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Exploring Ru compatibility with Al-Ge eutectic
wafer bonding

Mark Ferguson, Mohamed Najah, Frederic A. Banville, Mohamed Boucherit, Paul Gond-Charton,
Jacques Renaud, Luc Fréchette, Francois Boone, Serge Ecoffey, Serge A. Charlebois

Abstract—We explore compatibility of Ru with Al-Ge eutectic
wafer bonding. We first present experiments to check for the
presence of Ru ternary alloy poisoning inhibiting Al-Ge melting as
well as evaluations of Al-Ge melt wettability on Ru and diffusion
outcomes following bond-simulating anneals. Results show that
Ru is stable with no observed microstructural changes or
dissolution in the melt, indicating no ternary poisoning for the
applied thermal budget. Ru was found to act as an effective barrier
offering good melt wettability in all considered configurations with
Al and Ge. From inspection of the binary constituents of Al-Ge-Ru
we propose that Al-Ge eutectic melting temperature will decrease
marginally for Ru contamination in a 1-2% range before a drastic
increase in melting temperature (>10°C/% Ru) at higher Ru
compositions. We then demonstrate wafer-level packaged 200 mm
devices and MEMS with strong bond outcomes of devices bearing
Ru contacts. We conclude that Ru has high compatibility with Al-
Ge eutectic bonding.

Index Terms— aluminium, diffusion barriers, eutectic bonding,
germanium, ruthenium, wafer-level packaging

. INTRODUCTION

EUTECTIC wafer bonding is used in wafer-level packaging

(WLP) of devices [1], [2]. Device-bearing wafers set limits on
the thermal budget that can be applied by a bonding process,
excluding the high temperatures (~1000°C) of direct fusion [3].
Creating reliable MEMS devices generally requires making a
hermetic bond against gas and liquid penetration, excluding
polymer adhesives [4]. The common requirement of a bonding
process that  tolerates low  planarity  disfavors
thermocompression bonding [5]. Compatibility with composite
metal oxide semiconductor (CMQS) fabrication environments
excludes or heavily disfavors materials like Au, as in Au-Sn or
Au-Si eutectic bonding [4]. Al-Ge eutectic bonding satisfies
these limitations, achieving a strong hermetic bond with
CMOS-compatible materials with thermal budgets below
450°C, a ceiling set to avoid the formation of intermetallic
species in Al [6].

Ru is a refractory metal used for contact metallization in
microelectromechanical systems (MEMS) switches seeking
improved reliability [7], [8], [9]. It is a hard material less prone
to wear, with a conductive oxide reducing the impact of
oxidation on switch resistance. It has been found that mixed
soft/hard contacts such as Au/Ru have enhanced stability in
contrast to softer (Au/Au) or harder (Ru/Ru) contacts [10].
Most Ru contact studies test unpackaged devices [10], [11],
[12]. MEMS device bonding with Al-Ge [13], [14], [15], Au-

Sn [16], [17], In-Ga [18] polymer adhesive [7], glass frit and
anodic bonding has been reported, but to the best of our
knowledge there is a research gap with regard to Ru
compatibility with a bonding process. This paper explores the
compatibility of Ru in contact with Al-Ge eutectic alloy in the
context of a MEMS WLP process.

Concerns about Ru compatibility with Al-Ge bonding are
primarily inspired by the case of Si and the need for Si diffusion
barriers reported in literature [13], [14], [15]. Si diffusion can
introduce melt failure in Al-Ge by the creation of an Al-Ge-Si
ternary alloy with an elevated melting temperature. This can be
read directly from the Al-Ge-Si phase diagram [19], [20], [21],
which bears a eutectic line between the binary eutectic points
of Al-Ge at 424°C [13] and AI-Si at ~580°C. Bonding at
temperatures too close to the pure Al-Ge eutectic value will
therefore be at risk of not melting the layers. References [13]
and [14] performed Al-Ge eutectic bonding of MEMS devices,
finding a SiO; barrier to be necessary to avoid Si ternary
formation. Kirkendall voids are observed in literature [22], [23],
[24] at Ge/Si or Ge/Al to indicate diffusion at material
interfaces, and these can also compromise bond strength.
Diffusion barriers can prevent these processes of alloying and
voiding, but the wetting of Al-Ge melt to these barriers then
becomes a potential problem [24]. An evaluation of Ru
compatibility with Al-Ge bonding must then include
commentary on the wetting of the Al-Ge melt to Ru and a check
for a mechanically-weakened Ru/Al or Ru/Ge interface with
voids from interdiffusion with Al and Ge, in addition to
resolving the potential ternary alloy poisoning problem.

In this paper, we present an experimental study aimed at
demonstrating if Ru poisoning of the Al-Ge eutectic alloy
occurs. To do so we perform anneals to simulate the thermal
budget of a wafer bonding process. We also comment on
wettability of the Al-Ge eutectic melt on Ru underlayers and
diffusion at material interfaces with Ru. A qualitative
estimation of the metallurgical characteristics that could be
expected for an Al-Ge-Ru ternary alloy with a small amount of
Ru is developed and presented to justify concern with Ru
contamination and suggest a process composition window.
Finally, we demonstrate wafer level packaged 200 mm devices
and MEMS with strong bond outcomes of devices bearing Ru
contacts to further confirm Ru compatibility with Al-Ge
eutectic bonding.

Il. MATERIALS AND METHODS

To check for Ru poisoning, wetting and diffusion we
consider four stacks of Al, Ge and Ru, deposited as shown in
Fig. 1 and identified as Ru-1 through Ru-4. Unlike in a wafer
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bonding process, these films are already in good contact
favoring material inter-diffusion. Al and Ge layer thicknesses
are set at 1 pm and <1 um respectively. Ru thickness is set to
300 nm, with layer configurations of Ru/Ge/Al, Ru/Al/Ge and
Al/Ru/Ge for the first 3 stacks. Ru contaminates Ge and Al
respectively in Ru-1 and Ru-2, and serves as a diffusion barrier
in Ru-3. For device-bearing wafers with Ru patterning on Al we
confirmed Ru contamination of the Al surface via energy
dispersive X-ray spectroscopy (EDS). A device-bearing wafer
with this Ru-contaminated Al was subjected to a blanket deposition
of Ge followed by the same bond-simulating anneal to look for
impaired melting. Such samples are dubbed Ru-4.

These stacks were annealed as 1 cm x 1 cm samples. The
thermal profile chosen was a gradual ramp of 8 minutes to a
temperature above 424°C, a maximum temperature then held
for 30 minutes, a customized thermal profile corresponding to
the profiles used in Al-Ge bonding [13], [14]. Flowing nitrogen
was used to exclude oxygen and moisture from the chamber.

Ru-1 Ru-2

Ru-3 Ru-4

Ru-exposed Al

sio,

Subsnae - - -

Fig. 1. Layered structures of samples Ru-1, Ru-2, Ru-3 and Ru-
4 for full-area contact anneal experiments. Thicknesses are
<1000 nm (Ge), 1000 nm (Al), 300 nm (Ru) and 2000 nm
(SiOy).

After annealing the wafers were cleaved to allow for
examination of layer cross-sections by scanning electron
microscopy (SEM) to differentiate cases of melted and
unmelted Al/Ge layers. Surveys of >30 um were made of each
cross-section. As a precautionary check we performed a similar
set of experiments on multilayers of Si, Al and Ge, for which Si
poisoning of Al-Ge eutectic is known. This is reported in the
Appendix.

As a final demonstration, wafer level packaged MEMS were
fabricated on 200 mm wafers with Ru-bearing device wafers.
The quality of the bond was inspected and qualified by infrared
(IR) transmission microscopy with the McBain DDR200 NIR
tool, by diamond blade dicing to singulate the different cells,
and by destructive mechanical deprocessing of multiple
singulated MEMS to examine the breakage interface.

I1l. RESULTS AND DISCUSSION

A. Blanket depositions annealing outcomes

To the knowledge of these authors, potential Ru interference
with Al-Ge bond outcome has not been published, but
commentary can now be given.

A search for binary Al-Ge melt poisoning by Ru and poor
wetting in SEM cross-sections (Fig. 2) finds no evidence of
either problem. Cases Ru-1 and Ru-2 both show successful full
melting of the Al-Ge layers despite close contact with Ru. The
Ru/melt interface is continuous in all observations, indicating

good wetting. The as-deposited Al layer had high uniformity in
thickness, but melt thickness variation over the Ru layer post-
anneal is high, from below 1 to >3 pum, indicating flow and
migration of material, likely due to surface tension.

Ru diffusion barrier effectiveness is evaluated in case Ru-3.
No eutectic is observed, with an intact layer of Ru serving as an
effective barrier against Al-Ge interdiffusion. All layers in
contact with Ru in all cross-sections do not undergo any
obvious evolution. We observe no Kirkendall voids, suggesting
minimal interdiffusion of Ru with Al or Ge, with any diffusion
expected to eventually produce such voids. These results are
contrasted with Si diffusion and wetting outcomes presented in
the Appendix.

With the applied thermal budget Ru compatibility with
bonding is high. However, as elements diffuse and compete to
form alloys it should be noted that they will not always compete
on equal footing: although Ge/Si interdiffusion is also not
competitive with Ge diffusion into Al [25], [26] the slower
process can compete when it starts before Ge exposure to Al. It
is then possible to imagine scenarios where Ru becomes
competitive and inhibitory for bonding due to earlier diffusion.
Therefore, Ru etching needs careful optimization [27] such that
contamination is minimized to prevent poisoning of Al-Ge
melts.

In developing devices for Al-Ge bonding, Ru-exposed Al
was inspected. EDS examination of the Al surfaces showed a
Ru trace signal confirming contamination. Al and Ru are in
contact for multiple thermal cycles associated with Ru
patterning prior to the bonding step, giving opportunity for
diffusion. A blanket deposition of Ge on this Ru-exposed Al
was annealed to investigate if the confirmed Ru contamination
affects the melt of Al-Ge. We observed no manifestations of
melt impairment in cross-sections after annealing, comparable
to Ru-1 and Ru-2.

Ru-1 Ru-2

Al/Ge melt

Fig. 2. Post-anneal samples examined by SEM cross-
sectioning. a-b) Case Ru-1 (Ru/Ge/Al) and Case Ru-2
(Ru/Al/Ge) show successful eutectic melt proceeding down to
the Ru layer, with good adhesion to the Ru. ¢) Case Ru-3
(Al/Ru/Ge) show Ru serving as an effective diffusion barrier,
not interacting with either species. d) Case Ru-4 with Ru-
exposed Al, showing successful eutectic melt despite some Ru
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contamination.

B. A qualitative description of the Ru composition process
window for Al-Ge eutectic bonding

To the best of our knowledge the Al-Ge-Ru ternary phase
diagram has not been mapped. Multiple models exist to
approach the task of interpolating ternary phase diagrams from
binary systems by CALPHAD (calculation of phase diagrams)
[28]. But when the difference in melting point and other
properties between elements is significant extrapolations
become unreliable and need experimental validation [29].
Modeling Ru as a component with Al and Ge would have this
difficulty because of the large difference in melting point
(>1000°C). Ru penetration into Al has been directly measured
[30], with Ru solubility in Al reported to be negligible [31] or
difficult [32]. Ru diffusion into Ge has been described as not
noticeable [33], and comparable impurities are known to have
low solubility in Ge [34]. These facts justify a focus on the low-
Ru region of the ternary, where a eutectic line terminates at the
Al-Ge binary eutectic point at 424°C.

From references [32], [35], [36], [37] we extract the slope of
the liquidus temperature with increasing Ru content in the Ru-
X binaries for a small addition of Ru to Al and Ge. Both Al-Ru
and Ge-Ru have a low-Ru eutectic point and the slopes are
evaluated for Ru compositions above these points. For Al-Ru a
eutectic point exists at ~1% with a 3°C reduction in melting
temperature from pure Al, and the liquidus slope for higher Ru
compositions is ~75°C/% Ru. For Ge-Ru a eutectic point exists
at ~2% with a ~11°C reduction in melting temperature from
pure Ge, and the liquidus slope for higher Ru compositions is
~54°C/% Ru. It is thus reasonable to believe that Ru could
increase the melting temperature of the poisoned Al-Ge
significantly above its nominal 424°C value. We therefore
expect a narrow Ru-contamination allowed range for Al-Ge
eutectic formation in the process window below 450°C. This
behavior is summarized in Fig. 3.

Until Al-Ge-Ru is mapped like Al-Ge-Si, the validity of this
description is an open question. Small features in the binaries
are still prone to disagreement and re-evaluation [38], and
available ternaries with Al and Ru may have many complex and
discontinuous local features in their eutectic lines [39], or leave
extreme compositions unexplored [40], [41], [42], [43]. The
lack of microstructural changes such as Kirkendall voids at
interfaces with Ru suggest that significant diffusion is not
occurring, and Ru has been deemed stable enough to use as a
diffusion barrier for Cu in some applications [44]. The fact that
we observe good melting in Ru-1, Ru-2 and Ru-4 is compatible
with this qualitative description and gives confidence to the
suggestion that deep interpolations into the ternary are not very
relevant for wafer bonding applications. Challenges in an Al-
Ge bonding process from Ru are unlikely to have a
metallurgical explanation. To complement the bonding
compatibility picture from the blanket anneals, the wettability
assessment was shown to be excellent. Our analysis is
supported by contrasting our observations of Si poisoning of
Al-Ge described in the Appendix.

Ru (2334°C)

1910°C @ 70.3% Ru

1409°C @ 67.5% Ru

A54°c/%

A 75°C/%
5 9

929°C @ 2% Ru 657°C @ 1% Ru

Ge(940°C) 424°C @ 72% Al Al (660°C)

Fig. 3. Qualitative description of composition process window
for Al-Ge eutectic melting in the presence of Ru, depicted on a
frame of the Al-Ge-Ru ternary phase diagram. Pure element
melting points indicated at corners, binary eutectic point
temperatures/compositions indicated at edges in bold text, Ru
sensitivity slopes for Al-Ru and Ge-Ru binaries in low-Ru
region indicated with right-angled triangles. All fractions molar
and axes not to scale for legibility. Melting temperatures of Al-
Ge alloys are expected to decrease marginally in low
composition range (green zone) before high sensitivity to Ru
composition elevates melting temperature (red zone). Eutectic
lines converging to a ternary point with one line terminating at
the Al-Ge binary eutectic point indicated, with black arrows
indicating descending melting temperature.

C. Bonded device-bearing wafers

As a demonstration of Ru compatibility with Al-Ge wafer
bonding, strong bonds were achieved in a 200 mm wafer
MEMS process that includes Ru contacts. Continuous seal rings
were observed in infrared transmission microscopy with a
McBain DDR200 NIR tool (Fig. 4a). These bonded devices
furthermore survived dicing to singulate cells. Destructive
debonding of singulated cells by knife edge showed extensive
transfer of torn Si to the device along the seal ring, indicating
high bond strength (Fig 4b).
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Transferred torn Si

@ (b)

Fig. 4. Wafer bond inspection for Ru-contact devices: a) IR
transmission microscopy, imaging continuous seal rings; b)
SEM image of singulated, destructively-debonded cell showing
torn Si transferred to the device side at seal ring.

IV. CONCLUSION

We have investigated the influence of Ru contamination in Al-
Ge eutectic bonding, which is extensively used in the MEMS
fabrication process. The strong impact on melting temperature
from Ru content in Al-Ru and Ge-Ru binaries raises concerns
of a detrimental role for Ru in Al-Ge bonding. Using stacked
blanket layers of Al, Ge and Ru in several arrangements we
were able to confirm 1) proper formation of Al-Ge melts in both
Ru/Al/Ge and Ru/Ge/Al stacks, 2) good wetting for Al-Ge
eutectic melt on Ru, and 3) the performance of Ru as a diffusion
barrier in a Al/Ru/Ge stack. No Kirkendall voids were observed
at any Ru interfaces, suggesting very low diffusion of Ru into
the other species. From inspection of the binary constituents of
Al-Ge-Ru we propose that Al-Ge eutectic melting temperature
will decrease marginally for Ru contamination in a 1-2% range
before a drastic increase in melting temperature (>10°C/% Ru)
at higher Ru compositions. Finally, 200 mm wafers bearing
MEMS devices with Ru contacts were successfully fabricated
using Al-Ge eutectic bonding, with strong bonds confirmed in
destructive deprocessing.

APPENDIX

Si diffusion is known to significantly interfere with the
formation of Al-Ge eutectic. To validate our experimental
approach regarding Ru we performed similar annealing
experiments with stacks of Al, Ge and Si without and with
diffusion barriers of SiO; and TiW, depicted in Fig. 5. Layer
stacks were deposited with HF cleaning of Ge prior to Al
deposition to prevent interference by intermediate oxides.

Si-1 Si-2

Si-3

Tiw

Si-1

=
Si-2
Si-3

(b)

Fig. 5. Si impact on Al-Ge verification. a) layered structure of
samples Si-1, Si-2 and Si-3 for Si poisoning confirmation and
diffusion barrier evaluation. Thicknesses are <1000 nm (Ge),
1000 nm (Al), 200 nm (SiO2) and 200 nm (TiW). b) Post-anneal
samples examined by SEM cross-sectioning. Al-Ge melt
inhibition is clearly observed (top) with well-defined layers and
Kirkendall voids at the Si/Ge interface. With a SiO; diffusion
barrier Al-Ge melt forms (middle) but does not properly wet the
barrier. Proper melt and wetting behavior on TiW (bottom).

After annealing, Si-1 has two distinct layers of the original
thicknesses, indicating a failure of the Ge and Al to make a
eutectic despite good contact, heating and removal of Ge oxide
before Al deposition. The bottom layer of Ge features
significant Kirkendall voids, indicating Ge/Si interdiffusion
and Ge loss to the substrate. Case Si-2 shows eutectic melt on
top of the SiO. diffusion barrier, with no differentiable Ge and
Al layers; notably, the melt’s wetting of the oxide barrier is
poor, resulting in large cavities in the melt. In contrast, a
successful eutectic formed on top of the TiW diffusion barrier
of Si-3 with good adhesion to the barrier and no interface voids.
Both barriers have blocked Si diffusion to allow full Al-Ge
melting. These wettability results are compatible with a
reference[24], who found Al-Ge melt wetting on SiO- to be
inferior to TiN.
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Fig. 1. Ru impact variations Ru-1, Ru-2, Ru-3 and Ru-4 for
full-area contact anneal experiments. Thicknesses are <1000
nm (Ge), 1000 nm (Al), 300 nm (Ru) and 2000 nm (SiOy).
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Fig. 2. Post-anneal samples examining Ru impact on the Al-Ge
eutectic, examined by SEM cross-sectioning. a-b) Case Ru-1
(Ru/Ge/Al) and Case Ru-2 (Ru/Al/Ge) show successful eutectic
melt proceeding down to the Ru layer, with good adhesion to
the Ru. c¢) Case Ru-3 (Al/Ru/Ge) show Ru serving as an
effective diffusion barrier, not interacting with either species.
d) Case Ru-4 with Ru-exposed Al, showing successful eutectic
melt despite some Ru contamination.
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Fig. 3. Qualitative description of composition process window
for Al-Ge eutectic melting in the presence of Ru, depicted on a
frame of the Al-Ge-Ru ternary phase diagram. Pure element
melting points indicated at corners, binary eutectic point
temperatures/compositions indicated at edges in bold text, Ru
sensitivity slopes for Al-Ru and Ge-Ru binaries in low-Ru
region indicated with right-angled triangles. All fractions molar
and axes not to scale for legibility. Melting temperatures of Al-
Ge alloys are expected to decrease marginally in low
composition range (green zone) before high sensitivity to Ru
composition elevates melting temperature (red zone). Eutectic
lines converging to a ternary point with one line terminating at
the Al-Ge binary eutectic point indicated, with black arrows
indicating descending melting temperature.
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Fig. 4. Wafer bond inspection for Ru-contact devices: a) IR
transmission microscopy, imaging continuous seal rings; b)

SEM image of singulated, destructively-debonded cell showing
torn Si transferred to the device side at seal ring.
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Fig. 5. Si impact on Al-Ge verification. a) layered structure of
samples Si-1, Si-2 and Si-3 for Si poisoning confirmation and
diffusion barrier evaluation. Thicknesses are <1000 nm (Ge),
1000 nm (Al), 200 nm (SiO) and 200 nm (TiW). b) Post-anneal
samples examined by SEM cross-sectioning. Al-Ge melt
inhibition is clearly observed (top) with well-defined layers and
Kirkendall voids at the Si/Ge interface. With a SiO2 diffusion
barrier Al-Ge melt forms (middle) but does not properly wet the
barrier. Proper melt and wetting behavior on TiW (bottom).



