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Aluminum to copper thermal compression bonding
for heterogeneous integration of legacy dielets
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Abstract— Advanced packaging aims to integrate multiple
heterogeneous chiplets/dielets at fine (< 10 pm) bonding pitches,
irrespective of their size, material and function. Metal-to-metal
thermal compression bonding (TCB) using copper-copper (Cu),
gold-gold (Au), copper-gold interconnects is a versatile technique
to reduce die-to-wafer bonding pitches up to 5 pm. However, a
scalable metal-to-aluminum (Al) thermal compression bonding
process does not currently exist, and all aluminum terminated
dielets from the foundry are integrated using conventional solder-
based processes, which limits their pitch scaling to 20pm. In this
work, we develop an aluminum-to-copper thermal compression
bonding process based on a two-step bonding approach,
accompanied by hydrofluoric acid and in-situ formic acid vapor
treatments to enable solderless Al-Cu bonding. An optimized Al-
Cu bonding process will enable integration of Al-terminated
legacy dielets and Cu-terminated advanced dielets on the same Si-
based packaging substrate such as the silicon interconnect fabric
(Si-1IF), eliminating the need for solder bumping for legacy Al-
terminated dielets. In this paper, bonding challenges to aluminum,
the impact of surface treatment and annealing on Al-Cu interface,
and results on shear strength and electrical daisy chain
measurements are included. The calculated specific contact
resistance of Al-Cu contacts is found to be 0.838 Q-pum?
Furthermore, we have also implemented, for the first time, a
heterogeneous assembly consisting of Al-Cu TCB, Cu-Cu TCB
and Au-Cu TCB on the same Si-IF silicon substrate.

Keywords—thermal compression bonding, silicon interconnect
fabric, aluminum, copper, advanced packaging, heterogeneous
integration

I.  INTRODUCTION

As heterogeneous integration of dielets becomes more
ubiquitous, a diversity of dielets will need to be integrated on
advanced packaging substrates. Solderless metal-metal thermal
compression bonding (TCB) [1] provides a versatile assembly
platform and previously we have shown TCB of Gold-Gold
(Au) [2], Gold-Copper (Cu) [3], Copper-Copper [4, 15] etc. with
appropriate interlayers. However, Aluminum (Al) terminations
are difficult to work with, because of the almost immediate
uniform and self-limiting oxidation of the surface — which is
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Fig. 1 A standard metal stack option in 22 nm fully depleted
silicon on insulator (22FDX) dielet from GlobalFoundries which
shows termination with aluminum (Al) pads. The measured rms
pad roughness is ~ 21 nm and a topography of 0.5 - 0.6 um is
observed due to Al being deposited instead of following a
damascene flow like copper.

very difficult to penetrate. = Nonetheless, many legacy
technologies use Al as their last metal layer, either to provide
compatibility with solder bumping, or in the case of analog and
mixed signal chips, as a thick low conductivity metallization and
routing layer for inductors and such. Thus, the use of Aluminum
in the last metal layer is to achieve a lot more than just acting as
a termination pad. One such example of a stack terminating in
Al pads is the is shown in Fig. 1. Developing a TCB process to
bond Cu pillars to Al pads is an important step in integrating
these legacy dielets directly onto advanced packaging substrates
with Cu termination. In this work, we propose a novel two-step
Al-Cu bonding process to integrate such legacy dielets (which
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terminated with Al pads) on the Silicon Interconnect Fabric (Si-
IF) [1 — 5, 15] and similar Si-based substrates. This will allow
Si-IF and other Si-based platforms, to integrate both legacy and
state-of-the-art dielets (in which dielets are terminated with Cu
pads for TCB or hybrid bonding) on the same substrate without
the need for additional packaging layers such as interposers,
silicon-bridges, laminates etc. or need for a hybrid solder plus
copper pillar process on the same substrate, which can be
difficult to develop.

However, there are several challenges in developing an Al-
Cu TCB process to work in air or nitrogen-rich environment
which is available in current die-to-wafer bonding tools. Most
notable is the fact that metallic Al is highly reactive with
atmospheric oxygen, and it will form aluminum oxide (Al>O3)
of ~ 5 nm thickness within a few milliseconds of being exposed
to air [6]. This AlLOs is a good diffusion barrier [8] and will
prevent any interdiffusion during bonding and needs to be
removed prior to bonding. Secondly, Al, which is used as a
terminal metal layer in foundry process does not use a
damascene flow and tends to be deposited. This results in a
higher roughness when compared to the damascene process and
topography as seen in Fig. 1 which needs to be addressed.
Thirdly in a dissimilar system like Al-Cu, there is intermetallic
formation at the joint contours [7] which can lead to reliability
challenges. We expect that reliability can be improved by
passivating any exposed Cu on pillars as well as the bonding
interface using atomic layer deposition of alumina as described
in our previous work [8]. In this work, we aim to develop an Al-
Cu TCB process by overcoming such challenges. This paper is
organized as follows: Section II of the paper summarizes the
previous works done to enable bonding to Al pads, section III
represents our experimental approach, section IV shows our
results and inferences, and section V concludes the paper.

II. BACKGROUND ON ALUMINUM BONDING

In our survey of literature, we did not find significant
progress on Al-Cu bonding, although several works [10 — 12]
have demonstrated Al-Al bonding in both die-to-wafer and
wafer-to-wafer formats. As discussed earlier, one of the major
challenges in bonding Al to itself or other metals is the native
oxide layer of Al,Os, which, while easily removed using wet or
atomic layer etching techniques [9], rebuilds almost instantly
when sample is exposed to air. So far one of the successful ways
to remove this oxide is to do argon treatment under vacuum. A
collective die-to-wafer bonding was recently demonstrated by
Schulze et al. [10] in a vacuum environment with an argon in-
situ clean to remove the native oxide. Dies with aluminum pads
were placed in pockets on a silicon wafer and bonded to another
wafer with aluminum pads at 300°C with pressures between 52
and 60 MPa. The resulting resistance per contact of 32.3 mQ
indicated successful bonding. In another study, wafer-to-wafer
Al-Al bonding was conducted with the same in-situ Argon pre-
treatment under vacuum. The results showed successful bonding
at pressures less than 2 MPa at temperatures less than 150°C
[11]. This study indicated aluminum will naturally bond to
aluminum if the oxide is removed at low pressure and
temperature. This observation was also explored in a study by
CEA-LETI [12] for room temperature die to wafer Al-Al cold
bonding. In this study, aluminum coated micro-tubes made of
tungsten silicide (WSi) were used to plastically deform an
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Fig. 2 The schematic of the samples used for optimization of the
aluminum-copper thermal compression bonding (TCB) process.

aluminum pad such that the micro-tube would pierce the
aluminum oxide layer and form a metallic bond between the Al
layer on the micro-tube and the oxide free Aluminum in the bulk
of the pad. Successful bonding was achieved across 100,000
connections by applying 8mN per connection. However, when
applied to a dielet with active devices, such force per dielet has
a possibility of damaging the active devices leading to circuit
failures.

This work explores the bonding mechanism between Al and
Cu. The importance of Al-Cu TCB has already been established
in section I. The next section describes in detail the experimental
approach taken including sample preparation, surface pre-
treatment, bonding procedure, and analysis techniques.

III. EXPERIMENTAL APPROACH

To develop the aluminum-copper die-to-substrate bonding
process in ambient air, dielets with aluminum (Al) pads and
substrate with copper (Cu) pillars were fabricated. The Al was
deposited by dc sputtering using an Al 99.5% Cu 0.5% target.
The Al sputtering was done on thermally grown silicon dioxide
(Si0») and then the film patterned to create Al pads on dielets.
The thickness of deposited Al pads was 500 nm. Fig. 2 shows
the schematic of the sample used for bonding and testing. On
the substrate side, a single Cu damascene process is used to
fabricate Cu pillars of 5um diameter and 10um pitch as
described in our previous work [4].

As discussed in Section II, surface pretreatment prior to
bonding is essential to allow Aluminum and Copper inter-
diffusion during bonding. Copper oxide can be removed by in-
situ clean with formic acid vapor as described in our previous
works [3, 4, 15]. Removing aluminum oxide, however, poses
challenges. Since the dielet tacking process is to operate in air,
standard argon treatment described in section II will not be
feasible, as even with argon treatment prior to bonding, Al will
re-oxidize as soon as it is exposed to air. Also, the formic acid
vapor technique which can clean copper oxide proved
ineffective to clean Al,Os in our initial bonding tests. Therefore,
the surface treatment was planned with the goal of temporarily
converting Al,Os3 into another film which would be easy to
decompose during bonding. Aluminum Fluoride (AlF;.xH>0)
is found to be a suitable candidate due to its low solubility in
acids, bases and water [14] when compared to other salts of Al.
As shown in Fig. 3, several treatments were used to synthesize
aluminum fluoride on Al pads, however a 3 second dip in
diluted hydrofluoric (HF) acid (ratio 1:10) proved to be the best
approach. Energy dispersive spectroscopy (EDS) was used to
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Fig. 3 Surface treatment done on Aluminum pads prior to
bonding. The goal of the surface treatment is to remove aluminum
oxide from the pads and deposit aluminum fluoride. (a) shows
control sample, (b) shows surface treatment using dilute
hydrofluoric acid (HF) where we can see a fluorine peak in the
energy dispersive spectroscopy (EDS). (c¢) shows surface
treatment with buffered oxide etch (BOE) 1:6 solution. (d) shows
surface treatment in argon and fluorine plasma. In (c¢) and (d) no
fluorine peak is observed.

verify the existence of fluorine peak, which was visible in
samples treated with dilute HF. This is shown in Fig. 3(b).
Longer exposure to HF lead to the etching of Al pads.

The bonding process is a high throughput (> 1000 units per
hour) dielet tack and anneal process demonstrated in our
previous work [15]. The first step in the bonding process is a 10
second tacking process for dielet-attach. This is followed by a
batch annealing process for metal-to-metal diffusion and grain
growth. The two steps are schematically represented in Fig. 4.
The bonding parameters used are given in Table 1.

The bonding quality is determined by a die-shear test
performed using Nordson Dage equipment [16]. In addition,
energy dispersive X-ray spectroscopy (EDS) was extensively
used for material surface analysis, and investigation of Al-Cu
joints post annealing. This would be important to determine the
condition of Al surface after surface treatments and to
determine whether diffusion occurs between Cu and Al during
the bonding process. Al-Cu Adhesion was further verified using
Crosshatch adhesion tape testing. Finally, four probe resistance
measurements using daisy chains were used for contact
resistance calculations.

IV. RESULTS AND DISCUSSION

Fig. 4(d). shows an example of a several assemblies bonded
using Al-Cu two-step TCB. Post bonding, dielets were sheared
to measure bonding quality using shear force. The average
shear force across 20 samples was found to be 13 N though the
maximum shear force was observed to be 40.12 N. For a 2x2
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Fig. 4 A two-step approach for Al-Cu bonding. The two-step
approach comprises of die tacking and annealing and is described
in detail in [15]. (a) presents the surface treatment on dies, (b)
represents dielet tacking with in-situ formic acid vapor cleaning,
(c) represents annealing of several dies after assembly. (d) shows
several samples prepared using two step TCB which are used for
shear and electrical measurements.

mm? dielet to pass military standard (MIL-SPEC 883) [17]
shear strength specification, the minimum expected shear force
is 25 N. Therefore, the measured average shear was found to be
below the minimum requirement. The sheared dielets and
substrates were investigated further to find the reason behind
large variation in shear strength.

TABLE L. PARAMETERS CHOSEN FROM [15] FOR AL-CU TCB

Parameter name Value Unit

Die cleaning time 5 s

Die placement time 3 S

Chuck temperature 120 °C

Tacking pressure 250 MPa

Annealing temperature 400 °C

Annealing pressure 150 MPa

A. EDS analysis of the sheared dielet and Si-IF pillars.

The sheared die and substrate were analyzed using energy
dispersive X-ray spectroscopy (EDS). Fig. 5 shows the Al pads
under the dielet after shearing, both visually as well as under
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Fig. 5 (a) Setup for dielet shear using Nordson Dage equipment (b) sheared dielet with Al pads. The dashed yellow box is enlarged for visual
inspection and energy dispersive spectroscopy (EDS) analysis. (c) visual inspection of Al pads on dielet. After fabrication it was found out
that Al pads were shorted and hence these samples were only used for mechanical analysis and not electrical analysis. (d) EDS spectra at

three spots on the sample. Spot 1 is on an Al pad, spot 2 and spot 3 is on positions from where Cu pillar was sheared during the dielet-shear
test.
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Fig. 6 (a) Force vs. displacement curve for shear measurement showing a maximum shear force of 40.12 N (b) sheared Si-IF with Cu pillars.
The dashed yellow box is enlarged for visual inspection and energy dispersive spectroscopy (EDS) analysis. (c) visual inspection of Cu pillars
which shows that Al is transferred to the Cu pillars after shear. (d) EDS spectra at three spots on the Si-IF sample. Spot 1 and spot 2 are on

Al covered Cu pillars within the bonding area. Spot 3 is on a Cu pillar outside the bonding area.

EDS. The patterned circles within each Al pad are the locations pad, therefore material analysis at spot 1 reveals a strong peak
where Cu pillars were bonded to Al before being sheared off. for Al. A strong peak for Cu is also observed at spot 1 as the
Three spots were chosen for EDS analysis. Spot 1 is on an Al target used to sputter Al has 0.5% Cu. Next, we observe spots
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2 and 3. Elemental analysis at spot 2 reveals no Al signal or Cu
signal. A similar result is observed at spot 3 with a negligible
Al signal. These are the places where Cu pillars got sheared off
during the dielet-shear process. The results indicate that after
anneal, the Al has completely delaminated from the Al pads at
the areas where it contacted the Cu pillar during bonding.
Naturally, we next perform EDS of pillar side on Si-IF to figure
out if Al has transferred to the Cu pillars.

As seen in Fig. 6, EDS analysis was done on the Cu pillars
on the Si-IF side post bonding and dielet shear. Al can be
visually seen on Cu Pillars in Fig. 6 (c) which can be confirmed
through EDS. Again, three spots were chosen for material
analysis. In the EDS micrograph, a dashed line divides the
dielet bonding region such that Cu pillars above the dashed line
are in the bonding region while Cu pillars below the dashed line
are outside the bonding region. Spots 1 and 2 are on Cu pillars
within the bonding region and a strong Al peak can be observed
on both pillars indicating detection of Al on Cu pillars. Spot 2
is outside the bonding region, and we can see only the Cu peak
on Cu pillars which is to be expected as no bonding is taking
place at this location. A small oxygen peak is also observed
indicating oxidation of the assembly during sample preparation
for characterization. This can be reduced or eliminated by
passivating the assembly using atomic layer deposition of
alumina as described in [8].

B. Adhesion test of Aluminum on Copper pillars

While EDS inspection indicates the presence of Al on Cu
pillars, it does not guarantee any adhesion or diffusion between
them. It is entirely possible while shearing, the aluminum pads
get detached from the dielet and are attached to Cu pillars
through weak Van der Waal’s forces. To confirm whether Al is
bonded to Cu on the pillars, we subject the samples to cross-
hatch adhesion tape test. The tape used is a model of 600-1PK
produced by 3M company in America [18]. The testing is
performed by a tester designed according to the standard of
1SO2409-192. The adhesion tape is applied to the Si-IF which
has Al on Cu pillars. The results after tape test are observed at
two regions 1 and 2 as seen in Fig. 7 (a). Fig. 7 (b) shows the
condition of the surface before and after tape test in region 1
and region 2. In both the cases, Al still exists on Cu pillars after
tape tests, indicating good adhesion. We have also confirmed
the same through EDS analysis. The tape test was repeated
multiple times without any further Al removal from Cu pads.

It should be noted that at the center of the dielet to substrate
assembly, significant Al was not observed on the Cu pillars
indicating poor dielet attach at the center. We predict lower
bonding pressure at the dielet center compared to dielet edge to
be a cause of this. Further optimization of Al-Cu thermal
compression bonding is required to improve bonding strength.

C. Discussion of the results

After the observations from EDS as well as from adhesion
tape test, we infer that a large variation in shear force leading to
an average shear force of ~13 N could be due to the following
reasons:

e To recall, the dielets with Al pads were fabricated by
sputtering Al on SiO2 dielectric. At room temperature the
adhesion of Al to SiO2 is confirmed by tape test, however
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Fig. 7 (a) two locations on the Si-IF substrate where adhesion test
was performed. (b) the results of the cross hatch adhesion test at
location 1 and 2.

after undergoing thermal cycling in the annealing chamber,
due to significant differences in coefficient of thermal
expansion i.e. CTE of Al (21 - 24 ppm/°C [19]) and CTE
of Si02 (0.55 - 0.75 ppm/°C [20]) there could be weakening
of the adhesion between Al and SiO2. This could lead to a
premature detach of Al and SiO» during die-shear test on
the Nordson Dage tool, which is also indicated by the EDS
analysis at spot 2 and spot 3 on the dielet side as reported
in Fig. 5. Under this condition, we do not actually measure
the shear strength of Al to Cu, rather, the adhesion strength
of Al to SiO,. We expect the Al-Cu shear strength to be
higher.

The surface treatment done on Al pads may not be
sufficient to keep the Al pads from oxidizing long enough
for acceptable inter-diffusion between Al and Cu. We have
also observed that at the center of the dielet, the Al transfer
to Cu pillars is less than at the edge. These limitations can
be overcome with better surface treatment optimization, or
by using a die-to-wafer bonding chamber with vacuum or
nitrogen ambient. However our goal has been to achieve
aluminum to copper bonding in the air, which reduces
necessity for new equipment development, and overall
results in a less expensive process.
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D. Overcoming topography of Al pads in foundry dielets.

As seen in Fig. 1, there is a topography of 0.5 — 0.6 um on
a foundry dielet which needs to be addressed. We do not expect
this to be a challenge in case of legacy dielets which have large
pads at pitch of 30um and above as there is ample space for
multiple Cu pillars at 10um or below pitch to bond to these
pads. However, if the bonding pad size is similar to pillar pitch,
the topography can become a significant challenge. In this case,
the height of the Cu pillars needs to be modified to
accommodate the topography during bonding. For example,
pillars of height 5 pm can be used to overcome topography of
0.5 — 0.6 pm on deposited Al pads. However, there could be
processing and design limitations to increasing pillar heights
and the relation between pad topography and pillar heights
needs to be studied.

E. Heterogeneous assembly and electrical measurements

In our previous works, we have developed bonding process
for copper-copper TCB [4, 15] as well as for gold-copper TCB
[3]. Using this knowledge, a 2x2 heterogeneous assembly
comprising of dielets having aluminum pads, copper pads and
gold pads was successfully bonded to the same Si-IF substrate
by using Al-Cu TCB, Cu-Cu TCB and Au-Cu TCB
respectively. This is shown in Fig. 8 (a), and to our knowledge,
it is the first ever demonstration of three types of bonding (Al-
Cu, Cu-Cu and Au-Cu) on a single Si-based packaging
substrate. Hence, we believe that thermal compression bonding
can be used to assemble composite/heterogeneous assemblies
comprising of III-V dielets which usually terminate in gold
pads, advanced node foundry dielets (designed for hybrid
bonding) which can terminate in copper pads and legacy node
foundry dielets which usually terminate in aluminum pads on a
single packaging substrate level.

Across the top two dielets of the 2x2 assembly, out of which
one is a dielet with Al pads and another is a dielet with Cu pads,
four probe daisy chain measurements were performed. All the
8 tested daisy chains were functional, and the current-voltage
(IV) characteristics are presented in Fig. 8(c). However, it
should be noted that there is significant variation in the
resistance (up-to 5 Q) of the links and the higher resistance links
are found towards the center of the dielet. By performing a
similar IV test on a separate Al-Cu bonded dielet, we have
concluded the variation was due to Al-Cu bonding. This result,
along with the low shear strength evaluation for Al-Cu bonding,
mainly due to the reasons described in section I'V(C) point to
the fact that further improvement of Al-Cu bonding is necessary
before reliable, large-scale assemblies can be built using Al-Cu
TCB. After de-embedding the effects of measurement pads and
resistance of Cu links, the Al-Cu specific contact resistance is
found to be 0.838 Q-pm?. The overall results are encouraging.
We believe further optimization of the surface treatment and
annealing parameters is crucial to get reliable Al-Cu TCB and
improve Al-Cu specific contact resistance.

V. CONCLUSION

In this work, we have shown our progress on aluminum-
copper thermal compression bonding (Al-Cu TCB). We have
shown Al-Cu bonding using necessary surface treatment is
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Fig. 8 (a) A 2x2 configuration sample with dielets bonded using
Al-Cu TCB from this work and Cu-Cu TCB [4, 15] and Au-Cu
TCB [3]. The inter-dielet spacing is < 100 um. (b) four probe
measurement setup across the top two dielets for electrical
measurements (¢) measurements across 8 daisy chains. Daisy
chain resistance variation is attributed to die-to-wafer
misalignment and further requirement for optimization of Al-Cu
TCB.

possible in air. We have also included electrical measurements
for the bonded daisy chain links. While a few challenges related
to shear strength and the scale-out of Al-Cu TCB to wafer-scale
systems remain, we have a plan to overcome them. Al-Cu TCB
significantly expands the capability and use-cases for thermal
compression bonding. We believe the true potential of metal-
metal direct thermal compression bonding can be realized by
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developing processes for bonding dielets of different sizes as
well as different materials (Cu-Cu, Au-Cu and Al-Cu TCB
process), as shown in this work.
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