps bonded to randomly-oriented Cu

films at the four bonding temperatures. The inverse pole

figure of EBSD is shown in the lower right corner. The orien-

tation is along the direction vertical to the bonding interface,

i.e., the surface orientations of the nt-Cu bumps and the Cu

films. For the Cu joints fabricated at 149 �C for 20 min, there
Fig. 7 e Grain growth behavior for varying bonding temperature

show nt-Cu bump is bonded to polycrystalline Cu thin film, und

224 �C. The cross-sectional EBSD orientation maps show nt-Cu

interfacial temperature of (e) 149; (f) 167; (g) 200; and (h) 224 �C.
was grain growth in the randomly-oriented Cu film, but the

(111) columnar grains in the nt-Cu bump remained after the

bonding process, as shown in Fig. 7a and e. This is because the

columnar grains are stable up to 250 �C [38]. As the bonding

temperature rose, recrystallization occurred in the nt-Cu

bumps, and the columnar grains were gradually consumed

from the top of the bump to the interface, as illustrated in the

figures. However, there is a clear interface at the original

contact area, which is harmful to the mechanical and electric

properties of the joints.

With the (111) nt-Cu films, the original bonding interface

can be eliminated at 224 �C. Fig. 8aeh present the cross-

sectional FIB and EBSD images for the nt-Cu pillar bumps

bonded to the nt-Cu films at the four bonding conditions. At

the temperature of 149 �C, most of the (111)-oriented

columnar grains remained in the pillar bumps and in the nt-

Cu film after the bonding, as shown in Fig. 8a and e. The

contacting surfaces were still {111} planes. Recrystallization

was initiated from the top side of the pillar bumps. Several

grown grainswithout nanotwinswere found at the upper area

of the nt-Cu pillar bump. They were [100]-oriented and [221]-

oriented. Besides, no recrystallization was found in the nt-

Cu film. When the bonding temperature increased to 167 �C,
recrystallization and grain growth happened in the bump and

the film to consume the columnar grains. Yet, the interfacial

grains remained (111)-oriented, as illustrated in Fig. 8f. As the

temperature increased to 200 �C, more columnar grains in the

pillar bump were all consumed by some large grains without

nanotwins. The large grains were [100]-, [211]-, and [221]-
gradients. The cross-sectional secondary electron images

er a interfacial temperature of (a) 149; (b) 167; (c) 200; and (d)

bump is bonded to polycrystalline Cu thin film, under a

https://doi.org/10.1016/j.jmrt.2021.06.099
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Fig. 8 e Grain growth behavior for varying bonding temperature gradients. The cross-sectional secondary electron images

show nt-Cu bump is bonded to nt-Cu thin film, under a interfacial temperature of (a) 149; (b) 167; (c) 200; and (d) 224 �C. The
cross-sectional EBSD orientation maps show nt-Cu bump is bonded to nt-Cu thin film, a interfacial temperature of (e) 149; (f)

167; (g) 200; and (h) 224 �C.
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oriented, as presented in Fig. 8g. At 224 �C, grain growth

occurred extensively across the original contact area to

eliminate the bonding interface, as shown in Fig. 8d and h. The

original (111) nt-Cu columnar grains were annihilated and

large grains grew after the bonding process. The orientations

of these large grains are [100]- and [211]-oriented. Therefore,

the recrystallization and grain growth can be triggered in the

bump and proceeded into the Cu film to eliminate the bonding

interface at 224 �C, which will strengthen the mechanical

properties of the joint.

3.5. Shear strength and fractured manners of the Cu
joints

To quantify the bonding strength of the Cu joints, shear tests

were conducted and the results were shown in Fig. 9. For both

sets of specimens, the shear strength increasedwith the rising

of the bonding temperature. The results indicates that the

shear strength of the nt-Cu bump bonded to the nt-Cu film is

higher than that of the nt-Cu bump joined to the randomly-

oriented film at the same bonding condition. For benchmark,
Fig. 9 e The measured shear strength at different bonding

temperatures for the two sets of Cu joints.
the yield strength of bulk Cu, 117 MPa, was labeled in dashed

line in the figure.

For the joints fabricated by the nt-Cu pillar bonded to the

randomly-oriented Cu film, the shear strength is higher than

117MPawhen the bonding temperature exceeds 200 �C, which

is consistent with the interfacial microstructures shown in

Fig. 6aed. The Cu joints prepared above this temperature have

good bonding with discrete small voids However, the Cu joints

with the nt-Cu bump bonded to the nt-Cu film possess high

strength of 113 MPa at 167 �C. As shown in Fig. 6f, the bonding

interface also had few scattered nanoscale voids. After the

eliminating the original interface by grain growth at 224 �C, as
shown in Fig. 8d and h, the shear strength can be as high as

158 MPa for the Cu joints.

Two fracture modes, brittle and ductile, were observed in

the Cu joints bonded at different temperatures. Fig. 10 shows

the SEM images for the fracture sites after the shear tests for

the Cu joints by joining the nt-Cu bump to the randomly-

oriented Cu film. The shear directions were indicated by the

white arrows in the figures. For the Cu jointed fabricated at 149

and 167 �C, brittle fractures occurred at the bonding interface,

as shown in Fig. 10a and b. The results revealed the partial

bonding in these two joints. The fracture mode changed to

mixtures of brittle and ductile failures for the joints fabricated

at 200 �C. There was brittle fracture at the bonding interface

and plastic deformation at the Cu bump, as shown in Fig. 10c.

The fracture becomes ductile for the Cu joints prepared at

224 �C. Fig. 10d presents the fracture took place in the Cu

bump with plastic deformation. These shear results consist

with the interfacial microstructures in Fig. 6aed.

The Cu joints prepared by both (111) surfaces above 200 �C
have ductile fracture. Fig. 11 presents the fracture morphol-

ogies for the joints fabricated at the four temperatures. Similar

to results in Fig. 10, the Cu joints bonded at 149 and 167 �C had

brittle failure modes. However, the fracture for the Cu joints

bonded at 200 and 224 �C had extensive plastic deformation

and they belong to the ductile fracture, as illustrated in Fig. 11c

and d. In particular, for the joints fabricated at 224 �C, Fig. 11d
shows that bonding interface was robust and the fracture
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Fig. 10 e SEM images showing the fracture morphologies for the joints with the nt-Cu bump bonded to the randomly-

oriented Cu film under a interfacial temperature of (a) 149; (b) 167; (c) 200; and (d) 224 �C.

Fig. 11 e SEM images presenting the morphologies after the shear fractures for the Cu joints using the nt-Cu bump bonded

to the nt-Cu film at an interfacial temperature of (a) 149; (b) 167; (c) 200; and (d) 224 �C.
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Fig. 12 e (a) Schematic diagram of the cross-section of part

of the bonding interface. Under compression, the stress

potential gradient exists between the contacted regions

and the non-contacted regions along the interface. Surface

creep occurs by surface diffusion of atoms which migrate

from the strained region to the unstrained (or void) region.

(b) Top view of part of the bonding interface showing that

the void has a radius of l/2.
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occurred only in the Cu bump, which agrees with the very few

nanoscale voids in the bonding interface in Fig. 6h. Therefore,

the surface orientation and diffusivity play critical role on the

interfacial microstructures, and in term affect the mechanical

properties of the Cu joints. In the next section, wewill develop

amodel using surface creep to explain the above experimental

results.
4. Discussions

4.1. Mechanism of surface creep at the bonding interface

During thermal compression, stress-induced surface diffusion

(creep) occurs at the bonding interface. Typically, creep is

driven by elastic stress gradient as defined in the Nabarro-

Herring creep model. In thermal compression, whether plas-

tic deformation occurs or not due to stress concentration at

those contact areas on the interface is of concern. However, it

is known that nanotwinned Cu has about seven times higher

yield stress, about 800 MPa, than the ordinary Cu [39]. We

believe that under a low thermal compression stress, about

40 MPa, there will be no plastic deformation at the bonding

interface. Only under very high thermal compression stress,

plastic deformation may occur in nt-Cu bonded to nt-Cu. On
the other hand, plastic deformation can occur easily in the

ordinary Cu, which can be verified by a direct observation of

change of dislocation density. As mentioned, another advan-

tage of using the (111) oriented nt-Cu is the fast surface

diffusivity on the {111} planes. Below we shall present a sur-

face creep model and discuss the surface creep rate vs. the

bulk creep rate.

The surface diffusion induced creep is similar to the

models of Nabarro-Herring creep by lattice diffusion and

Coble creep by grain boundary diffusion [40,41]. In these creep

models, atoms or vacancies can migrate either within the

grains or along the grain boundaries to relieve the strain. In

the present case of surface creep, atomic diffusion occurs

along the bonding interface. Under compression, the stress

potential gradient exists between the contacted regions and

the non-contacted regions along the interface, as depicted by

the schematic diagrams in Fig. 12a. Surface creep occurs by

surface diffusion of atoms which migrate from the strained

region to the unstrained (or void) region, as shown in Fig. 12b.

This creep enables the formation of new atomic bonds of Cu-

to-Cu across the interfaces.

To analyze the surface creep rate, we take the driving force

to be [42],

F¼ � Dm

Dx
¼ sU

l
(1)

where m ¼ sU is stress potential, where s is the compressive

stress in the contacted area, U is atomic volume of Cu, and l is

the average distance between the center of a contacted region

and an un-contacted region, as shown in Fig. 12a. The atomic

flux going from the contacted region (under compression) to

the un-contacted region (no compression) is given by [43],

J¼C
DS

kT
F ¼ C

DS

kT
sU

l
¼ DSs

kTl
(2)

where C is concentration of Cu in the interface and DS is sur-

face diffusivity of Cu on the (111) surface. We recall that in a

pure metal, CU ¼ 1.

The goal of the surface creep is to remove all the atoms in

the strained volume V ¼ Dh A under the contacted region to

the uncontacted region, where Dh/h ¼ e ¼ s/Y is the elastic

strain, and h is taken to be the thickness of the thin film on the

lower die, and Dh is the change of thin film thickness under

compression, and Y is Young's modulus of Cu. The contact

area, A, which is equal to pl2 e p(l/2)2 ¼ ¾ pl2. We note that for

convenience or for reduction of variables, we take the radius

of the void to be one half of the radius of the contact area. We

note that this assumption can be relaxed very easily. There-

fore, V ¼ ¾ pl2Dh. It is worthmentioning that the elastic strain

is uniform in the entire thin film underneath the microbump;

the physical meaning of the strained volume means that if

surface diffusion can remove all the atoms in this volume,

then the compressive strain is relieved.

To evaluate the strained volume (the shaded area in

Fig. 12b) in the contacted region to be removed by surface

creep, we take V¼ UJA't, where the area A0 is the cross-section

of surface diffusion flux and A0 ¼ 2p(l/2)d, where l/2 is the

radius of the void, 2p(l/2) is the circumference of the void, and

d is the atomic diameter of Cu. When we equate the two ex-

pressions of V, we obtain
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3
4
pl2Dh¼UJA0t¼U

�
DSs

kTl

��
2p

l
2
d

�
t (3)

Dh¼4
3
DSsUd
kTl2

t (4)

Thus the strain rate or creep rate is given as below [44,45],

dε
dt

¼ d
dt

�
Dh
h

�
¼ 4

3
DSsU

kTl2
d
h

(5)

In comparison, the bulk creep rate in NabarroeHerring

model is given as

dε
dt

¼2DsU
kTl2

(6)

where D is lattice diffusivity of self-diffusion, and l is average

grain size.

Themajor difference between the bulk diffusion creep rate

and surface diffusion creep rate is due to diffusivity, as shown

by Eqs. (5) and (6) At 250 �C, the lattice diffusivity of Cu,

D z 10�20 cm2/s, and the surface diffusivity on (111) Cu sur-

face is about, DS z 10�5 cm2/s [46,47]. This difference is huge.

Thus, rate of surface diffusion creep is much faster than that

of lattice diffusion creep.

In the above model, we consider the strain in the thin film

alone, which is to highlight the interface of bonding, as shown

in Fig. 12a. On the other hand, we can also consider the entire

joint, which includes both the thin film and the bump, so “h”

will be the total thickness of the joint and “Dh” will be total

compressive strain. Conceptually, the surface creep behavior

remains the same.
Fig. 13 e Comparison of experimental and model data of surface

Dh ¼ 2; (b) Dh ¼ 4; (c) Dh ¼ 6; and (d) Dh ¼ 8 nm.
Clearly, the radius of void will decrease with time and

change from l/2 to l/3 to l/4, etc, and at the same time the area

of A’ or the surface creep rate will decrease too. Thus, wemay

take the creep rate given in Eq. (5) to be that in the early stage

of creep. Yet the parameters in the later surface creep rate

remain the same.

4.2. Comparison between experimental and modeling
data of surface creep rate ratio

Experimentally, it is difficult to measure the surface creep

rate, de/dt, otherwise we can use Eq. (5) to check it. Instead, we

attempt here to use the ratio of creep rate to do so, becausewe

have measured the direct bonding at four different interfacial

temperatures of 224; 200; 167; and 149 �C. We have three ra-

tios, for example, of 200/224; 169/224; and 149/224 �C. Ac-

cording to Eq. (5), when we take a ratio between two creep

rates as shown below, we have

dε1=dt
dε2=dt

¼D1
S

�
T1

D2
S

�
T2

z
D1

S

D2
S

(7)

In the ratio of Ds/T, we can drop “T” because the difference

between T1 and T2 is small, so we have only the ratio of Ds.

Taking the pre-exponential factor of 0.00014 and activation

energy of 0.11 eV [46], the surface diffusivity on Cu (111) sur-

faces can be expressed as,

Dð111Þ
S ¼0:00014 exp

�
�1600 J=mol

RT

�
cm2

�
sec (8)

We obtain the creep ratio on the basis of Cu (111) surface

diffusivity as shown in the solid curve in Fig. 13. In Table 2, we
creep rate ratio at different strained thin film thickness. (a)
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Table 2 e Calculated Cu surface diffusivities on {111} planes, residual void volume and creep rate at various interfacial
temperatures, ranging from 149 to 224 �C [46].

Interfacial
temperature

Dð111Þ
surf : (cm2/sec) Residual void

volume (nm3)
Creep rate

Dh ¼ 2 nm Dh ¼ 4 nm Dh ¼ 6 nm Dh ¼ 8 nm

149 �C 6.799 � 10�6 508,047 0.407 0.638 0.741 0.799

167 �C 7.695 � 10�6 239,040 0.655 0.809 0.869 0.900

200 �C 9.421 � 10�6 96,967 0.842 0.918 0.944 0.958

224 �C 1.073 � 10�5 87,114 0.857 0.926 0.950 0.962
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listed the surface diffusivities at the four temperatures as well

as the three ratios. Fig. 13 shows a comparison of experi-

mental and model data of surface creep rate ratio at different

strained thin film thickness, which has been shown in Fig. 12.

The comparison shows that the creep rate ratios are in good

agreement to the ratios of surface diffusivity, with respect to

the different strained thin film thickness. Thus, the basic

surface creep model as shown in Fig. 12 is justified.

Experimentally, what we have measured after direct

bonding is the residue void volume, Vvoid. It means that if we

assume the initially un-bonded interfacial volume to be V0,

the creep has removed the volume of (V0 e Vvoid). We need to

assume a value for V0 in order to calculate the creep rate ratio.

We recall that a tapered view of the distribution of residue

voids in a bonding interface has been published, which

showed that in an interfacial length of 30 mm, there were

about 50 residue voids. Thus the spacing between neighboring

voids is l¼ 0.6 mm, sowe takeV0¼ p(l/2)2Dh. At a fixed bonding

time, we take the ratio below,whereV1 andV2 are residue void

volume at interfacial temperature of T1 and T2, respectively.

For simplicity, we take e�x ¼ 1� x, when x is small, and

dε1=dt
dε2=dt

¼V0 � V1

V0 � V2
¼1� ðV1=V0Þ
1� ðV2=V0Þz exp� ðV1 �V2Þ =V0 (9)

The calculated creep ratios are shown by the broken curves

in Fig. 12. In Table 2, we have also listed the residue volumes

and their ratios. Creep rate ratio is calculated by using Eq. (9),

or more directly based on measuring the residue void volume

change in the bonding interface. The agreement between

these two sets of data seems reasonable. No doubt the volume

of V0 seems arbitrary, yet we can choose other values, as

indicated by the error bars of the data of the broken curve.

Conceptually, because diffusion data obeys Gaussian's distri-

butionwith a long tail of uncertainty, especially the diffusivity

at low temperatures, so the agreement is reasonable.

4.3. Microstructure change in the bonding interface

When bonding occurs, it forms a twist-type grain boundary

between two (111) planes across the interface. This is because a

twist-type grain boundary is a lowenergy state.Most likely, the

two (111) planes may not be exactly parallel, so besides the

twist-typedislocationnetwork, therewill be somecomponents

of tilt-type dislocations, which can enhance interfacial diffu-

sion. We recall that the twist-type interfacial grain boundary

having some components of tilt-type dislocations was

observed in the bonding between two (100) oriented Si wafers.
However, the twist-type grain boundary will disappear

upon high temperature bonding due to grain growthwhen the

nt-Cu transforms to polycrystalline Cu. The nucleation of the

polycrystalline Cu does not occur from the bonding interface,

rather it starts from the seeding layer which initiates the

formation of the nt-Cu or from the side wall of the Cu

microbump. However, if no bonding occurs, or no twist-type

grain boundary forms at the interface, grain growth from the

randomly-oriented Cu cannot move across the interface. This

is a two-step process in a high temperature bonding; first by

surface creep to induce interfacial bonding and followed by

grain growth to go across the bonded interface. However,

further study needs to verify the role of grain boundary and

surface diffusion on the grain growth behaviors and the

movement of interfacial voids [48,49].

The above surface creep model can also be applied to Au-

to-Au and Ag-to-Ag direct bonding [50,51]. Both Au and Ag

can form (111)-oriented nano-twins [52e54] and the surface

diffusion on their {111} surfaces is much faster than on other

surfaces. Therefore, their bonding mechanisms and grain

growth behaviors are quite similar to the nt-Cu.
5. Conclusions

We conclude that there are several critical factors in achieving

a strong Cu-to-Cu direct bonding by using the (111) oriented

nt-Cu. First, the rapid surface diffusion on (111) surface of Cu

is the key kinetic factor to reduce the bonding temperature.

Second, microstructure change occurs and transforms the nt-

Cu into poly-crystalline Cu. Third, the grain growth in the

poly-crystalline Cu enables grain boundaries to move across

the bonding interface. It provides a strongly bonded joint to

sustain the high shear loading test. Finally, a surface diffusion

creepmodal with a very high creep rate is given to support the

experimental finding. To sum up, a well bonded interface as

well as a high shear strength joint can be achieved by using

the (111)-oriented nt-Cu.
Declaration of Competing Interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

https://doi.org/10.1016/j.jmrt.2021.06.099
https://doi.org/10.1016/j.jmrt.2021.06.099


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 4 : 7 1 9e7 3 0730
Acknowledgment

Financial support from the Ministry of Science and Technol-

ogy, Taiwan, under the contract of Grant MOST-110-2634-F-

009-027, MOST 109-2634-F-009-029, and MOST-107-2221-E-

009-007-MY3 is acknowledged. In addition, we acknowledge

the financially supported by the “Center for Semiconductor

Technology Research” from The Featured Areas Research

Center Programwithin the framework of the Higher Education

Sprout Project by the Ministry of Education (MOE) in Taiwan.

The authors thank Mr. Yen-Tao Tseng for the assistance in Cu

surface planarization process.
r e f e r e n c e s

[1] G€osele U, Tong QY, Schumacher A, Kr€auter G, Reiche M,
Pl€oßl A, et al. Sens Actuators 1999;74:161e8.

[2] Tong Q-Y, G€osele UM. Adv Mater 1999;11:1409e25.
[3] Suga T, Yuuki F, Hosoda N. In: IEEE, Sonic City - Omiya,

Tokyo, Japan; 1997. p. 146e51.
[4] Suga T, Itoh T, Xu Zhonghua, Tomita M, Yamauchi A. In:

52nd electronic components and technology conference.
2002. (Cat. No.02CH37345); 2002. p. 105e11.

[5] Knickerbocker JU, Andry PS, Dang B, Horton RR,
Interrante MJ, Patel CS, et al. IBM J Res Dev 2008;52:553e69.

[6] Juang J-Y, Lu S-T, Zhan C-J, Su-Ching C, Fan C-W, Peng J-S,
et al. In: 5th international microsystems packaging assembly
and circuits technology conference. IEEE; 2010. p. 1e4.

[7] Lu S-T, Juang J-Y, Cheng H-C, Tsai Y-M, Chen T-H, ChenW-H.
IEEE Trans Device Mater Reliab 2012;12:296e305.

[8] Juang J-Y, Huang S-Y, Zhan C-J, Lin Y-M, Huang Y-W, Fan C-
W, et al. In: 63rd electronic components technology
conference. IEEE; 2013. p. 653e9.

[9] Chang Y-W, Hu C, Peng H-Y, Liang Y-C, Chen C, Chang T,
et al. Sci Rep 2018;8:5935.

[10] Mudrick JP, Sierra-Suarez JA, Jordan MB, Friedmann TA,
Jarecki R, Henry MD, et al. In: 69th ECTC. IEEE; 2019.
p. 648e54.

[11] Kim S-W, Fodor F, Heylen N, Iacovo S, De Vos J, Miller A, et al.
In: 70th ECTC. IEEE; 2020. p. 216e22.

[12] Han H, Lee C, Kim Y, Lee J, Kim R, Kim J, et al. Appl Surf Sci
2021;550:149337.

[13] Park H, Seo H, Kim SE. Sci Rep 2020;10:21720.
[14] Chang S-Y, Chu Y-C, Tu KN, Chen C. Mater Sci Eng A

2021;804:140754.
[15] Juang J-Y, Shie KC, Li YJ, Tu KN, Chen C. Adv Mater Lett

2021;12(8):21081654.
[16] Wu YCS, Lai T-Y, Li M, Lu T-F, Wang YH, Tseng TY. ECS J

Solid State Sci Technol 2020;9:124005.
[17] Shie KC, Juang J-Y, Chen C. Jpn J Appl Phys 2020;59:SBBA03.
[18] Moreau S, Fraczkiewicz A, Bouchu D, Bleuet P, Cloetens P, Da

Silva JC, et al. IEEE Electron Device Lett 2019;40:1808e11.
[19] Lu K, Lu L, Suresh S. Science 2009;324:349e52.
[20] Qin EW, Lu L, Tao NR, Lu K. Scripta Mater 2009;60:539e42.
[21] Pan Q, Zhou H, Lu Q, Gao H, Lu L. Nature 2017;551:214.
[22] Sun F-L, Gao L-Y, Liu Z-Q, Zhang H, Sugahara T, Nagao S,

et al. J Mater Sci Technol 2018;34:1885e90.
[23] Huang M, He B. J Mater Sci Technol 2018;34:417e20.
[24] Cai S, Li X, Tao N. J Mater Sci Technol 2018;34:1364e70.
[25] Cheng H-Y, Tran D-P, Tu KN, Chen C. Mater Sci Eng A

2021;811:141065.
[26] Gueguen P, DiCioccio L, Gergaud P, Rivoire M, Scevola D,

Zussy M, et al. J Electrochem Soc 2009;156:H772.
[27] Taibi R, Di L, Chappaz C, Chapelon L, Minatec CE a L, Cedex F-

G. IEEE 2010:219e25.
[28] Tan CS, Peng L, Li HY, Lim DF, Gao S. IEEE Electron Device

Lett 2011;32:943e5.
[29] Moriceau H, Rieutord F, Fournel F, DiCioccio L, Moulet C,

Libralesso L, et al. Microelectron Reliab 2012;52:331e41.
[30] Gondcharton P, Imbert B, Benaissa L, Carron V, Verdier M.

Microsyst Technol 2015;21:995e1001.
[31] Rebhan B, Hingerl K. J Appl Phys 2015;118.
[32] Kagawa Y, Fujii N, oyagi K, Kobayashi Y, Nishi S, Todaka N,

et al. In: 2016 IEEE international electronic devices meet;
2016. 8.4.1e8.4.4.

[33] Liu CM, Lin HW, Chu YC, Chen C, Lyu DR, Chen KN, et al.
Scripta Mater 2014;78e79:65e8.

[34] Liu C-M, Lin H-W, Huang Y-S, Chu Y-C, Chen C, Lyu D-R,
et al. Sci Rep 2015;5:9734.

[35] Chen C, Liu C-M, Lin H, Huang Y-S, Chu Y-C, Lyu D-R, et al.
In: 2016 Pan Pacific microelectronics symposium (Pan
Pacific). IEEE; 2016. p. 1e5.

[36] Callister Jr WD. Materials science and engineering. 10th ed.
New York: John Wiley; 2020 [chapter 3].

[37] Juang J-Y, Lu C-L, Chen K-J, Chen C-CA, Hsu P-N, Chen C,
et al. Sci Rep 2018;8:13910.

[38] Huang YS, Liu CM, Chiu WL, Chen C. Scripta Mater
2014;89:5e8.

[39] Lu L, Chen X, Huang X, Lu K. Science 2009;80:607e10.
[40] Herring C. J Appl Phys 1950;21:437e45.
[41] Science M, Coble RL. J Appl Phys 1970;41:4798e807.
[42] Tu KN, Mayer JW, Feldman LC. Macmillan; 1996.
[43] Tu KN. Electronic thin film reliability. Cambridge University

Press; 2010 [chapter 7].
[44] George E. Dieter, mechanical metallurgy. 3rd ed. New York:

McGraw-Hill; 1989 [chapter 13].
[45] Yang YW, Yang ML, He CX, Qi FW, Wang D, Peng SP, et al.

Compos B Eng 2021;216:108882.
[46] Agrawal PM, Rice BM, Thompson DL. Surf Sci 2003;515:21e35.
[47] Butrymowicz DB, Manning JR, Read ME. J Phys Chem Ref Data

1973;2:643e55.
[48] Zhang C, Li H, Li MQ. Sci Technol Weld Join 2015;20:

115e22.
[49] Bridges D, Nielsen B, Zhang LY, Zhang SH, Xu R, Hu A. Adv

Eng Mater 2021;23:2001053.
[50] Oh C, Nagao S, Kunimune T, Suganuma K. Appl Phys Lett

2014;104:161603.
[51] Chiu WL, Liu CM, Lin HW, Wu JA, Chou YC, Tu KN, et al. Sci

Rep 2020;10:16566.
[52] Wu JA, Huang CY, Wu WW, Chen C. Materials 2018;11:2287.
[53] Chuang TH, Wu PC, Lin YC. Mater Char 2020;167:110509.
[54] Chang LP, Huang SY, Chang TC, Ouyang FY. J Alloys Compd

2021;862:158587.

http://refhub.elsevier.com/S2238-7854(21)00654-2/sref1
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref1
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref1
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref1
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref1
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref1
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref2
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref2
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref2
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref3
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref3
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref3
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref4
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref4
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref4
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref4
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref5
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref5
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref5
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref6
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref6
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref6
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref6
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref7
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref7
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref7
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref8
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref8
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref8
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref8
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref9
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref9
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref10
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref10
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref10
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref10
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref11
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref11
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref11
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref12
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref12
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref13
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref14
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref14
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref15
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref15
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref16
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref16
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref17
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref18
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref18
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref18
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref19
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref19
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref20
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref20
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref21
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref22
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref22
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref22
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref23
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref23
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref24
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref24
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref25
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref25
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref26
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref26
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref27
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref27
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref27
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref28
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref28
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref28
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref29
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref29
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref29
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref30
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref30
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref30
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref31
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref32
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref32
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref32
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref32
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref33
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref33
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref33
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref33
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref34
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref34
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref35
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref35
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref35
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref35
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref36
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref36
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref37
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref37
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref38
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref38
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref38
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref39
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref39
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref40
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref40
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref41
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref41
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref42
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref43
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref43
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref44
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref44
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref45
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref45
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref46
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref46
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref47
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref47
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref47
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref48
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref48
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref48
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref49
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref49
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref50
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref50
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref51
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref51
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref52
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref53
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref54
http://refhub.elsevier.com/S2238-7854(21)00654-2/sref54
https://doi.org/10.1016/j.jmrt.2021.06.099
https://doi.org/10.1016/j.jmrt.2021.06.099

	A solid state process to obtain high mechanical strength in Cu-to-Cu joints by surface creep on (111)-oriented nanotwins Cu
	1. Introduction
	2. Experimental
	3. Results
	3.1. Characterization of Cu surfaces before bonding
	3.2. Interfacial temperatures under various bonding conditions
	3.3. Microstructure analysis at the bonding interface
	3.4. Grain growth across the bonding interface in the Cu joints
	3.5. Shear strength and fractured manners of the Cu joints

	4. Discussions
	4.1. Mechanism of surface creep at the bonding interface
	4.2. Comparison between experimental and modeling data of surface creep rate ratio
	4.3. Microstructure change in the bonding interface

	5. Conclusions
	Declaration of Competing Interest
	Acknowledgment
	References


