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A B S T R A C T   

The trend for heterogeneous integration has driven the need for a low-temperature bonding process. Cu-Sn-In 
based solid-liquid interdiffusion (SLID) bonding technology has been presented as a viable option. However, 
previous studies have also reported that issues might exist in the interconnect interface towards the substrate, 
leading to the formation of intermetallic layers at undesired locations. This study carried out a series of char-
acterization methods to determine the root cause of this issue. Cross-sectional observations showed that the 
problem occurs particularly at the TiW-Cu interface. Examination of the adhesion layer showed possible im-
purities existing in the layers, compromising its adhesion to copper. Residual stress analyses displayed opposing 
loading conditions at the interface. The interplay of the two factors resulted in the delamination of the TiW-Cu 
interface, leading to a pathway for Sn–In atoms. Furthermore, several methods are proposed to mitigate this 
issue.   

1. Introduction 

Heterogenous integration has become an established trend in mi-
croelectronics packaging. [1] The demands for functionalities and 
computing power are ever-increasing, while the need to scale down 
persists. Thus, microbumps technology becomes prominent as an inte-
gral part of forming connections between the devices. [2,3] Combined 
with through silicon vias (TSVs), microbumps can form high-density 
interconnects to maintain a small form factor. This gives the advan-
tage of a shorter transmission distance, leading to faster signal trans-
mission and low signal attenuation. [1,4] Furthermore, the technology 
allows vertical interconnects, prompting the use of a third dimension in 
device integration. [5,6] 

Interconnects formed of copper and joined by a soldering approach 
have dominated the market for years. [3] Cu-based interconnects are 
attractive for the material’s availability and good conductivity. These 
types of technology have been developed for interconnects with a pitch 
size as small as 10 μm. [2,7] However, fine pitch interconnects <10 μm 
are proven challenging to fabricate, which poses a problem for creating 
higher density interconnects. [7] Hybrid bonding technology was 
introduced as a solution for high-density interconnects. The process 
could be done at a relatively low temperature, which makes it very 

attractive. However, creating a very good surface quality (rms <0.5 nm) 
for the bonding process remains challenging and costly. [8,9] Alterna-
tively, solid-liquid interdiffusion (SLID) bonding technology is a rela-
tively more available bonding process. The process forms an 
interconnect from high-temperature melting material, typically Cu, and 
low-temperature melting material through intermetallic reactions. 
Several options of low melting materials, such as Sn (Tm ~ 235 ◦C) or In 
(Tm ~ 157 ◦C), allow varying bonding temperatures to fit different ap-
plications and do not have strict surface quality requirements. Further-
more, the resulting bond has a high remelting temperature (>400 ◦C), 
that allows SLID interconnects for consecutive higher processing tem-
peratures. [10] 

One feature that is commonly found in these high-density in-
terconnects is the multi-layered structure. Various layers of different 
materials are often stacked to form the under-bump metallization (UBM) 
of the copper pillars or microbumps. Each layer functions as an electrical 
connection, adhesion, diffusion barrier, wear protection, and/or thermal 
insulation. [11] However, due to inherently different properties of each 
layer, the structures often face challenges due to materials compatibility. 
For instance, a diffusion barrier layer is employed to prevent interdif-
fusion of the copper-based bumps with silicon substrates or contact 
metallization layer. [12,13] However, copper’s poor adhesion with the 
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barrier necessitates the use of an adhesion layer. [14] 
Impurities and processing parameters are among the factors that 

affect the final layer quality. [15,16] Impurities during processing could 
affect the layer performance or induce defects that could lead to failure. 
[17] The deposition processes of thin films are known to cause intrinsic 
stress build-up due to various elements, such as lattice mismatch or final 
thickness. [18,19] Furthermore, varying coefficients of thermal expan-
sion (CTE) induce temperature-related issues. [20] Potentially leading to 
structural failure, causing contact loss in microbumps or compromising 
hermeticity in a seal-ring-based application. [20,21] 

In a recent study, the SLID bonding process based on Cu-Sn-In was 
demonstrated as a potential candidate for low-temperature wafer-level 
bonding. [22] Thermodynamic studies reported that Sn–In alloy has 
eutectic behavior that reduces the melting point of low-temperature 
metals to 112 ◦C. [10,23] Moreover, the addition of indium stabilizes 
the Cu6Sn5 phase, which has a remelting temperature > 500 ◦C, and also 
increases Cu solubility that can shorten bonding time. [22,24] This 
process has been successfully demonstrated for bonding temperatures 
down to 150 ◦C, which is lower than the melting point of In, and forms 
interconnect composed of a single Cu6(Sn,In)5 phase. [25] The process 
has also been demonstrated to bond silicon wafers with other substrates 
with dissimilar thermomechanical properties, such as borosilicate glass. 
[26,27] However, tensile tests conducted in resulting interconnects 
exhibited failures at the interconnect-to-substrate interfaces, particu-
larly at the adhesion layer. [28] There have been some observations 
where intermetallic compounds have formed between copper and the 
substrate. [26] This strongly suggests that unresolved issues exist within 
the multi-layered interface. 

Hence, in this work, an investigation was carried out to study the 
problems existing in the interface between the Cu-Sn-In SLID intercon-
nect and the Si substrate. Wafer-level SLID bonding process using Cu-Sn- 
In metallurgy was utilized to fabricate test structures of bonded Si and 
glass wafers. Diffusion kinetic and thermodynamic analyses were uti-
lized to build the initial hypothesis on the problem origin. Then, a series 
of characterization techniques were carried out to observe and deter-
mine the cause of the issues in the interconnect-to-substrate interface. 

2. Experimental method 

2.1. Test structure fabrication 

In this study, two types of wafer pairs were bonded using Cu-Sn-In 
based SLID method: Si-Borofloat®33 and Si–Si. The interconnects’ 
fabrication procedure follows the process that has been described in 
[26]. The manufacturing process started with patterning dicing mark on 
the backside of silicon wafers with lithography, followed with reactive 
ion etching for 2 min. Then, the photoresists were stripped in ultrasonic- 
agitated acetone bath for 10 min and IPA for 2 min. All wafers were then 

deposited with adhesion and seed layer in preparation of the metal stack 
deposition. MRC 903 Sputtering Deposition System was utilized as the 
deposition equipment. TiW (10 wt% Ti) adhesion layer with a thickness 
of 15 nm was deposited twice using RF magnetron sputter (0.3 kW) at 
room temperature. Subsequently, 100 nm Cu seed layer was deposited 
using DC magnetron sputter (1.1 kW) without breaking the vacuum 
conditions. During both deposition processes, Argon gas was injected 
into the deposition chamber and the pressure was kept roughly at 0.5 Pa. 

Two seal-ring type structures, circular and square-shaped, as 
described in [27] were then patterned using standard lithography pro-
cess. Fig. 1(a) depicts the dimensions of the square-shaped seal-ring. 
Next, the wafers were treated with oxygen plasma for 3 min to improve 
surface wettability. Metal layers stack for the bonding process were then 
electro-deposited with a thickness of 3.5 ± 0.2 μm for Cu, followed by Sn 
and In layers with a thickness of 1.8 ± 0.1 μm and 2.3 ± 0.4 μm, 
respectively. 

Prior to the bonding process the photoresist was stripped in ultra-
sonic agitated stripping solution. Then, the unpatterned Cu seed layer 
was removed with wet etching process in NB tech Cu-etch-150 solution 
and rinsed with DI water afterwards. Subsequently, the unpatterned TiW 
layer was removed with H2O2 at 60 ◦C, and the wafers were cleaned with 
DI water. The wafers were then bonded under vacuum level of 0.1 Pa, 
contact force of 7.5 kN, and hold temperature of 170 ◦C for 1 h. The 
bonded wafers were then cooled down to 150 ◦C before the contact force 
was released. After the bonding process, the wafers were diced into 10 ×
10 mm2 chips for characterization. In addition, some of the chips were 
kept at high-temperature storage (T = 150 ◦C) to inspect the interme-
tallic phase stability. 

2.2. Characterization methods 

2.2.1. Microstructural characterization 
Microstructural studies were carried out by scanning electron mi-

croscopy (SEM) imaging on the seal ring cross-section. The imaging was 
conducted on the as-bonded chips, and the chips that have been 
annealed/thermally aged at 150 ◦C for 6 h and 168 h. In preparation for 
the microstructural study, the chips were molded into epoxy resin, 
continued by mechanical grinding to expose area of interest. The sam-
ples were then polished with diamond polishing suspension and coated 
with chromium. Semi-quantitative elemental analysis was carried out 
using electron dispersive spectroscopy (EDS) within the SEM. 

TEM lamella preparation was done using a JEOL JIB-4700F dual- 
beam system using an in-situ lift-out process from a molded cross- 
section. Transmission electron microscopy (TEM), scanning trans-
mission electron microscopy (STEM), and select area electron diffraction 
(SAED) were conducted using the JEOL JEM-2200FS Cs-corrected mi-
croscopy. EDS was carried out using the JEOL JEM-2800. Both micro-
scopes were operating at 200 kV. 

Fig. 1. (a) Illustration of square-shaped test structure contained in a single chip, (b) A quarter of the chip used as the model in finite element study (cap layer was 
removed for visualization), and (c) boundary conditions applied to the model. Yellow colored was area applied with atmospheric pressure, and purple colored area 
was applied with cavity pressure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2.2.2. Thin film characterization 
Wafer-level residual stresses caused by the thin-film deposition were 

investigated using wafer curvature analysis. The curvature data was 
obtained using FLX-2320 equipped with laser of 670 nm wavelength. 
The measurements were conducted on the backside patterned silicon 
wafer: after the deposition of TiW adhesion layer, deposition of TiW-Cu 
seed layers, after seed layers removal and after the bonding process. The 
residual stress values were obtained through analytical calculation using 
Stoney’s equation. 

Time-of-flight elastic recoil detection analysis (TOF-ERDA) was used 
to study the elemental and impurity composition of adhesion and seed 
layers. It was performed with a 40 MeV beam at the 5 MV tandem 
accelerator of the University of Helsinki. The experiment was conducted 
in a horizontal geometry with an incident angle on the sample surface at 
16◦ and a forward scattering angle at 40◦. The system consists of a time- 
of-flight telescope with two timing gates and an energy detector. The 
length of the telescope was 684 mm, apertures of timing gates were 12 
and 18 mm in diameter, and time resolution was 150 ps. The energy 
detector with a resolution of 18 keV was placed at a distance of 1243 mm 
from the sample and used for particle mass separation. Absolute error 
due to statistical uncertainty in the measurements was <1%. The reader 
is addressed to [29] for a more detailed description of the setup. 

2.2.3. Finite element study for local residual stress 
Local residual stresses as a result of cooling down process were 

studied by finite element analysis using COMSOL 6.1. The model uses a 
quarter of the single chip structure containing SLID bond with a ring 
width of 220 μm and side length of 4 mm, as illustrated in Fig. 1(b). The 
seal ring layered structure is composed of 30 nm TiW, 2 μm Cu, 6 μm 
Cu6(Sn,In)5, 2 μm Cu, and 30 nm TiW. To mimic the original structure, 
the seal ring was sandwiched between 380 μm silicon wafers that act as 
device (bottom) and cap (top) layer. The material properties used in the 
simulation were obtained through the COMSOL Multiphysics® library 
and listed in supplementary table 1. Cu6(Sn,In)5 Young’s Modulus, in 
particular, were not presented in the library and was obtained from 

[30]. 
The boundary conditions for the first study were as follows: First, a 

symmetry function was applied to the two-quadrant surfaces containing 
seal-ring cross-sections. Fixed constraints were applied to the sidewalls 
of the substrate since the modelled chip was assumed to be constrained 
by the neighboring chips in the wafers. Then atmospheric pressure of 
1.01 × 105 Pa was applied to the cap substrate, while the cavity internal 
pressure was 0.1 to Pa, which simulates vacuum encapsulation. Residual 
stresses were incorporated by adding a thermal expansion node to the 
model based on the work presented in [31]. The cooling down process, 
the test-structure was set to be initially stress-free at bonding tempera-
ture of 170 ◦C, and the final temperature was set to room temperature of 
20 ◦C. Additionally, to account for copper plastic behavior, initial yield 
stress of 250 MPa and isotropic tangent modulus of 2 GPa was assigned 
to the material, and the plastic material domain was applied to the 
copper layers. [31,32] Fig. 1(c) illustrates the boundary conditions 
applied to the model. 

3. Results 

3.1. Preliminary observation of irregular Sn–In penetration 

After the bonding process, optical microscope inspection on the in-
terconnects was carried out on Si-Borofloat®33 wafer-pair as illustrated 
in Fig. 2(a). The squeeze-out at the seal ring edges indicates that the 
Sn–In had melted during the bonding process. Intriguingly, the as- 
bonded samples show areas with darker shade, which represent a 
possible undercut or irregular penetration of squeeze-out between the 
copper and substrate. Observations on the same samples after the heat 
treatments showed that the shaded areas grow towards the center of the 
sealing ring, as marked with red arrows at Fig. 2(c). Additionally, these 
irregularities were also observed after annealing below the Sn–In 
eutectic point (~112 ◦C), pointing out towards solid-state diffusion 
mechanism. While above the melting point, voids could be observed in 
the squeeze-out region, that indicate liquid penetration or diffusion 

Fig. 2. (a) Illustration of optical microscopy observation for bonded Si-Borofloat®33, (b) the observed results of as-bonded samples and (c) the observed results after 
heat treatment at different temperatures and time. Dark orange-colored areas show the region where the Sn–In had diffused and formed Cu-Sn-In intermetallic. The 
red arrows marked the area where diffusion occurs prominently after annealing and green arrows marked the area where unreacted Sn–In are missing from squeeze- 
out region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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occurs at copper-substrate interface. 
Figure 3 shows micrographs of the seal-ring cross-section for bonded 

Si-Borofloat®33 and Si–Si. The bonds center area showed a structure of 

intermetallic layer sandwiched between unreacted copper layers. EDS 
semi-quantitative analyses show the intermetallic has an average 
composition of 55.5 ± 1.2 at.% Cu, 22.9 ± 1.8 at.% In, and 21.66 ±

Fig. 3. Cross-section SEM images of (a) the bond center area, (b) squeeze-out area, and (c) Cu, In and Sn EDS elemental maps of the squeeze-out area of bonded Si- 
Borofloat®33 and (d,e,f) bonded Si–Si, respectively. Red arrows marked where Sn–In starts to penetrate under the copper layer. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. SEM Cross-sections of the bond center area of (a,b) bonded Si-Borofloat®33 and (c,d) bonded Si–Si, after high-temperature storage at 150 ◦C for 6 h and 168 
h, respectively. 
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0.77 at.% Sn, which can be attributed to the Cu6(Sn,In)5 phase. Mean-
while, micrographs of the squeeze-out region showed in Fig. 3(b) 
exhibited areas with brighter contrast than the intermetallic, repre-
senting unreacted Sn–In, which were confirmed with the EDS elemental 
maps presented in Fig. 3(c) and (f). The Sn–In maps also show that the 
intermetallic has started to form between copper-substrate interface at 
locations marked by red arrows. This reveals a possibility that Cu starts 
to delaminate, creating a pathway for Sn–In diffusion or penetration. 
Intriguingly, the results also do not show significant differences between 
bonded Si–Si and Si-Borofloat®33 samples. This indicates that the 
global CTE mismatch between the bonded wafers was not the roots 
cause of the observed issue. 

Figure 4 summarizes the cross-section micrographs of the samples 
that were kept at high-temperature storage for 6 h and 168 h, and 
Table 1 summarizes the EDS characterization of the areas marked in the 
figures. The results show that the bonds consisted of a single phase 
Cu6(Sn,In)5, with a slightly higher copper content than the as-bonded 
samples that could lead into nucleation of Cu3(Sn,In) after a longer 
annealing time. This observation agrees with the previous studies that In 
has stabilizing effect of the Cu6Sn5 phase [22,23]. But, more impor-
tantly, all the figures also show that new intermetallic layers had formed 
between the electrodeposited copper and silicon. These features seem to 
grow towards the copper layers, implying the formation initiated from 
the interface, which conform with the optical microscopy observations 
that Sn–In alloy had penetrated the interface between the bond and the 
substrate. A higher In content than Sn was present in the newly formed 
intermetallic layer, that presumably caused by excess Indium thickness 
from the electroplating process. 

3.2. Diffusion kinetics and driving force analysis 

Diffusion kinetics analysis was utilized to examine the possibilities 
that caused Sn–In penetration. Based on the cross-sectional and topside 
observations, no further intermetallic growth was observed between 
samples that were stored at 150 ◦C for 6 and 168 h. Hence, the Cu-Sn-In 
intermetallic growth rate constant, can be deduced by using the 

parabolic equation and the effect of temperature can be evaluated 
through Arrhenius equation. [33] The intermetallic length after heat 
treatment process was obtained by post-processing of the optical mi-
croscopy image discussed on section 3.1, and the results were summa-
rized in supplementary Table 2. Fig. 5 shows a summary of the growth 
rate constant of Cu–Sn and Cu–In based intermetallic from various 
references, superimposed with data obtained from this study. Under-
standing the intermetallic growth rate constant is directly proportional 
to diffusion rate implies an extremely rapid diffusion process occurred. 

Below the eutectic point of Sn–In alloy the growth rate constant was 
estimated to be 5.6 × 10− 15 m2/s. However, above the eutectic point the 
diffusion mechanism increases significantly by several orders of 
magnitude reaching 3.8 × 10− 13 m2/s at 150 ◦C. These values are few 
order of magnitudes higher than the reported kinetics for Cu–Sn 
(Cu6Sn5) [34,35] and Cu–In (Cu7In3) [36–38] intermetallic. Unfortu-
nately, there is limited information available on Cu-Sn-In kinetics [39], 
especially regarding the diffusion kinetics at low temperatures. Never-
theless, these studies point out mass transport along grain boundary and 
changes in the driving force are the factors that could affect the diffusion 
processes. [40] 

Based on the test structure, grain boundary diffusion of Sn–In could 
only occur in two ways. The first one would be grain boundary diffusion 
through the bulk electrodeposited copper. However, this would also 
mean that intermetallic formation should also occur at the bulk copper 
grain boundaries, which had not been observed in the cross-sections. 
Furthermore, grain boundary diffusion typically occurs slower than 
what was estimated by several orders of magnitude (10− 17–10− 18 m2/s), 
owing to the large size of Sn–In atom to the Cu. [37,41] A more likely 
possibility is mass transport through the polycrystalline copper seed 
layer. 

The driving force for Cu–Sn or Cu–In interdiffusion are represented 
by their chemical potential differences. [42,43] A thermodynamic study 
on the Cu-Sn-In ternary system shows that the addition of Indium sta-
bilizes the phase in Cu6(Sn,In)5, hence reduces the driving force for 
copper diffusion. [22,23] This also confirms that Sn–In diffusion is a 
dominating factor for the irregular intermetallic formation. Addition-
ally, the study also shows Gibbs energy of formation of Cu6(Sn,In)5 
increased by ~50%. [22] However, this increase could not justify the 
increase of diffusion rate by several orders of magnitude, which implies 
there is another factor that increases Sn–In mobility. 

Alternatively, irregular Sn–In penetration may arise due to issues 
that lie within the Cu-substrate interface. The optical microscope ob-
servations presented in section 3.1 reveals instances where Sn–In 
squeeze-out remelted and penetrates through the Sn–In interface, 
particularly on samples heat-treated above the eutectic point. This 
strongly suggests that delamination had occurred, thereby providing 
pathway for the melt to penetrate. Thus, investigating factors that could 
affect interface adhesion, such as impurities and defects become critical. 
[14,17] 

Lastly, residual stresses are a known factor that affect the reliability 
of interconnect, particularly at interfaces where CTE mismatch are the 
largest. [32,44] Buckling or cracking due to thin-films deposition may 
result with delamination of the interface. [45] Additionally, accumula-
tion of the thermomechanical stresses from different processing stages 
may surpass the individual strength of the materials involved, which 
result in structural failure as well. [20] It is worth noting that such 
structural failures potentially serve as a pathway for Sn–In penetration. 

To summarize, the potential factors that causes Sn–In irregular 
penetration can be listed as: (1) extremely high grain boundary diffusion 
of Sn–In through polycrystalline Cu seed layer, Interface delamination 
due to (2) defects or (3) impurities, and lastly (4) residual stresses. The 
next few sections are dedicated to present and discuss the results series 
of characterization methods to study the root cause of irregular Sn–In 
penetration. 

Table 1 
Elemental composition by EDS characterization on the area marked at Fig. 4.  

Elemental composition (at. %) 

Sample Area Cu In Sn 

Si- Borofloat®33 

a.1 58.79 ± 0.28 21.33 ± 0.77 19.88 ± 0.81 
a.2 60.12 ± 0.02 27.93 ± 0.13 12.26 ± 0.46 
b.1 57.92 ± 0.19 24 ± 0.12 18.08 ± 0.07 
b.2 58.95 ± 0.56 28.29 ± 0.16 12.77 ± 0.4 

Si-Si 

c.1 57.28 ± 0.61 21.43 ± 0.77 21.29 ± 0.17 
c.2 58.76 ± 0.06 27.46 ± 0.26 13.79 ± 0.32 
d.1 57.81 ± 0 20.43 ± 0.5 21.76 ± 0.5 
d.2 61.26 ± 0.58 22.77 ± 4.08 15.97 ± 3.5  

Fig. 5. Comparison of growth rate constant of various intermetallics 
([33–36,38]) as a function of temperature. 
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3.3. High-resolution interface imaging 

Grain boundary diffusion or defects that promote Sn–In penetration 
were examined using high resolution imaging with TEM on the copper- 

substrate interface. Fig. 6(a) shows a micrograph of the as-bonded Si–Si 
interconnects, from which two lamellas were fabricated for the interface 
investigation. The first lamella was fabricated 35 μm from the edge, 
namely location A, where Sn–In penetration is expected to be minimal. 

Fig. 6. (a) SEM image of seal ring cross section for as bonded Si–Si, A and B are the areas used for TEM observation; Respectively, brightfield STEM, darkfield STEM, 
and EDS mapping for region (b,c,d) A and (e,f,g) B. 

Fig. 7. HRTEM image of as bonded Si–Si at (a) 500 k magnification, (b) EDS line spectra of the marked area; 800 k magnification image of the area marked in (a): 
(c) Cu layer, (d) TiW-Cu interface, and (e) TiW layer (red arrow mark indicate possible impurities). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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The second lamella were fabricated 85 μm from the edge, marked as 
location B, where no Sn–In penetration was observed. 

Figure 6 (b) and (c) show a STEM image of the interfaces at location 
A. The micrographs show that Sn–In had penetrated between the TiW 
adhesion layer and copper. This highlighted weak adhesion energy be-
tween TiW-Cu or presence of impurities as a possible cause for Sn–In 
penetration. EDS elemental maps at Fig. 6 (d) indicate Sn–In had 
reacted with copper to form intermetallic. However, phase identification 
from semi-quantitative analysis was limited due to interferences from 
Cu-based TEM grid. This effect was more evident on the TiW layer where 
electrons are more likely to scatter due to heavy element presence (in 
this case W). Furthermore, no copper and titanium, diffusion towards 
silicon were observed, confirming excellent barrier properties of TiW. 

STEM observation of the Si–Cu interface close to the center of the 
interconnect, namely location B, were presented at Fig. 6 (e), (f), and (g). 
STEM images confirm that no Sn–In penetration had occurred at this 
location. The observed copper microstructure from brightfield micro-
graph implies that copper seed layer had been incorporated to the 
electrodeposited copper throughout the bonding process. Consequently, 
this fact eliminates the possibility of grain boundary diffusion occurring 
through the copper seed layer. 

Possible cause of defects and impurities at the TiW-Cu interface were 
inspected by HRTEM imaging and interface EDS analysis of location B. 
Fig. 7 (a) shows a general overview of the interface and the highlighted 
areas represent locations used for EDS characterization. In Fig. 7 (b) 
individual EDS spectra obtained from the TiW and Cu layers are 

illustrated, along with an overall spectrum that represents summation of 
both. The copper layers spectrum shows slight Sn–In content, which is 
contrary to the findings presented at Fig. 6. So, it is most likely the peak 
is a result of measurement artifact. On the other hand, spectrum of the 
TiW layers shows additional peaks that suggest impurities or measure-
ment artifacts due to electron scattering. 

Higher magnification micrographs presented in Fig. 7 (d) reaffirms 
the copper seed layer had been incorporated to the electrodeposited 
copper. Furthermore, no unwanted interfacial layer was observed be-
tween the TiW-Cu interface micrograph, suggesting a good metallic 
bond locally. More importantly, micrographs of the TiW layer in Fig. 7, 
shows area with brighter contrast (marked with the red arrows). This 
further implies the presence of impurities within the TiW layer, which 
most likely originate from the two-step deposition process, potentially 
compromising its adhesion to the copper layer. 

3.4. TiW-Cu interface impurities 

ToF-ERDA measurements on unprocessed TiW-Cu adhesion and seed 
layers were conducted to investigate the elemental and impurity con-
centration of the layer stack. Fig. 8 shows the depth profiles of [Si], [O], 
[Cu], [Ti], [C], [H], [N] and [W] in the adhesion and seed layers ob-
tained from ERDA measurements. Based on the result, the thickness of 
the TiW can be estimated as 30 nm, which agrees with the observed 
thickness in TEM image at Fig. 7. The impurity content on TiW adhesion 
layer derived from the measurements is presented in supplementary 

Fig. 8. Elemental and impurity concentration of unpatterned TiW-Cu adhesion and seed layers obtained by ERDA. Inset on right shows atomic percentage in the 
TiW area. 

Fig. 9. Wafer deflection measurements of bonded Si–Si at different stage of processing.  
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Table 3. Altogether with the inset presented in Fig. 8, the measurement 
showed that oxygen had accumulated within the TiW layer. This means 
that during the deposition process, Ti acts as a getter in the deposition 
chamber leading to oxygen incorporation into the deposited layer. [46] 
Furthermore, the result also indicate formation of TiO2 that could pro-
mote barrier like properties but lowers adhesion energy between TiW 
and Cu. [14,17] 

3.5. Residual stress analysis 

Delamination of TiW-Cu interface is another possibility that could 
promote the irregular Sn–In penetration. The defects are typically 
caused by residual stresses due to CTE mismatch. Global residual stress 
resulting from thin film deposition could be studied by measuring the 
curvature as shown in Fig. 9. Then, residual stress as a result of thin film 
deposition could be estimated from the measured deflection using 
Stoney’s Eq. [47]: 

σf =
h2

6tf
(
SSi

11 + SSi
12
)
R

(1) 

Where h is the substrate thickness, tf is the thin film thickness R is the 
radius of curvature, and 1/(S11 + S12) is silicon compliance tensor of 
1.803 × 1011 N/m2. For the known TiW adhesion layer thickness of 30 
nm, residual stress could be estimated to be − 242.83 ± 28.01 MPa, 
which indicates compressive stress. On the other hand, after subsequent 
deposition of TiW and Cu, the stresses could be estimated to be 273.70 
± 74.91 MPa, which indicate that Cu deposition induces a high tensile 
stress. After the metal bonding layer deposition and removal of unpat-
terned seed layer, the curvature returned close to its initial state, 
implying the global stress was minimal. However, after the bonding 
process the curvature rose significantly, indicating very high residual 
stress formed during the bonding process. It is imperative to note, the 
curvature might not represent the global stresses since there are no CTE 
mismatch between the bonded silicon substrates. Instead, the curvature 
is most likely caused by the accumulation of local residual stresses. [48] 
Unfortunately, the residual stress from before and after the bonding 
process could not be quantitatively determined since the film thickness 
information is no longer applicable. 

Finite element modelling results to estimate the local residual 
stresses acting on the interface were summarized in Fig. 10. The model 
simulates the stress at the interface of the as-bonded sample. As a result 
of forming hermetic encapsulation, the pressure difference between cap 

and formed cavity, 410 nm inward deflections were observed both in 
bottom and cap wafers. It is critical to note that singularity effect limits 
quantitative determination of stresses at sharp corner of the geometries. 
[31] Nevertheless, qualitative assessment of the stress distribution is 
true. The modelling results show the Von Mises stresses across the TiW, 
Cu, and Cu6(Sn,In)5 could be estimated as 397 MPa, 250 MPa, and 600 
MPa, respectively. 

Based on the values, it is understandable that the copper layer un-
dergoes plastic deformation, while TiW, Cu6(Sn,In)5 layers, and Si 
substrate still behave elastically. Consequently, during the heat treat-
ment process the copper layer could not revert into its initial state, 
resulting in defects to pile-up. [49,50] Alfreider et al. studied defect 
formation in TiW-Cu interface using a specialized test structure, which 
demonstrated that tensile stress resulted in ductile failure at the copper 
layer. Furthermore, shear stresses introduced crack initiation at the TiW- 
Cu interface. [11,21,51] Another study also discussed that copper plastic 
deformation started from the TiW-Cu interface, due to the high CTE 
mismatch, during heating and cooling down process. [32] These studies 
explain the likelihood of failure occurring in the interface, enabling 
pathway for Sn–In penetration. 

Another potential reason for the delamination can be revealed by 
analyzing the principal stresses. Fig. 10 (e), (f), and (g) illustrates the 
principal stresses acting on TiW and Cu layers. The first principal stress 
denotes tensile stress, while the third principal stress represents 
compression stress. It is noteworthy that, although most layers undergo 
tensile loading, the TiW layer’s edge experiences high compression 
stress. This strongly implies the opposing loading condition as a cause 
for TiW-Cu delamination, particularly at the edges. This finding also 
aligns with the previous observations presented in Fig. 3, where 
delamination identified at the interconnect edge. 

4. Discussion 

To summarize, SLID bond on Cu-Sn-In metallurgy was employed to 
bond Si–Si wafers, as well as Si-Borofloat®33 wafers. Observation on 
both wafer pairs, shows irregular presence of Sn–In between copper 
and substrate after the bonding process. After high-temperature storage 
at 150 ◦C up to 168 h, additional Cu-Sn-In intermetallic layer was 
observed between copper and substrate. This indicates that penetration 
of Sn–In has occurred at the interface between the copper and the 
substrate. Diffusion kinetics study estimates the intermetallic growth 
rate constant reaches ~4 × 10− 13 m2/s, which is several orders of 

Fig. 10. Finite element modelling results on bonded Si–Si showing (a) Cap deflection, (b) Von Mises Stress of TiW-Cu-Cu6Sn5 layer stack; Von Mises Stress of (c) TiW 
layer, and (d) Cu layer; 1st principal stress and (f) 3rd principal stress of TiW layer; (g) 3rd principal stress of Cu layer. 
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magnitudes higher than that in the Cu–Sn and Cu–In based systems. 
Furthermore, the driving force for Cu-Sn-In intermetallic formation 
could not justify the extremely high growth rate constant. Thus, a series 
of investigations have been carried out to investigate the root cause for 
Sn–In penetration between copper and the substrate. 

High resolution TEM characterization excluded the possibility of 
grain boundary diffusion or TiW undercut. The result also highlights 
impurities that might cause poor adhesion between the TiW layer and 
electrodeposited copper. The ERDA measurements then confirmed the 
impurities, particularly oxygen, existed in the TiW layer. This reaffirms 
that the adhesion between TiW and Cu is compromised. 

Residual stress analyses using finite element modelling showed that 
the copper layer has undergone plastic deformation during the bonding 
process, which compromises its structural integrity. Additionally, 
opposing loading conditions were observed at the interconnect edges. 
Combined with the results from other characterization methods, it is 
more likely that copper delaminated from the TiW adhesion layer. 
Fig. 11 illustrates the proposed failure mechanism that leads to the 
formation of pathway for Sn–In atoms. 

Based on the results, several methods to prevent such failure mech-
anism can be proposed. First, to address the weak adhesion between TiW 
and copper, the deposition processes need to be optimized. Several 
studies have proposed improving adhesion by adjusting the TiW layer 
thickness and increasing Ti concentration. [14,52] Furthermore, impu-
rities could be prevented by using single-step deposition process or 
running an oxygen gettering process prior to TiW deposition. Second, 
Sn–In squeeze-out was identified as the source for irregular Sn–In 
penetration from the interconnect edge. Consequently, minimizing 
squeeze-out is an obvious approach, that could be achieved by: (1) 
optimizing the bonding conditions (pressure and temperature), (2) 
reducing low-melting metal stack thickness, and (3) modifying the 
interconnect geometry. [53,54] The last proposal is to minimize the 
residual stresses caused by the CTE mismatch. The curvature measure-
ments showed that curvature still occurs between bonded Si–Si wafers, 
that does not have a global CTE mismatch between the bonded sub-
strates. Consequently, the defining factor for the interface problem could 
be attributed to the local CTE mismatch, particularly at the interface 
between TiW and Cu. One possible solution to this issue is by intro-
ducing another layer of materials with similar thermomechanical 
properties, for instance TiW-Cr-Cu. Alternatively, a rather simpler so-
lution for residual stresses would be to reduce the bonding temperature 
even further. Given the eutectic point for Sn–In alloy at 110 ◦C, the 
bonding process could be done at even lower temperatures. [22,23] 

5. Conclusion 

In this work, the failure mechanism at the interface of low- 
temperature bonded interconnects were investigated. Si–Si and Si- 
Borofloat®33 wafer pairs were bonded using SLID bond based on Cu-Sn- 
In metallurgy at temperatures as low as 170 ◦C to form the test structure. 
Initial observation of the as-bonded samples displayed the interconnect 
formed of a single phase Cu6(Sn⋅In)5. However, penetration at copper- 
to-substrate interface from squeeze-out region were also observed. 
This resulted in the formation of unwanted Cu-Sn-In intermetallic layer 
between the copper and the substrate after kept at high-temperature 
storage up to 168 h. 

A series of characterization were carried out using TEM, ERDA, and 
residual stresses simulation to find the root cause. The results concluded 
interplay between weak adhesion caused by impurities and residual 
stresses delaminates Cu from TiW adhesion layer. Furthermore, the issue 
resulted in a pathway for remelting Sn,In to move in from squeeze-out 
region. The findings emphasized that local residual stress, where CTE 
mismatch is largest, possess a critical risk, even at lower processing 
temperature. 

To mitigate the issues found in this study, heterogenous integration 
process based on TiW-Cu architecture are proposed by paying important 
aspect to: improving adhesion of TiW-Cu layers, mitigate of squeeze-out 
formation, and reduce residual stress by utilizing lower bonding 
temperature. 

CRediT authorship contribution statement 

Obert Golim: Writing – review & editing, Writing – original draft, 
Visualization, Investigation, Formal analysis, Conceptualization. Vesa 
Vuorinen: Writing – review & editing, Validation, Formal analysis, 
Conceptualization. Glenn Ross: Writing – review & editing, Investiga-
tion, Formal analysis. Sami Suihkonen: Writing – review & editing, 
Investigation, Formal analysis. Mervi Paulasto-Kröckel: Writing – re-
view & editing, Validation, Supervision, Conceptualization. 

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. 

Data availability 

Data will be made available on request. 

Fig. 11. Illustration for defect formation that promotes In–Sn diffusion: (1) Opposing residual stress due to CTE mismatch, (2) Cu layer delaminates from TiW due to 
the stress conditions and weak adhesion, (3) the structural failures creating pathway for In and Sn atoms, and (4) Cu-Sn-In intermetallic are formed at the TiW- 
Cu interface. 

O. Golim et al.                                                                                                                                                                                                                                   



Materials Characterization 209 (2024) 113772

10

Acknowledgements 

The authors acknowledge the provision of facilities as well as tech-
nical support by Aalto University at Micronova cleanroom facilities for 
fabrication of the test structures. The authors also would like to 
acknowledge the facilities of Nanomicroscopy Center for TEM and FIB 
characterization. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.matchar.2024.113772. 

References 

[1] S. Zhang, et al., Challenges and recent prospectives of 3D heterogeneous 
integration, e-Prime - Adv. Electric. Eng. Electron. Energy 2 (2022), https://doi. 
org/10.1016/j.prime.2022.100052. 

[2] J.H. Lau, Recent advances and trends in advanced packaging, IEEE Trans. Compon. 
Packag. Manuf. Technol. 12 (2) (2022) 228–252, https://doi.org/10.1109/ 
tcpmt.2022.3144461. 

[3] J.H. Lau, Recent advances and trends in Chiplet design and heterogeneous 
integration packaging, J. Electron. Packag. 146 (1) (2024), https://doi.org/ 
10.1115/1.4062529. 

[4] J. Park, S. Nam, S. Moon, J. Kim, Optimal channel design for die-to-die interface in 
multi-die integration applications, in: Presented at the 2023 IEEE 73rd Electronic 
Components and Technology Conference (ECTC), 2023. 

[5] S. Salahuddin, K. Ni, S. Datta, The era of hyper-scaling in electronics, Nat. Electron. 
1 (8) (2018) 442–450, https://doi.org/10.1038/s41928-018-0117-x. 

[6] Y. Susumago, et al., Room-temperature direct cu semi-additive plating (SAP) 
bonding for Chip-on-wafer 3D Heterogenous integration with μLED, IEEE Elect. 
Device Lett. 44 (3) (2023) 500–503, https://doi.org/10.1109/led.2023.3237834. 

[7] Y. Ohara, et al., 10 μm fine pitch Cu/Sn micro-bumps for 3-D super-chip stack, in: 
IEEE International Conference on 3D System Integration, 2009, p. IEEE, https:// 
doi.org/10.1109/3DIC.2009.5306532. 

[8] T. Matsumae, et al., Wafer-scale room-temperature bonding of smooth Au/Ti-based 
getter layer for vacuum packaging, Sensors (Basel) 22 (21) (2022) 1–10, https:// 
doi.org/10.3390/s22218144. 

[9] Y. Kurashima, T. Matsumae, H. Takagi, Room-temperature Au–Au bonding in 
atmospheric air using direct transferred atomically smooth Au film on 
electroplated patterns, Microelectron. Eng. 189 (2018) 1–5, https://doi.org/ 
10.1016/j.mee.2017.12.004. 

[10] L. Sun, M.-H. Chen, L. Zhang, P. He, L.-S. Xie, Recent progress in SLID bonding in 
novel 3D-IC technologies, J. Alloys Compd. 818 (2020) 1–18, https://doi.org/ 
10.1016/j.jallcom.2019.152825. 

[11] M. Alfreider, R. Bodlos, L. Romaner, D. Kiener, The influence of chemistry on the 
interface toughness in a WTi-Cu system, Acta Mater. 230 (2022), https://doi.org/ 
10.1016/j.actamat.2022.117813. 

[12] S.Q. Wang, S. Suthar, C. Hoeflich, B.J. Burrow, Diffusion barrier properties of TiW 
between Si and cu, J. Appl. Phys. 73 (5) (1993) 2301–2320, https://doi.org/ 
10.1063/1.353135. 

[13] J.O. Olowolafe, C.J. Mogab, R.B. Gregory, Evaluation of Ta, Ti and TiW 
encapsulations for corrosion and diffusion protection of Cu interconnects, Thin 
Solid Films 227 (1993) 37–43. 

[14] A. Furuya, Y. Ohshita, Ti concentration effect on adhesive energy at Cu/TiW 
interface, J. Appl. Phys. 84 (9) (1998) 4941–4944, https://doi.org/10.1063/ 
1.368805. 

[15] J.M. Oparwoski, R.D. Sisson, R.R. Biederman, The effect of processing parameters 
of the microstructure and properties of sputter deposited TiW thin film diffusion 
barrier, Thin Solid Films 153 (1987) 313–328. 

[16] T. Wei, et al., Optimization and evaluation of sputtering barrier/seed layer in 
through silicon via for 3-D integration, Tsinghua Sci. Technol. 19 (2) (2014) 
150–160, https://doi.org/10.1109/TST.2014.6787368. 

[17] C. Kalha, et al., Thermal and oxidation stability of TixW1− x diffusion barriers 
investigated by soft and hard x-ray photoelectron spectroscopy, J. Appl. Phys. 129 
(19) (2021), https://doi.org/10.1063/5.0048304. 

[18] A. Roshangias, R. Pelzer, G. Khatibi, J. Steinbrenner, Thickness dependency of 
adhesion properties of TiW thin films, in: Electronics Packaging Technology 
Conference (EPTC), Singapore, IEEE, 2014, pp. 192–195, https://doi.org/10.1109/ 
EPTC.2014.7028417. 

[19] G. Abadias, et al., Review article: stress in thin films and coatings: current status, 
challenges, and prospects, J. Vac. Sci. Technol. A 36 (2) (2018), https://doi.org/ 
10.1116/1.5011790. 

[20] R. Hammer, et al., High resolution residual stress gradient characterization in W/ 
TiN-stack on Si(100): correlating in-plane stress and grain size distributions in W 
sublayer, Mater. Des. 132 (2017) 72–78, https://doi.org/10.1016/j. 
matdes.2017.06.052. 

[21] M. Alfreider, J. Zechner, D. Kiener, Addressing fracture properties of individual 
constituents within a Cu-WTi-SiOx-Si multilayer, Jom 72 (12) (2020) 4551–4558, 
https://doi.org/10.1007/s11837-020-04444-6. 

[22] V. Vuorinen, H. Dong, G. Ross, J. Hotchkiss, J. Kaaos, M. Paulasto-Kröckel, Wafer 
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temperature wafer-level bonding with Cu-Sn-In solid liquid Interdiffusion for 
microsystem packaging, Microelectron. Eng. 286 (112140) (2024) 1–9, https:// 
doi.org/10.1016/j.mee.2024.112140. 

[28] J. Hotchkiss, et al., Study of Cu-Sn-In system for low temperature, wafer level solid 
liquid inter-diffusion bonding, in: 2020 IEEE 8th Electronics System-Integration 
Technology Conference (ESTC), IEEE, Norway, 2020, https://doi.org/10.1109/ 
ESTC48849.2020.9229696. 

[29] J. Jokinen, J. Keinonen, P. Tikkanen, A. Kuronen, T. Ahlgren, K. Nordlund, 
Comparison of TOF-ERDA and nuclear resonance reaction techniques for range 
profile measurements of keV energy implants, Nucl. Instrum. Methods Phys. Res., 
Sect. B 119 (4) (1996) 533–542. 

[30] F. Emadi, S. Liu, A. Klami, N. Tiwary, V. Vuorinen, M. Paulasto-Krockel, Low- 
temperature die attach for power components: Cu-Sn-In solid-liquid interdiffusion 
bonding, in: Presented at the 2022 14th International Conference on Advanced 
Semiconductor Devices and Microsystems (ASDAM), 2022. 

[31] N. Tiwary, V. Vuorinen, G. Ross, M. Paulasto-Krockel, Finite element simulation of 
solid-liquid interdiffusion bonding process: understanding process dependent 
thermomechanical stress, IEEE Trans. Compon. Packag. Manuf. Technol. (2022) 
1–9, https://doi.org/10.1109/tcpmt.2022.3170082. 

[32] B. Seligmann, M. Alfreider, M. Wurmshuber, D. Kiener, Novel approach for 
assessing cyclic thermomechanical behavior of multilayered structures, Adv. Eng. 
Mater. 25 (3) (2022), https://doi.org/10.1002/adem.202201209. 

[33] A. Paul, C. Ghosh, W.J. Boettinger, Diffusion parameters and growth mechanism of 
phases in the Cu-Sn system, Metall. Mater. Trans. A 42 (4) (2011) 952–963, 
https://doi.org/10.1007/s11661-010-0592-9. 
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