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Abstract — The metal-metal bonding has become more 
promising for fine-line hermitic sealing and electronic packaging 
applications. Even though aluminum has CMOS compatibility 
and extensive utilization in MEMS, its fine pitch bonding and 
bonding at low thermal budgets is still challenging. In this paper, 
we have demonstrated a fine pitch (~6 μm) direct Aluminum –
Aluminum bonding process achievable at a low temperature ≤ 350
°C, which is compatible with CMOS Back-End-Of-Line (BEOL) 
processes. Successful bonding was achieved by using optimally 
ultra-thin titanium as a surface passivation layer. The passivation 
layer not only helps in protecting the surface from oxide 
formation, but also helps in the modification of surface 
microstructure and morphology. Systematic investigation of 
surface oxidation and grain structure using EDS and XRD, as well 
as AFM analysis of surface roughness revealed that the optimal 
passivation layer thickness to be ~2-4 nm. With optimized 
passivation layer thickness, wafer level blanket bonding has been 
achieved at a temperature and pressure of ≤300 °C and < 1MPa,
respectively. Reliable interface bonding quality in fine-pitch
structures (with ~16% metal pattern density) has been achieved at 
≤350 °C bonding temperature and ≥1 MPa bonding pressure.
These investigations suggest that passivation materials can help 
reduce the bonding temperature further to achieve advanced 
interconnect bonding and MEMS sealing at low thermal budgets. 

Keywords—Fine pitch, thermocompression bonding, low 
thermal budget, passivation.

I. INTRODUCTION 

Microelectromechanical systems (MEMS) are typically 
transducer devices that interface between the physical world and 
electronic processing systems [1]. MEMS devices are extremely 
important for sensing optical, physical, and chemical signals,
and play a key role in advanced electronic automation [2,3].
However, for precision and accuracy, these devices must be 
encapsulated in either a hermetically sealed environment (such 
as for infrared image sensors, accelerometers, gyroscopes, and 

resonators), or have a direct physical interface with the ambient 
(such as for flow sensors, pressure sensors and microphones) [4-
5]. To improve performance, advanced packaging strategies 
helps integrate MEMS devices to complementary metal oxide 
semiconductor (CMOS) circuitry, in a single package by 2.5D 
or 3D architectures [6,7]. The hermiticity of MEMS devices and 
their integration with CMOS integrated circuits (ICs) continues 
to be challenging.

Thermo-compression wafer-to-wafer bonding technology 
plays a vital role in the wafer-level fabrication of hermetically 
sealed cavities, which are crucial for the reliable functioning of 
most MEMS systems [8-10]. Direct metal diffusion bond 
interconnections are attractive for achieving fine line sealing and 
improved electrical interconnections [10]. Copper, gold, and 
aluminum are promising for the formation of fine metal 
interconnections as well as fine metal seal rings. Compared to 
copper and gold, which are established materials for these 
applications, aluminum has several benefits owing to its 
relatively high electromigration resistance (with the addition of 
minor amounts of copper [11]), high electrical and thermal
conductivities, and low cost. These properties combined with 
CMOS compatibility make aluminum a promising candidate in 
the integration of CMOS to MEMS, where the MEMS actuator 
is bonded to the electrical IC.

All the BEOL metal layers in CMOS devices, thus far, have 
used either aluminum or copper. Aluminum was commonly 
used in CMOS-BEOL interconnections until 1997 [12]. Scaling 
of devices necessitated denser interconnects with lower 
electrical resistivity. One of the bottlenecks that initially 
precluded the usage of copper was electromigration. Having 
resolved it with the addition of 2% silicon in copper, aluminum
was replaced with Cu in 1998 by IBM at FEOL [13]. That said, 
foundries still use aluminum as the final layer in CMOS chips 
for external contacts. On the other hand, Au is generally avoided 
in semiconductor CMOS technology because it acts as the hubs 
for deep level traps and recombination centers. Moreover, Au 
diffuses effectively from the deposited thin film to the 
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underlying Si substrate, even at moderate temperatures.
Aluminum/dielectric hybrid bond interconnects or direct 
bonding of aluminum could help reduce integration complexity 
and process costs in the fabrication of redistribution layers
(RDL) for interconnecting MEMS to ICs. 

However, the formation of a surface native oxide layer with 
high chemical stability on aluminum surfaces is tough to 
eliminate by chemical  treatment. This thin oxide layer turns into
a strong diffusion barrier at the bonding interface between
aluminum substrates [14]. Due to this, not much research has
been carried out on microelectronics package interconnections
using aluminum, and its applications have been limited to 
MEMS sealing applications. However, due to its low cost and 
the comparable thermal and electrical characteristics to copper
and gold, aluminum can be envisaged as an interconnect 
material for  a variety of applications beyond MEMS sealing, 
provided bonding is achieved at a relatively low temperature and 
pressure. In the case of aluminum, surface oxidation hinders the 
realization of direct Al-Al thermo-compression bonding at low-
thermal budgets [14-15].

Direct metal-metal thermo-compression bonding, especially 
with Al, has received limited attention so far because of the 
inherent high temperature and high-pressure requirements. Al-
Al bonding necessitates a temperature greater than 450 °C and 
high contact force (around few 10s to 100s of MPa) to overcome 
the thin, chemically stable surface oxide (Al2O3) barrier. 

Akin to Cu, several explorations have been carried out to 
reduce the temperature and pressure requirements. Chen H. et
al. [16] proposed a bonding mechanism that utilized argon-ion 
pretreatment. Before bonding, pure aluminum specimens were 
etched by high energy (1 keV) argon ion beams up to 120s in an 
ion cleaning chamber. Then the bonding was then carried out in 
vacuum at 350 °C for 3 hours at a pressure of 10 MPa, by using 
an ion-activated vacuum diffusion bonding furnace. M.
Wietstruck [17] and S. Schulze et al. [18] achieved Al-Al 
bonding using EVG ComBond® High-Vacuum automated 
bonding System, at 300 °C   for 1 hour with a bonding force of 
60 kN. Prior to bonding, surface roughness was reduced to 1.1
nm, with pre-surface treatment conducted in the same 

equipment. Shiro Satoh et al. [19] proposed a passivation 
method using tin as the passivation layer for Al. Bonding was 
carried out at 360 to 390 °C with a bonding pressure of 43 to 65 
MPa. 

The bonding pressures and temperatures reported so far in 
the literature have been high or highly sophisticated equipment 
(eg. High vacuum automated bonding systems [18]) are 
detrimental to the performance of both CMOS and MEMS 
devices. Thus, it is imperative to reduce both the temperature 
and pressure and this publication makes a significant
contribution towards this end.

In this study, we focus on wafer-level Al-Al bonding at low 
pressures and with low thermal budget. The importance of 
surface morphology and microstructure in achieving good 
quality bonding under the desired conditions is discussed. 
Subsequently, fine-pitch bonding is demonstrated after wafer-
level blanket bonding is optimized.

II. FABRICATION PROTOCOL

In this experiment, 200 mm, single-side polished p-type Si 
wafers with ~1 μm grown thermal oxide were used. The wafers 
were subjected to standard cleaning protocols prior to the 
deposition of metal layers. Aluminum metal layer (1 μm
thickness) was deposited followed by a thin titanium (Ti) film
passivation layer without vacuum break using sputter physical 
vapor deposition (PVD) deposition technique. High vacuum was
maintained during deposition as well as in the chamber 
interlocks while transferring the wafers among the metal target 
chambers. After deposition, the surface was inspected using 
atomic force microscopy (AFM), x-ray diffraction (XRD), x-ray 
photoelectron spectroscopy (XPS), and for optimizing the
passivation thickness. Ssurface roughness and surface oxidation 
were the key parameters considered while optimizing the 
passivation thickness. Then, blanket aluminum wafers with 
optimized passivation film thickness were subjected to bonding. 
Key bonding conditions, namely temperature and pressure, were
optimized based on bonding quality inspection by confocal 
scanning acoustic microscopy (C-SAM).

For fine pitch interconnect integration, the thin films were 
patterned using a positive photoresist and exposed in an i-line 
stepper with UV-C wavelength. The exposed patterns were dry-
etched using chlorine chemistry with a PR mask layer. These 
wafers were aligned and bonded under optimized thermo-
compression bonding conditions. The bonding process flow is
shown in Figure 1. Post bonding reliability analysis was carried 
out using dicing and interface inspection by X-SEM, to study
the interface contact formation. These investigation results are 
explained in detail in the following results and discussion
section.

III. RESULTS AND DISCUSSION

At low temperatures, grain boundary diffusion dominates all
the other transport mechanisms in polycrystalline metal thin 
films [20-21]. The passivation layer protects the Al surface from 
oxidation. In the case of Al-Al thermo-compression bonding, the 
passivation layer should also allow the diffusion of Al atoms. 
The key to lowering bonding temperature and pressure lies in 
the selection of the right passivation layer with the right

Figure 1. Process flow for the fine pitch aluminum-aluminum bonding.
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thickness, for which good diffusion of Al across the passivation 
layer is the fundamental consideration.

In this work, we propose a method of protecting the Al 
surface with a thin layer of titanium as a passivation layer, to 
prevent the formation of aluminum oxide. Even though titanium
gets oxidized rapidly, it was selected due to its high CMOS 
compatibility, comparable conductivity to Al, and low activation 
energy of Al towards Ti/TiOx [22]. Passivation layer thicknesses
of 2, 4, 6, and 8 nm were deposited on the surface of Al and the 
surface morphology and microstructural changes were studied.
Optimization has been carried out to maximize Al diffusion 
across the bonding interface. 

A. Optimization of passivation layer thickness 
The passivation layer may result in variations in the surface 

morphology and microstructural properties. Optimizing its
thickness is essential for stopping Al oxidation and allowing Al 
diffusion and interfacial Al-Al contact formation. If the 
thickness of the passivation layer is high, passivation layer-to-
passivation layer bonding may occur instead of Al-Al bonding,
which may degrade the interconnect performance. This suggests
that the passivation film thickness should be minimal.

1. Effect of passivation layer on surface roughness
Metal-to-metal thermocompression bonding requires

atomic-level interdiffusion across the bonding interface.
Maximizing the interfacial contact area improves 

interdiffusion. Surfaces with low roughness are important for 
increasing contact area while bonding. 

Prior to the deposition of a passivation layer on Al, we 
optimized plasma power during the deposition of Al to achieve
low surface roughness. Al was deposited at room temperature 
using various plasma power values. AFM study was conducted 
on the Al surface with various thicknesses of passivation layers. 
Figure 2(a) suggests that higher deposition powers helped lower
the surface roughness of Al with reduced non-uniformity from
the center to the edge of the wafer. Next surface roughness 
obtained upon the deposition of a passivation layer on the 
optimized Al surface is shown in Figure 2(b). Passivation 
thicknesses of 2 nm and 4 nm on the Al surface resulted in
~12% reduced surface roughness compared to the non-
passivated surface of Al. This suggests that the passivation 
layer helps in reducing challenges associated with higher 
surface roughness. 

2. Effect of passivation layer on crystal grain orientation
The thin-film grain structure and grain texture play a 

significant role in the atomic interdiffusion of metal thin films. 
Towards this end, Al surfaces with ultrathin passivation layers 
were inspected using grazing angle x-ray diffraction 
spectroscopy (GI-XRD) and the results are shown in Figure 3. 
A high-intensity sharp peak was observed at 2θ = ~38.4°, which 
is attributed to highly textured Al-(111) plane (as per (JCPDS)-
(ICDD) data [23]). It has been suggested that high-density
(111)-oriented surface planes help in higher diffusion across the 
bonding interface [24]. In the peak intensities of passivated Al 
films shown in Figure 3, the 2nm passivated film shows
dominant intensity of (111) planes followed by 8nm, 6nm and 
4nm passivated films. Since low surface passivation layer 
thickness and low surface roughness are important for this 
application, the 2 nm passivation film is optimum.

3. Effect of passivation layer on surface oxide

Figure 3. The grazing angle XRD inspection of Al surface with varying 
passivation layer thickness. 

Figure 4. The energy dispersive spectroscopy areal scan on, (a). the 
surface of Al without passivation layer. (b). On the surface of the thin Ti 
passivated Al surface. 

Figure 2. The resulted average surface roughness (5μm ᵡ 5μm area). (a). 
On the Al surface with varying the plasma power. (b). By varying the
passivation layer thickness.
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As mentioned in section I, Al is prone to surface oxide 
formation immediately upon exposure to the oxygen ambient.
The surface oxide acts as a strong diffusion barrier for the 
interdiffusion of Al atoms across the bonding interface. The 
effect of the passivation layer in protecting Al against surface 
oxide formation was studied using SEM-EDS. Figure 4(a) 
shows the areal scan for an un-passivated Al film, while the 
corresponding EDS map shows the intensity peaks for Al and 
O elements. On the other hand, Figure 4(b) shows the EDS map 
for a thin (~4 nm) Ti passivation film deposited over Al,
indicating the presence of Al, Ti and small traces of C, and the 
absence of O element. The result suggests that the surface 
oxidation of aluminum has been controlled by passivation with 
ultrathin Ti. 

In addition, the surface investigation using x-ray 
photoelectron spectroscopy (XPS) on the minimum (2nm) 
passivated and un-passivated samples. The Al2p of narrow 
scans of the both the samples are mentioned in the Figure 5. The 
Al2p narrow scan provide information about Al and Al2O3 with 
Al metal peak centered at the binding energy of 72.8 eV and 
Al2O3 peak at 74.9 eV. Figure 5(a), show the dominated 
aluminum oxide peak as compared with the Al. On the other 
hand, The XPS narrow scan spectra of 2nm Ti passivated 
sample is shown in the Figure 5(b). The Al peak with higher 
intensity counts than the aluminum oxide. It evident that, the 
formation of oxide on blanket/unprotected surface is dominant 
without surface protection or preclean. However, the smaller 
passivation layer thickness of even ~2nm will help protecting 
the surface form oxide formation. 

B. Fine-pitch bonding with process flow challenges
Wafers with optimized Al film and Ti passivation layer,

were patterned using a standard lithography process. Following 
this, the film was dry-etched using chlorine chemistry and
inspected in defect review scanning electron microscopy (DR-
SEM) after in-situ photoresist strip. Some of the surfaces were
found to exhibit surface corrosion with chlorine, as shown in 
Figure 6(a). These wafers were subjected to a solvent clean 
(NE14) after prolonged storage resulting in pits at the wafer 
edges. In addition, the surface of these wafers lost the
passivation layer, which might be due to the reaction between 
chlorine residues and the Ti layers as shown in Figure 6(b). On 
the other hand, the wafers processed with solvent NE14 clean 
immediately after the photoresist strip resulted in a clean 
surface without loss of passivation layer. Figure 5(c) shows that 
with 30 sec Ar plasma treatment following NE14 clean, an 
oxide-free surface can be obtained as shown in the EDS results.

After obtaining the desired patterns with the oxide-free 
surface, thermocompression bonding was performed. The 
process parameters were optimized by checking the interface 
reliability upon dicing the wafers. We observed a high-

Figure 5. XPS spectra of Al2p core level analysis of Al surface with, (a). 
no passivation layer. (b). 2nm Ti passivation.

Figure 6. The DR-SEM inspection of Al patterns with passivation layer, (a). 
The surface after PR strip off. (b). pits on the edges (circled in yellow label) 
with EDS on respective pattern. (c). The clear pattern with respective surface 
EDS scan.

Figure 7. (a) The X-SEM image of the fine pitch bonded interface. (b). 
The EDS elemental areal map of the bonded wafers. (c). The EDS line 
scan across the bonded interface. 
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reliability bonding interface for patterned wafers bonded at 
~350 °C with a pressure of 1 MPa onwards. The need for higher 
bonding temperature and pressure could be due to the reduced 
surface contact area as compared with the blanket-bonded 
wafers. 

Patterned wafers with a fine pitch of 6 μm and pattern size 
of 3 μm were bonded and a X-SEM image as shown in Figure 
7(a). The EDS areal map across the bonding interface clearly 
shows continuity in the Al-Al bonded interface as shown in 
Figure 7(b). Moreover, continuous growth of Al across the 
bonding interface was verified by using a line scan across the 
bonded interface. Figure 7(c) shows continuous Al elemental 
distribution due to Al growth under the optimized bonding 
conditions. 

IV. CONCLUSION  

Fine pitch Al-Al bonding with ultra-thin surface passivation 
layer has been demonstrated. Passivation layers of ~2nm-~4nm 
thickness were optimized by systematically minimizing surface 
roughness and surface oxidation. The optimization studies
helped in achieving blanket wafer bonding at a low temperature 
of ≤300 °C and at a pressure of <1 MPa. In the case of patterned 
wafers, we observed that good interface bonding quality could 
be achieved at ≤350 °C at ≥1 MPa, at a fine pitch with ~16%
metal pattern density. The ultrathin passivation layer helps in 
achieving bonding at CMOS-compatible thermal budgets. We 
suspect that the increased bonding temperature and pressure 
needed for fine-pitch bonding might be due to lower contact area
compared to blanket wafers and needs to be investigated further. 
Nevertheless, the method of passivation of Al with a suitably
optimized material supports Al-Al bonding at reduced bonding 
temperature and pressure. The proposed method not only 
supports hermetic sealing for MEMS applications but can also 
be an approach for Al/dielectric hybrid bonding for future
advanced packaging applications like 3D ICs and high-
bandwidth memory (HBM) technologies without additional 
RDL layers.
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