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Abstract 

 
This article discusses a method of wafer-to-wafer bonding using metallic copper as the bonding medium. 
This method is commonly known as thermo-compression bonding. Bonding process is described and 
characterization results are presented. Reliability issues related to voids formation in the bonded layer is 
discussed. A survey on progress of copper-based wafer bonding and its application for 3-D ICs is 
included. 
 
Introduction 

 

Using metal as the bonding medium in 3-D ICs is an attractive choice because the bonding medium acts 
as an electrical bond to establish a conductive path between active layers in a 3-D IC, and as a mechanical 
bond to hold the active layers together reliably. Metallic bonding also inherently allows a “via-first” 
approach for vertical integration, and hence relaxes the aspect ratio requirement on interlayer vias. At the 
same time, a metal interface allows additional wiring and routing. Using metal as bonding interface is also 
an attractive choice because metal is a good heat conductor and this will help circumvent heat dissipation 
problems that may be encountered in 3-D ICs. Heat generated in the upper layers can be conducted 
through the metallic bonding layer to the substrate wafer and then to the heat sink.  
 

In this article, low temperature (400 oC and below) thermo-compression bonding of copper thin 
films coated on blanket wafers is presented. As the name implies, thermo-compression bonding involves 
mechanical pressing and heating of the wafers. Two wafers can be held together when the Cu thin films 
bond together to form a uniform bonded layer. In order for this technique to be applicable to wafers that 
carry device and interconnect layers, an upper bound of temperature step is set at 400 oC to prevent 
undesired damages to the interconnects. The main objective of this Cu thermo-compression bonding 
study is to explore its suitability for utilization as a permanent bond that holds active device layers 
together in a multi-layer ICs stack. The bonding medium also establishes electrical connections between 
device layers. 

 
Cu is a metal of choice because it is a mainstream CMOS material, and it has good electrical (ρCu 

=1.7 mΩ.cm vs. ρAl =2.65 mΩ.cm) and thermal (KCu = 400 W m-1 K-1 vs. KAl = 235 W m-1 K-1) 
conductivities and longer electro-migration lifetimes than aluminum based lines. Most importantly, Cu 
bonds to itself under the correct conditions [1]. 
 

Thermo-Compression Bonding of Cu on Blanket Wafers 

 

Wafer Preparation and Bonding Procedures 

 

In this section, wafer bonding by Cu thermo-compression is demonstrated and characterized on blank Si 
wafers. All wafers used in this experiment were p-type 150 mm Si-(100) wafers of 10-20 Ω-cm 
resistivity. Thermal oxide (5000Å) was grown on the wafers. All wafers received a 10 min piranha 
(H2O2:H2SO4 = 1:3 by volume) solution clean followed by deionized water rinse and spin-dry prior to 
metallization. The next step was the deposition of Tantalum (50 nm) and Copper (300 nm) in an e-beam 



deposition system. Chamber pressure during metal deposition was 1 x 10-6 Torr. Cu and Ta pellet purities 
were 99.999% and 99.95 % respectively. The rms roughness of the Cu/Ta/SiO2/Si wafers is estimated to 
be around 1.99 nm from AFM scan. 
 

A pair of wafers was aligned face-to-face in wafer aligner and clamped together on a bonding 
chuck. Three separation metal flaps each 30 µm thick were inserted between the wafers at the edges and 
loaded into bonder. Three cycles of N2 purge ware done, and the chamber was evacuated to 1 x 10-3 Torr. 
At this point, a down force was applied on the wafer pair while the flaps were being pulled out. The 
temperatures of the chuck and top electrode were ramped up to 300 oC and maintained at that 
temperature. The contact force was 4000 N when the wafer pair was in full contact at 300oC, and the 
bonding step lasted for 1 hour. After bonding, the bonded wafers were annealed in atmospheric N2 
ambient for 1 hour at 400 oC.  
 

Bonding Mechanism 

 
In order to understand the microstructures of the bonded Cu layer, transmission electron microscopy 
(TEM) analysis is performed on this sample. Note that the two Cu bonding layers merge and a 
homogeneous bonded layer is obtained as shown in the TEM image in Figure 1. As can be seen from this 
image, large Cu grains, which often extend beyond the original bonding interface, are obtained after 
bonding and annealing. Dislocation lines are also found in the Cu grains.  

 
A possible bonding mechanism that gives rise to the above grain structures will be proposed in 

this section. From the TEM image, it is evident that there is substantial grain growth during bonding and 
annealing. The jagged Cu-Cu interface suggests that inter-diffusion between two Cu layers has taken 
place. During bonding and subsequent annealing, Cu layers are in intimate contact under the applied 
pressure. At the bonding temperature, Cu atoms acquire sufficient energy to diffuse rapidly, and Cu grains 
begin to grow. At the bonding interface, diffusion can happen across the bonding interface and grains 
growth can progress across the interface. After sufficiently long duration, large Cu grains on the order of 
300-500 nm are obtained, and a homogeneous bonded Cu layer is formed. Electron Dispersion 
Spectroscopy (EDS) analysis of the bonded Cu layer shows that apart from Cu, no appreciable foreign 
contaminant is found in the bonded layer within the detection limit of EDS. Since e-beam deposition is 
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Figure 1. TEM image of bonded Cu layer. Note that the bonding Cu layers merge and a homogeneous Cu 
layer is obtained after bonding and anneal. Grain structures that extend across the original bonding 
interface are observed. Dislocation lines (marked with arrows) are clearly seen in the grains. 
 
 



not used in typical manufacturing environments for metallization, the above demonstration of Cu thermo-
compression is repeated using Cu deposited by electro-chemical means. The above experiment is repeated 
using electroplated Cu and similar observation of the bonding characteristic is made. 
 
Surface Oxide 
 

Since the mechanism for Cu thermo-compression bonding is based on Cu inter-diffusion and grain 
growth, surface contaminants such as oxide are detrimental to successful bonding especially at very low 
temperature. However, there is more often than not a time lag between Cu deposition and bonding, and 
therefore the formation of surface oxide is inevitable. Excessive oxygen incorporation into the bonded Cu 
layer might also increase the resistivity of the Cu layers and hence degrade the electrical performance of 
Cu interconnects. Techniques that can be used to reduce the surface oxide prior to bonding include the use 
of a chemical clean such as HCl [1] and glacial acetic acid followed by a forming gas purge in the 
bonding chamber [2] prior to bonding.  
 

Forming gas anneal can also be performed on Cu wafers prior to bonding and experimental 
evidence of the reduction of oxygen content in the bonded Cu layer is reported in [3]. The oxygen content 
in the bonded Cu layer is analyzed using secondary ion mass spectrometry (SIMS). Copper-covered 
wafers that are exposed to the air for 12 h and 12 days prior to bonding exhibit 0.08 at.% and 2.96 at.% of 
oxygen, respectively. However, pre-bonding forming gas anneal at 150°C for 15 min on 12-day old Cu 
wafers successfully reduces the oxygen content in the bonded Cu layer to 0.52 at.%. 
  
Copper Out-diffusion 
 

Cu diffusion in silicon and silicon dioxide is a known problem and the diffusion is enhanced at high 
temperature. During Cu thermo-compression bonding, temperature in the range of 300-400 oC is applied. 
It is hence important to ensure that Cu does not diffuse into the surrounding oxide layers during bonding 
and annealing. In this experiment, Ta is used as a diffusion barrier. The extent of Cu out-diffusion during 
bonding and annealing is studied from SIMS analysis. Figure 2 is a SIMS profile that shows Cu trace in 
the area adjacent to the bonded Cu layer. Note that Cu concentration drops sharply in the Ta and SiO2 
layer. This is encouraging, as it shows that Cu does not out-diffuse into surrounding oxide layer under 
300 oC / 1 h of bonding and 400 oC / 1 h of annealing, hence confirming the role of Ta as an effective 
diffusion barrier. 
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Figure 2. SIMS profile of Cu in area adjacent to the bonded Cu layer. 

 



Process Parameters 

 

There are a number of important process parameters that directly determine the quality of the final bond 
during Cu thermo-compression bonding. Three important bonding parameters, i.e., temperature, duration 
and contact pressure, are frequently considered. 
 
 In the bonding procedures described in above, thermo-compression bonding of Cu is 
accomplished in two steps, i.e., an initial bonding step to establish bond between pairing wafers and a 
post-bonding anneal to enhance the bond. Since the bonding step is a single wafer pair step, long bonding 
duration will decrease through-put in a manufacturing environment. On the other hand, annealing can be 
accomplished in an atmospheric furnace and it is possible to process batches of wafers during annealing. 
Therefore, a better way to achieve high through-put Cu wafer bonding is to initiate a preliminary bond 
with a short bonding step and to enhance the bonding strength with a post-bonding anneal. A number of 
references that discuss process parameters during thermo-compression bonding of Cu can be found in [4-
5]. 
 
Reliability of Bonded Copper Layer 
 

In order for the bonded Cu layer to act as a reliable electrical or mechanical bond, a defect-free and 
uniformly bonded Cu layer is desired. In this section, the observation of interfacial voids within the 
bonded Cu layer is studied. This observation points to the need for careful attention during Cu thermo-
compression bonding. 
 

Observation of Interfacial Voids  

 
Careful examination by SEM analysis across a length of 20 µm reveals large voids in the bonded Cu 
layers as shown in Figure 3. These voids are located at and near the location of the original bonding 
interface. These voids can provide nucleation sites for electromigration failure and can lead to open 
circuit failures. When the void density is too high, the voids can also cause thin film delamination. 
Therefore, this observation requires careful understanding of the origin of these voids so that counter-
measures can be implemented [6]. 
 

Voids Nucleation and Growth  

 
Interfacial void nucleation and growth are discussed in this section. Figure 4 is a collection of SEM 
images showing void density and size at various stages during Cu wafer bonding at 300 oC. These images 
can be used to describe the formation and growth of the interfacial voids. Voids can nucleate at local 
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Figure 3. Observation of voids in the bonded Cu layer. This layer is bonded at 300 oC for 1 hour. 
 
 



interfacial irregularities arising from surface contamination (e.g., hydrocarbons or native oxide on the pre-
bonded Cu surface) and surface roughness. When pairing wafers are brought into contact, these surface 
irregularities prevent intimate contact between two Cu surfaces at the atomic level. When the temperature 
is ramped to the desired bonding temperature and maintained at that temperature, Cu atoms diffuse across 
the bonding interface via the contacted areas. As grain growth across the interface continues, micro-voids 
are formed at the bonding interface. This can be clearly seen in Figure 4(a) for Cu layer bonded for 10 
min. These micro-voids are highly mobile. As bonding is prolonged and as Cu grains become larger, 
these micro-voids will diffuse along grain boundaries defined by the original bonding interface. As these 
micro-voids diffuse, they coalesce to form bigger voids as shown in Figure 4(b) for 30 min of bonding. At 
the triple points, the movement of the void is impeded, and the void will grow in size at the expense of 
smaller voids as shown in Figure 4(c) when the bonding continues for 60 min. The size of the void is 
about 0.3 µm in this SEM image. Therefore it can be concluded that voids nucleate at a much smaller size 
and then grow in size as smaller voids coalesce.  
 

 Another factor that contributes to void growth is vacancy coalescence during bonding. Since Cu 
is deposited on oxide wafers at low temperature, one begins with a high density of vacancies in the Cu 
layer. The wafer temperature during Cu deposition in the e-bam system is estimated to be about 68 oC. 
Since the bonded Cu layer is constrained between the wafers, there are no free surfaces for excess 
vacancies to diffuse to and to self-annihilate. During bonding, these vacancies are absorbed at the grain 
boundaries. As the grain size continues to increase during annealing, fewer grain boundaries are available 
to absorb these vacancies. As a result, increased void nucleation and growth at triple points and along 
interfaces can be expected. When the bonded wafer pair is cooled from the bonding temperature down to 
room temperature, high tensile stress builds up in the Cu layer due to mismatch in thermal expansion 
between the Cu and adjacent layers. Under such stress conditions, the bonded Cu layer could potentially 
deform and result in interfacial voids. Therefore, interfacial void formation in the bonded Cu layer could 
be a likely avenue to accommodate the high tensile stress resulting from thermal mismatch.  
 

Counter Measures 

 
Based on understanding of interfacial voids formation earlier, a few counter measures are proposed: 
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Figure 4. Interfacial void growth during Cu thermo-compression bonding at 300 oC for (a) 10 min, (b) 
30 min, and (c) 60 min. 
 



(a) Since a high bonding temperature provides greater driving force for void generation, bonding 
should be designed at lower temperature; 

(b) Higher surface roughness presents severe surface irregularities for bonding and as a result larger 
voids are formed. Since processed wafers often have surface topology, methods such as chemical-
mechanical polishing (CMP) can be used to achieve the required surface smoothness prior to 
bonding; 

(c) As pointed out above, vacancy diffusion and coalescence can contribute to void growth. One 
potential solution is to anneal the Cu layer in inert N2 ambient prior to bonding. Annealing can 
promote grain growth, and drive vacancies to the free surface where they become self-
annihilated.  

 
Non-Blanket Cu Bonding 

 
Since Cu is a conductive medium, a continuous Cu bonding layer between active layers is of no practical 
application. In an actual multi-layer 3-D ICs implementation having Cu as the bonding medium, Cu 
bonding should be done in the form of pad-to-pad or line-to-line bonding with proper electrical isolation. 
Figure 5 shows a cross section of Cu lines (2.0 µm) that are successfully bonded [7]. The spacing between 
bonded lines is 5.3 µm and it is filled with air. Interfacial voids are observed in the bonded lines and they 
can lead to serious reliability concern. The bonding process should be optimized to minimize the 
formation of void. Another reliability concern is the empty space between the bonded lines that might 
reduce mechanical support between the active layers. Moisture in the empty space can also potentially 
corrode the bonded Cu lines.  
 

One solution is to form damascene Cu lines and to perform hybrid bonding of Cu and dielectric. 
A few examples are: 
 

(i) Jourdain et al. [8] at IMEC have successfully demonstrated the 3-D stacking of an extremely 
thinned IC chip onto a Cu/oxide landing substrate using simultaneous Cu-Cu thermo-
compression and compliant glue-layer (BCB) bonding. The goal of this intermediate BCB 
glue layer between the 2 dies is to reinforce the mechanical and thermal stability of the 
bonded stack and to enable separation of die pick-and-place operations from a collective 
bonding step; 

(ii) Gutmann et al. [9] at RPI have demonstrated another scheme of hybrid bonding using face-
to-face bonding of Cu/BCB redistribution layers. The first step is to prepare the single-level 
damascene-patterned structures (Cu and BCB) by CMP in the two Si wafers to be bonded. 
The second step is to align the two wafers and bond the two aligned wafers; 

(iii) Researchers at Ziptronix have developed a Cu/oxide hybrid bonding technology known as 
Direct Bond Interconnect (DBITM) [10]. Vertical interconnections in direct oxide bond DBI™ 
are achieved by preparing a heterogeneous surface of non-conductive oxide and conductive 
Cu. The surfaces are aligned and placed together to effect a bond. The high bond energies 
possible with the direct oxide bond between the heterogeneous surfaces result in vertical 
DBI™ electrical interconnections.  
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Figure 5. Cross sectional SEM image shows bonded Cu lines that are spaced at 5.3 µm [6]. 
 



Low Temperature Cu Bonding 
 
Thermo-compression bonding of Cu layers is typically performed at a temperature of 300 oC or higher. 
There is strong motivation to move the bonding temperature to even lower range primarily from the point 
of view of thermal stress induced due to CTE mismatch of dissimilar materials in a multi-layer stack and 
temperature swing. A number of approaches have been explored: 
 

(i) Surface Activated Bonding [11] – In this method, a low energy Ar ion beam is used to 
activate the Cu surface prior to bonding. Contacting two surface-activated wafers enables 
successful Cu–Cu direct bonding. The bonding process is carried out under an ultrahigh 
vacuum (UHV) condition. No thermal annealing is required to increase the bonding strength. 
Tensile test results show that high bonding strength equivalent to bulk material is achieved at 
room temperature; 

(ii) Cu Nanorod [12] – Recent investigation on surface melting characteristics of copper nanorod 
arrays shows that the threshold of the morphological changes of the nanorod arrays occurs at 
a temperature significantly below the copper bulk melting point. With this unique property of 
the copper nanorod arrays, wafer bonding using copper nanorod arrays as a bonding 
intermediate layer is investigated at low temperatures (400 οC and lower). Silicon wafers, 
each with a copper nanorod array layer, are bonded at 200-400 οC. The FIB/SEM results 
show that the copper nanorod arrays fuse together accompanying by a grain growth at a 
bonding temperature of as low as 200 οC; 

(iii) Solid-Liquid Inter-diffusion Bonding (SLID) [13] –This method involves the use of a second 
solder metal with low melting temperature such as Tin (Sn) in between two sheets of Cu with 
high melting temperature. Typically a short reflow step is followed by a longer curing step. 
The required temperature is often slightly higher than Sn melting temperature (232 oC). The 
advantages of SLID is that the inter-metallic phase is stable up to 600 oC and the requirement 
of contact force is not critical; 

(iv) In the DBITM technology described in [10], a moderate post oxide bonding anneal may be 
used to effect the desired bonding between Cu. Due to the difference in coefficient of 
expansion between the oxide and Cu and the constraint of the Cu by the oxide, Cu 
compresses each other during heating and metallic bond can be formed. 

 
Applications of Cu Thermo-Compression in 3-D ICs 
 
Cu thermo-compression bonding can be applied to fabricate 3-D ICs and a number of proposed process 
flows can be found in [14-16].  
 

Morrow et al. [17] at Intel reported the first demonstration of integrating 300 mm wafer stacking 
via Cu bonding with strained-Si/low-K 65-nm CMOS technology. Sets of active devices such as 65-nm 
MOSFETs and 4-MB SRAMs were bonded face-to-face using copper pads. Two applications for wafer 
stacking which take advantage of reduced wire length in 3-D ICs are “logic + logic” stacking and “logic + 
memory” stacking [18]. Patti et al. [19] reported Cu bonding technology developed at Tezzaron. A 
number of 3-D devices have been demonstrated using this stacking process such as stand-alone memory, 
CMOS sensor, 3-D FPGA, mixed-signal ASIC, and processor/memory stack 
 
Summary 

 

In this article, thermo-compression bonding of Cu is discussed by presenting experimental results. 
Blanket Cu films deposited on two oxide wafers are found to merge and form a homogeneous layer under 
suitable bonding conditions, i.e., at a temperature range of 300-400 oC and contact pressure ~ 226 kPa. Cu 
grains that often extend beyond the original bonding interface are observed in the bonded Cu layers. The 



reliability of the bonded layer is seriously degraded by the formation of interfacial void. A survey on 
recent progress in hybrid Cu/dielectric bonding and low temperature bonding of Cu-Cu is presented. This 
article ends by highlighting a number of 3-D ICs applications based on Cu wafer bonding. 
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