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ARTICLE INFO ABSTRACT

Keywords: Advanced methods such as high-resolution X-ray diffraction and X-ray micro CT allow highly precise determi-
Impulse Current Bonding (ICB) nation of materials’ residual stress, volume, and lattice defects. Their conjoint exploitation offers a powering tool
Sensors

to facilitate the industrial implementation of novelties in microfabrication. The wafer-level packaging represents
a critical step of the MEMS microfabrication resulting in a hermetic, defect- and stress-free interface. For the first
time, such critical parameters are investigated related to a novel wafer-bonding process, namely Impulse Current
Bonding (ICB), and compared to the standard anodic bonding technology used for MEMS production. The ICB
does not induce any relevant residual stress at the interface above the limit of 1 MPa, determined by the unri-
valed strain detectability of HRXRD. The bonding interface is devoid of any defects, as defined by X-ray micro-CT
studies.

The ICB technology reduces the thermal budget of the packaging up to 85% compared to the anodic bonding,
which outlines an outstanding step forward in reducing the energy footprint. The extension of ICB to other
materials systems such as glass to ceramic or metals makes this technology a promising candidate for numerous

MEMS packaging
High-resolution X-ray diffraction
Residual stress

X-ray micro-CT

applications, including the design of biocompatible devices for bio-implants.

1. Introduction

The impact of MEMS in our society can be evaluated by their pres-
ence in the ubiquitous electronic devices used every day, such as
smartphones, car sensors, health care devices, and pacemakers. Sensors
represent an interface between our personal life and experience and the
physical world, like a smartwatch that accompanies us in every daily
action offering an overview of our health state. The smart sensors
market is expected to grow around 19% in 2021-2026 [1], sustained by
the increase of devices’ performance and efficiency. In the frame of
MEMS fabrication, assembling technology plays a crucial role. The
packaging has to protect the sensor against the external media all along
its life and impacts critical devices’ features, such as reliability,
long-term stability, and total fabrication cost [2,4]. Despite this

relevance, there is only a little literature dealing with the reliability of
devices’ packaging since the process parameters represent sensitive in-
formation of industrial processes, remaining in general unpublished.
Nevertheless, the two critical issues associated with the reliability of
MEMS packaging relate to the bonding interface: it must maintain her-
meticity or vacuum and not be affected by high residual stress [5,6].
First, vacuum degradation and loss of hermeticity are typically
related to defects such as voids or cracks in the vicinity of the bonding
interface. The vacuum'’s leakage might lead to severe degradation of the
devices’ performance, especially in the well-known MEMS application
sector of gyroscopes, by lowering the quality factor (Q-factor) due to the
increase of the viscous damping [7]. Also, the loss of hermeticity may
result in corrosion of the active components of sensors because of the
external environment. The second major issue is the residual stress
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induced by the wafer bonding process due to thermal mismatch between
materials and/or the generation of lattice point defects such as vacancies
and interstitials [8]. Most MEMS functioning relies on delicate moving
parts, which are extremely sensitive to the presence of external me-
chanical stress. Packaging-induced stress may translate into deleterious
effects such as the resonance frequency shift or might even lead to
breakage and related failure of the component itself.

In the frame of sensors fabrication, hermetic packaging can be
accomplished on the wafer-level by anodic bonding (AB) of silicon and
glass [9,10], a process demonstrated for the first time in the 1970ies
[11]. This technology has been studied as far as some critical issues such
as the bonding strength [12], interface fracture toughness [13], and
induced stress [14] are concerned. According to previous studies, the
packaging-induced stress is mainly due to the thermal mismatch be-
tween the bonded components [2], i.e., glass and silicon in the case of
AB. Since the anodic bonding requires relatively high temperatures,
typically between 300 and 400 °C, this technology forces the use of
high-cost glass with a reduced coefficient of thermal expansion (CTE)
being close to silicon (2.6 ppm.K™1). Even if the utilization of expensive
low-CTE glasses succeeds in reducing the packaging-induced stress, only
a few studies are dealing with the reliability of the AB process in terms of
degradation of the vacuum [2]. An additional limitation of the AB
packaging technology is the specificity of silicon-to-glass wafers arising
from the bonding mechanism.

Starting in 2015, a novel wafer bonding approach, namely the Im-
pulse Current Bonding, has been developed. It was patented in Europe
(EP3320403-B1) and the US (US 10,788,793-B2). The ICB assembling
mechanism is attributed to be different from the current AB. Even if not
fully understood yet, it enables remarkable advantages over the other
well-established packaging design technologies. Firstly, the ICB involves
a substantially lower process temperature, starting from 118 °C ,
compared to anodic bonding. The temperature reduction relieves the
concerns related to the CTE mismatch between the bonded materials and
consequently the process-induced residual stress. In addition, the
duration of the bonding process is around 150 s versus 300 s typically
required for AB, both translating into a reduction of the energy con-
sumption. The resulting throughput of the ICB technology is highly
appealing for industries as it will increase productivity. The electrical
energy consumption is supposed to remain unchanged, even if the novel
approach is based on pulsed current instead of a long-time pulse for AB
known to ensure a continuous alkali-cation migration until saturation. A
substantially lower process temperature and duration of the ICB
microfabrication has a remarkable positive impact in limiting the overall
energy consumption and, consequently, environmental footprint. When
considering the maximum temperature and duration of the bonding
process, the ICB reduces the thermal budget by 70-85% compared to the
AB. Considering the extension and constant growth of the sensors
market, the impact obtainable from this outstanding reduction of energy
consumption becomes immediately apparent. Besides the primarily
relevant benefit to the environment, reducing energy consumption adds
to the possible use of higher-CTE and less expensive glass materials for
an undoubted economic advantage. Resultantly, a substantial cost-
benefit could be achieved for mass-scale production while guarantee-
ing the high quality and reliability of the packaging. Another advantage
of this novel approach is related to the wide range of materials classes
that can be bonded using the novel ICB process, such as glass-to-metal or
glass-to-ceramics. All the mentioned advances position the ICB in the
trend of low-temperature bonding considered to have the potential to
push electronic and optoelectronic capabilities in a More-than-Moore
law ability [15]. Material versatility, low-temperature processes, and
moderate material roughness requirements qualify the ICB technology
also promising in applications outside the semiconductor area. ICB could
solve frequently occurring issues for industrial equipment, for rapid
connectivity, and guaranteeing a permanent hermeticity.

Considering the novelty of this technology, evaluating the influence
of the process on materials-related properties such as residual stress,
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lattice defects, and volume damages at the bonding interface plays a
crucial role in assessing the quality and reliability of a packaging pro-
cess. In particular, while the decrease in process temperature and
duration enables the reduction of the thermal budget of the ICB process,
the decreased atomic diffusivity at a lower temperature [16] partially
inhibits recrystallization processes and limits the related removal of
defects. Consequently, a higher defect density is expected to affect ma-
terials processed by ICB compared to the AB process. In this respect,
X-ray-based analytical methods constitute potential tools in the hands of
researchers and process engineers. They are non-destructive and reveal
materials features in a wide range of scales, from 3D-volume voids and
cracks in the micrometer (or larger) scale down to lattice defects at the
nanoscale. X-ray diffraction (XRD) is one of the most established
methods for microstructural investigations and the study of
order-disorder transitions [17], chemical composition and crystalline
phases, preferred orientation and texture [18], the size of crystallites
[19-21], microstrain, and defects densities and mobility [21-23]. The
extensive processing and utilization of bulk single crystals and
high-quality epitaxial thin films by the microelectronic industry led to
the improvement of the analytical performances of XRD instruments,
opening the floor to high-resolution X-ray diffraction (HRXRD) [23-29].
HRXRD is a powerful method for exploring the microstructure or highly
ordered systems because of its unrivaled high lattice strain sensitivity. In
our previous work, HRXRD was exploited to analyze epitaxial thin films
of ceramic materials for optoelectronics to study the influence of the
optimization of the deposition parameters on the materials microstruc-
ture [21]. Dolabella et al. applied HRXRD to a new type of nanowire
system in order to study the influence of critical steps of the fabrication
process, such as electron-beam lithography and deep reactive ion
etching [30]. In Yildirim et al., the microstructural investigation of
nanometer-thick Pt layer revealed fundamental for evaluating the per-
formance of a novel deposition method [31]. Strain and stress affecting
material crystal lattices and their relationship with devices reliability
were evaluated in Si-based MEMS for sensing applications [32], and the
correlation with the wafer bonding process was assessed [33]. The high
instrumental resolution translates into the possibility to measure the
residual stress in highly crystalline materials up to the MPa level.
However, as the strain/stress detection threshold and resolution depend
also on the physical and microstructural features of materials, such as
mechanical properties and crystallinity. Poor crystallinity and high
density of defects broaden the XRD peak profile, which downgrades the
resolution with respect to lattice strain and residual stress
determination.

X-ray micro-CT has seen a period of rapid growth over the last 20
years and is routinely applied to commonly available tools within ma-
terials science laboratories. This is due to considerable improvements
achieved in spatial resolution and image reconstruction time and the
increasing availability of commercial instruments. Micro-CT can deliver
the 3D (volume) distributions of different material features such as in-
clusions and matrix morphology [34], cellular morphology, porosity,
transport processes in solutions [35], defects, and fibrous structure
morphology [36] at single-digit micrometer scales. For recent reviews
for material science application, sees e.g. [37-39]. X-ray micro-CT can
also be applied to investigate the interface of bonded wafers to reveal the
presence of defects or voids, which are responsible for the lack of her-
meticity, one of the two above-mentioned critical issues affecting the
packaging.

In our previous work, the conjoint exploitation of HRXRD and micro-
CT enabled the characterization of the defective status of a silicon-to-
sapphire bonded system at the micron- and nanoscale [40]. The status
of materials at the bonding interface is observed by X-ray micro-CT.
HRXRD enables accessing crucial information, such as the strain and
stress, the presence of defects by means of evaluation of the Bragg’s
reflections positions and widths, and the presence of diffuse X-ray
scattering (DXS). Here, we aim to evaluate the impact of the novel
process on the status of the materials involved in the bonding, i.e.,
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silicon and borosilicate glass, on a comparative scale with respect to the
conventionally and worldwide exploited anodic bonding process.

2. Materials and methods

ICB processed samples consist of a CZ Silicon (100) p-type 650 pm
thick wafer bonded with a 500 pm thick borosilicate glass at a temper-
ature of 160 °C for a cycle duration of 150 s. The process is based on
impulse current involving a high atomic flow rate at the interface during
the oxidation process that limits the needed temperature. After the
bonding, the wafer stack is diced mechanically with a standard resinoid
saw blade for obtaining squared samples of 2 x 2 cm?.

Samples processed by anodic bonding consist of a CZ Silicon (100) p-
type 650 pm thick wafer bonded to a 500 pm thick borofloat glass wafer.
The bonding process is performed anodically, applying a temperature
typically between 300 and 400 °C, and a high voltage between 1000 and
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1500 V. The temperature will increase the ion mobility within the glass
wafer. In contrast, the high voltage will force the oxygen atoms in the
glass to bond with the silicon atoms of the silicon wafer. After bonding,
squared samples of 2 x 2 cm? are obtained through the previously
described procedure.

The glass thickness was reduced to a final value equal to 39 pm by
etching with HF for enabling X-ray diffraction measurements of the
bonding interface. This allows releasing the stress related to the thermal
mismatch, which does not represent a concern in the case of Si and high-
quality, low CTE borosilicate glass, and more importantly, enables the
analysis of stress due to lattice defects generation.

High-resolution X-ray diffraction (HRXRD) measurements were
performed using a BRUKER D8 Discover DaVinci instrument equipped
with high-resolution optics for the primary and scattered beam, as
shown in Fig. 1(b). The X-ray beam is generated by a Cu-sealed source
and collimated by a Gobel mirror. A Bartels four-crystal symmetrical Ge

4xGe(022)

Cu X-ray
monochromator

3xGe(022) source

analyzer

S-axis-cradlé®

-

Gobel mirror

LA

Scintillator

Fig. 1. (a) Pressure sensor prototype assembled by the ICB technology; (b) X-ray micro-CT experimental setup; (c) HRXRD experimental configuration with the
most important exploited angles; (d) inside the cabinet of an RX Solution Easytom XL micro/nano CT on the left with the flat panel detector, and the nano and
micro-focus X-ray tubes on the right, and in the middle below the rotating sample; (e) BRUKER D8 Discover DaVinci equipped with high-resolution optics of the
primary beam (Goebel mirror and Bartels monochromator) and diffracted beam (3xGe(022) crystal analyzer)
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(022) monochromator is mounted to limit the energy and angular
acceptance of the primary beam. A triple-crystal symmetrical Ge(022)
crystal analyzer is mounted in front of the scintillator detector to reduce
the angular and energetic acceptance. The angular resolution depended
on the Bragg angle and was determined before each measured reflection
using the instrument manufacturer’s 3 mm-thick stress-free SCSI refer-
ence sample. The instrumental resolution was determined by the mea-
surements of the rocking curves of the Si 004 reflection in symmetric
coplanar diffraction geometry, Si 113, and Si 111 in symmetric nonco-
planar diffraction geometry. The same reflections are taken into account
in the experimental procedure on the assembled samples. Instrumental
broadenings are determined with 2.5%10~2 for the 004 reflection and
3.01072 and 3.3*1072 for the 113 and 111 reflections, respectively.
The instrumental resolutions for each measured reflection are reported
in Table 1, and the derived resolution is in terms of strain detection.

Materials microstructure was investigated by performing scans along
the radial direction, i.e., ®-20 scan, the angular direction, i.e., ®-rocking
curves (RCs), and Reciprocal Space Maps (RSMs), i.e. (0+0()-20 scans at
different g offset. The width of the line beam in the scattering plane was
selected using a 600 pm slit and kept constant for each measurement.
Considering the diffractometer’s geometrical features, the beam’s foot-
print on the sample surface was determined by the relationship S = %,
related to the slit size, w, and the incidence angle a. S is calculated with
1.06, 1.28, and 2.44 mm for the 004, 113, and 111 reflections, respec-
tively. Given the slight divergence of the beam and high movement
precision (+0.0001°), the only source of noticeable error on these values
is related to the uncertainty on the width of the slits. These high-
precision optics typically have a tolerance of +1 pm over the nominal
aperture, which impacts on the final value of L for not more than +4 pm.
The length of the beam in the direction perpendicular to the scattering
plane is reduced to 2 cm using vertical slits. The irradiated surface is
calculated to be 21.2, 25.5, and 48.8 mm? for the 3 reflections. The
calculation of the irradiated volume can only be estimated, which is
related to the uncertainty over the thickness of the residual glass after
etching. However, we know the X-ray penetration depth in silicon ac-
cording to the mass attenuation coefficient of silicon [41]. At an energy
of 8 keV, X-rays travel about 70 pm into silicon [37,38] which corre-
sponds to a penetration depth of only 17.2, 32.9, and 39.7 pm when the
Si 111, Si 113, and Si 004 reflections are considered. Accordingly, the
irradiated volume is about 0.84 mm? for all three exploited reflections.
The relationship between the measured reflections and the surface and
volume of the sample probed are reported in Table 1. The HRXRD
experimental configuration with respect to the investigated angles of
interest is shown in Fig. 1(c).

For the ICB process, two samples coming from different parts of the
bonded and diced wafer, and with different thicknesses of the residual
glass (39 and 72 pm) have been investigated. No significant differences
in terms of conservation of the microstructure have been found. The
results presented in this work are related to the sample with the thinner
residual glass.
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For the X-ray micro-CT investigations, we have been using an
EasyTom XL Ultra 230-160 micro/nano-CT scanner (RX Solutions SAS,
Chavanod, France). The scanner features a Hamamatsu open-type,
reflection micro-focus X-ray tube, as in Fig. 1(d). The scan for the
entire sample was performed using a Varian PaxScan 2520DX detector
(flat panel with amorphous silicon and a CsI conversion screen; 1920 x
1536 pixel matrix; pixel pitch of 127 mm; 16 bits of dynamic range). The
tube was operated at 70 kV and a current of 200 pA. The isotropic voxel
size of the CT scan was 7.98 pm. The actual image resolution was esti-
mated to be 17.8 pm by fitting a logistic function over an edge in the
reconstructed grey-scale CT slice image. The images were acquired at
7.0 frames per second speed and averaging 15 frames per projection.
Furthermore, a local CT has been carried out over a small region of in-
terest (ROI) in the center of the specimen (see in red in Fig. 3(e)) to
check the bonding quality and potential presence of small cracks and
defects at significantly higher resolution. For this, a transmission-type
Hamamatsu nano-focus tube operated with a LaBg cathode and a 1
pm-thick tungsten target, also available in the scanner, was used. It
enables a much smaller X-ray focal spot and higher resolution compared
to the micro-focus tube; the tube was operated at 90kV and a target
current of 50 pA. The same detector was used at 2.0 frames per second
speed averaging 8 frames per projection. The isotropic voxel size of the
local CT scan was 1.55 pm, whereas the actual image resolution was
estimated to be 3.5 pm.

Image analysis has been carried out using the commercial software
package VG Studio Max 3.3 [17].

Strain (¢) is defined as a structural deformation that a material un-
dergoes in response to a applied stress (c) [42]. This stress can be
applied from external forces on the material, as well as can be due to
structural lattice defects such as interstitial or vacancies [8]. Mathe-
matically the stress is described by a second-rank tensor with elements

eu = (ew +ex) (€9)]

N —

i
ox;?

vector u(x,Xxz,x3) along the Cartesian direction x;, [ = 1,2, 3. If the
deformation of the material is limited to the elastic regime, the module
of the strain relates to the applied stress by the Hooke’s law, 6 = cjiiex,
where the two-rank tensors of the stress and strain are in relationships
by the fourth-rank stiffness tensor, cjj.

When analyzing the status of the stress in materials undergone the
wafer bonding process, the external stress due to the mismatch between
the coefficients of thermal expansion (CTE) of the participating mate-
rials has to be considered. However, in the present case, this external
source of stress is negligible based on (i) the very low CTE mismatch
between the high-quality glass used and silicon and (ii) the thermal
stress depending on the volumes of materials. It means that the already
minor thermal stress has been released during the glass etching process.
This enabled the analysis of the stress due to the formation of crystalline
defects at the bonding interface in relation to the bonding process.

where ¢y = with duy being the component of the displacement

Table 1
Primary information about the angular and strain resolutions and the surface and volume of silicon probed by X-rays. Reference values measured on a stress-free Si 111
crystal.
Reflection FWHM* of a reference Si Strain limit Incidence angle to the atomic plane Beam footprint on the sample Penetration Irradiated
hkl crystal family surface depth volume
©) <hkl> (mm?) (um) (mm?)
©)
Symmetric 0.0025 +6%10°° 34.565 21.2 39.7 0.84
004 (out-of-
plane)
Asymmetric 0.0030 +2¥107° 28.061 25.5 32.9 0.84
113 (in-plane)
Asymmetric 0.0033 +8*107° 14.221 48.8 17.2 0.84
111 (in-plane)

* FWHM = full width at half maximum
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In this work, we determined the strain along the X, Y, and Z di-
rections of the system corresponding to the [100], [010], and [001]
crystalline directions, respectively. The case of plane stress was applied
to our samples. Under this assumption, the only non-zero components of
the stress are in the same plane. In the case of plane stress, the rela-
tionship between strain and stress along the crystalline directions writes

(=T, 0

el 2
Uy E, 2
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14 G,
& = E—y ~Unp 3
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In the case of silicon (Si), the Young modulus, E, and Poisson’s co-
efficient, v, along the directions of interest are [43,44] E, =E, = E, =
130 GPa, and v,, = v,, = 0.28, respectively.

Accordingly, when the stress along the X and Y directions is equal,
the strain along these directions writes as follows:

1 —u,
E

£ = & = Oy

4

Moreover, if the strain in-plane is experimentally determined, as in
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Fig. 2. HRXRD analyzes on the ICB and AB assembled samples. From (a) to (1) ICB assembled sample. From (a;) to (1) analogous for the AB assembled sample. (a)
and (b) Reciprocal Space Maps of the 113 and 1-13 reflections measured in symmetric noncoplanar diffraction geometry; (¢) and (d) in-plane components of the
lattice strain along with the crystallographic directions [100] and [010] calculated from the lattice strain measured along the [113] and [1-13] crystalline directions.
The red line is the Voigt function used to fit the experimental points in black; (e) and (f) Reciprocal Space Maps of the 111 and 1-11 reflections measured in
symmetric noncoplanar diffraction geometry. (g) and (h) in-plane components of the lattice strain along the crystallographic directions [100] and [010] calculated
from the lattice strain measured along the [111] and [1-11] crystalline directions. The red line is the Voigt function used to fit the experimental points in black; (i)
Reciprocal Space Maps of the out-of-plane 004 reflections measured in symmetric coplanar diffraction geometry; (1) out-of-plane component of the lattice strain along
the crystallographic direction [004] calculated from the same reflection. From (a;) to (1), analogous to the letter with no sulffix, related to the AB assembled sample.
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the case of our present study, the plane stress is calculated as follows:

E

= Ex ()]
1 -,

[

Under the assumption of equibiaxial stress, the in-plane stress can be
estimated from the out-of-plane strain. In this case, given the strain
along the z-direction (¢,), the in-plane stress writes

E €
2%0y

©

Oxy =

3. Results and discussion

The perfection of the silicon crystal lattice and the in-plane compo-
nents of the strain were measured from the inclined reflections, 113 and
1-13, and 111 and 1-11, respectively. Each couple of reflections, 113
and 1-13, for instance, are equivalent in terms of the Bragg’s angle and
inclination with respect to the sample surface, i.e., the [001] direction,
but they are 90° rotated in the azimuthal plane with respect to each
other. The strain along a crystalline direction with an inclination angle
with respect to the normal direction different from 0° (out-of-plane
only) and 90° (in-plane only) has both the in-plane and out-of-plane
components. The larger the angle between the normal direction and
the measured crystalline direction, the more the in-plane component of
the strain becomes predominant over the out-of-plane component. Fig. 2
(a, b) show the RSMs of the 113 and 1—13 reflections, respectively. In
Fig. 2(e, ), the 111 and 111 reflections are shown, respectively. Fig. 2
(i) shows the RSM of the Si 004 lattice point.

3.1. Anodic bonding

For the sake of clarity, results from samples assembled using the
conventional AB technology are discussed first and then compared to the
ICB assembled samples.

The broadening of the 113 and 1—13 silicon crystal lattice points in
the reciprocal space, in Fig. 2(a;, by), are limited in virtue of the high
crystalline quality of the silicon single crystal, evidently conserved after
the AB process. The broadening extracted from the Voigt fit of the radial
scans (coupled 26-o scans) is 0.006° in terms of full-width at the half
maximum (FWHM) in both azimuthal directions. The out-of-plane tilt of
the atomic planes (v-RCs) spreads over a range of 0.003° and 0.005° for
the 113 and the orthogonal 1—13 reflections, respectively. The Si 111
and its normal reflection in the azimuthal direction, i.e., the Si 1-11, in
Fig. 2(e7) and 3(f1), respectively, show a larger spread of the out-of-
plane tilt being both RCs widths equal to 0.011°. The broadening of
the 111 lattice point in silicon and other cubic symmetry crystals is often
observed and relates to the formation of 60° dislocations in the Si lattice
[45].

Fig. 2(c1, d1, g1, h1) report 1D profiles of the in-plane component of
the lattice strain along with the crystalline directions [100] and [010].
The average in-plane component of the strain was calculated from the
lattice strain measured along the [113] and [111] (and azimuthally
orthogonal ones) directions, and it is represented by the deviation of the
peak center with respect to the zero-strain value. The strain profiles are
derived from the radial scans extracted from the RSMs. By a simple
conversion based on Bragg’s law,

sin(Opu)
—ray =\ Gg ) T 1
EX—ray, hkl <sm(9/,ik‘l")

the strain along the crystalline direction [hkl] can be calculated from the
deviation of the Bragg angle 6 with respect to its theoretical value 6y
(reported in Table 1). The in-plane strain profiles obtained from the 113
and 1—13 reflections are centered at -3*107° and -2*107°. Both values
are smaller than the incertitude provided by the angular resolution of
the 113 reflection in the exploited diffraction geometry, i.e., 0.003°. This
translates into a resolution of the in-plane strain component equal to
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+2%107°, When the in-plane components of the strain are derived from

the 111 and 1—11 reflections, the profiles are centered at -3*10~> and
-1¥107° along [100] and [010], respectively. Also, in this case, these
values are smaller than the detection limit of the in-plane strain com-
ponents allowed by the angular resolution on the measurement of the
111 reflection, i.e., £8*107°. Under the assumption of plane stress
affecting the crystal, the measurable stress has a threshold of +4 MPa
when considering the 113 reflection, and +14 MPa if the strain is ob-
tained from the 111 reflection. Accordingly, the residual stress measured
at the interface between Si and borosilicate glass bonded by conven-
tional anodic bonding is below 4 MPa.

The measurement of the strain along the [004] out-of-plane direction
provides further confirmation of the low stress at the bonding interface.
The strain along the [001] should be equal to |2*10’5| when stress with
module |4 MPa]| is applied along with the X and Y directions. A similar
strain would be detectable by the diffraction measurements in a high-
resolution setup as the strain-detection limit for the 004 reflections is
equal to |6*107°|. Fig. 2(i;) shows the Si 004 lattice point broadening
and Fig. 2(l;) the corresponding strain profile. The Voigt fit of the
measured peak is centered at -1*1075; thus, its deviation from the center
being smaller than the instrumental strain resolution. Additionally, if an
equibiaxial stress assumption is considered, a value of out-of-plane
strain equal to the strain resolution arising from the measurement of
the 004 reflection, i.e., |6*10’6|, would relate to in-plane stress equal to
|1.4 MPa|. Accordingly, we assume the stress at the bonding interface is
below 1 MPa.

3.2. Impulse current bonding (ICB): comparison with the conventional AB
technology

Being the Impulse Current Bonding packaging a novel technology,
we first focused on the qualification of the bonding through the evalu-
ation of the interface. X-ray micro-CT has been used to obtain images of
the two materials bonded at different parts of the sample. Fig. 3(a)
shows the sample cross-section where the 600 pm-thick Si wafer has a
higher gray value (less absorption), and the part with lower gray value
(higher absorption) represents the glass wafer remaining after the
etching. It is possible to distinguish between the central part of the
sample presenting continuity of the interface and the two outer parts
where a lack of bonding is present. The status of the interface in the
external part is shown in Fig. 3(a, b). At the edges of the cross-section,
the glass appears missing and unbonded to the Si wafer. A black line
(air) is clearly visible in Fig. 3(b) by zooming into the sample edge.
However, the scanning electron microscopy image in Fig. 3(c) and the
optical microscopy image in Fig. 3(d) clarify the reason for the lack of
adhesion: the interface has been etched by the hydrofluoric (HF) acid
being used for the thinning of the glass wafer. The glass at the edges is
clearly corroded, and the color changed, as shown by the optical mi-
croscopy image. The HF acid corroded the glass also at the interface with
Si compromising the bonding for a length of a few hundred micrometers
from the edges, as the SEM micrograph shows. This is the reason for the
visible voids from the micro-CT analysis. It does not represent any
objecting issue for the bonding technology, which, in turn, confirms its
high effectiveness.

For observing the interface status in the center of the sample, a5 x 5
mm? ROI has been selected for the local micro-CT analysis, as shown in
Fig. 3(e). The 3D-rendering of the local ROl in Fig. 3(f) shows the glass in
blue and the silicon in semi-transparent green color and allows to
observe the interface in detail, which is indeed devoid of densimetric
differences attributable to the presence of cracks or voids. The bonding
interface has been evaluated at different points in the local ROI and does
not reveal defects as far as allowed by the resolution of the technique;
around 1.55 pm for the local CT, as visible in the grey-scale tomographic
images in Fig. 3(g). When inspecting the interface at higher
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LOCAL ROI

\

Fig. 3. X-ray micro-CT and SEM analyzes on one sample assembled by ICB. (a) radiography of the whole sample cross-section and zoom-in on the area close to the
sample edge (representative of both the edges); (b) X-ray micro CT image of the sample edge. (c) SEM micrograph of the sample edge highlighting part of the glass is
removed; (d) optical microscopy image of the 2 x 2 cm? sample. HRXRD were performed at the center of the sample; the length of the illuminated area is 2 cm in the
direction orthogonal to the scattering plane and the width is 600 pm in the direction of the scattering plane; (e) full-size X-ray radiography of the sample. The white
square points out the sample part where the local CT is performed in an area of 5 x 5 mm?. (f) 3D-rendering of the bonding interface in the Local CT ROI (semi-
transparent green-Si, blue-glass); (g) Local high-resolution X-ray micro CT images of the bonding interface at a different point along the sample cross-section: the
resolution is 1.55 pm;(h) high-magnification local X-ray micro CT image of the bonding interface at different points.
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magnification, there are no visible defects affecting the Si/glass bonding
interface (Fig. 3(h)). These observations are particularly relevant
because the presence of interfacial defects would represent the leading
cause of bonding failure and the loss of hermeticity. Furthermore, the
bonding interface appears homogeneous in the different points probed,
pointing out that the bonding is successful for the entire sample.

From the comparison between Fig. 2(a, b) and (a;, by), the Si 113 and
1-13 lattice points appear broader for the samples assembled by ICB than
for the AB processed. However, the differences in terms of the broad-
ening of the lattice points both in the radial direction (coupled 26-o
scans) and in the angular direction (®-RCs), are not significant, being
smaller than the angular resolution allowed by the technique for the
measured reflections, i.e., 0.003°. The visible broadening of the lattice
point in the RSMs involves regions of the reciprocal space where the
intensities are already decade by 3 or 4 orders of magnitude with respect
to the Bragg peak maximum intensity. This part of the RSM is clearly not
represented in the width of the fitting functions, which relates to the
average strain gradient or the spread of the tilt, but involves the diffuse
scattering, which relates to the presence of lattice defects. Since the
broadening of the lattice point reflects the decrease in the crystal
perfection, we quote on a slight reduction of the SCSI lattice perfection
in the vicinity of the bonding interface when the ICB technology is
performed. This may be due to the accumulation of defects in the near
bonding interface region.

The diffuse scattering, i.e., the radiation scattered at angles different
from the predicted for the amplitude enhancement due to coherent
interference (Bragg angle) and contributing to the peaks tails, is in part
generated by the presence of lattice defects. Defects break the coherence
of the crystal domains causing the variation of the scattering angle. The
integration of the peaks and the weighting of the diffuse scattering with
respect to the coherent scattering may provide a quantitative interpre-
tation for the density of crystalline defects present in the crystal. Fig. 4(a,
b) show the comparison between the Si 113 rocking curves for the AB
and ICB assembled samples, respectively. The total area of the peaks
(which includes the coherent and diffuse scattering) and the area related
to the coherent scattering alone are reported. In the present approach,
we evaluated the area of the peaks coming from the coherent scattering
by fitting with a Voigt function (red dotted lines in Fig. 4(a, b)). The total
integrated area of each curve has been used as a figure of merit of the
total scattered radiation. The weight of the diffuse scattering was eval-
uated according to the following equation A; = (Ar — A;) /Ar ¥100,
where A, is the percentage of area related to the diffuse scattering, Ar
the total scattering area, and A, the peak area fitted by a Voigt function.

The diffuse scattering represents 1.3 (+0.1) % of the total scattering
of the Si 113 of Si bonded by AB. The weight of the diffuse scattering
related to the same reflection increases up to 5.6 (+0.1) % in ICB pro-
cessed samples. When the Si 1—13 reflection is taken into account, the
diffuse scattering weight for the AB and ICB processed samples are 1.5
(£0.1)% and 4.7 (+0.1)%, respectively. As for the symmetric Si 004 out-
of-plane reflection, the diffuse scattering contributes only 1.2 (+0.1)%
to the total area of the RC peak in AB samples. The weight of the diffuse
scattering increases up to 4.5 (+0.1)% in ICB samples. The diffuse
scattering from the Si 111 was not evaluated due to the higher broadness
and much lower statistics. These results, resumed in Fig. 4(c), show a
clear trend: the ICB processed samples relate to a raised contribution of
the incoherent scattering along each crystalline direction in comparison
to the analogous AB processed samples. The more significant contribu-
tion from the incoherent scattering arises from a higher concentration of
lattice defects, most probably at the bonding interface.

The generation of crystalline defects at the bonding interface region
alone is not evaluable for the success of the bonding technology.
Whatever bonding mechanism relies on the "perturbation" of the crys-
talline order at the surfaces of the bonded materials. Only by this
perturbation, the two separate surfaces become an inseparable interface,
composing an interfacial hybrid material by mixing the material of the
two surfaces due to diffusion mechanisms, and the bonding process
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succeeds. In other words, the presence of a slightly more significant
amount of crystal lattice defects at the bonding interface region as it is
for ICB technology might also correlate to a thicker hybrid region. This
difference is attributed to an increased atomic flow rate at the interface
with an impulse current, but no correlation to the effectiveness of the
bonding can be concluded yet. Expectation that this difference consti-
tuting a positive achievement for ICB with an improved bonding
strength could be evaluated in further studies to establish the relation-
ship with the amount of lattice defects quantified in this work.

Independence of the applied technology, lattice defects form and
influence the strength of the bonding. Therefore, it is crucial to evaluate
the impact of defects on the residual stress at the bonding interface.
According to Fig. 2(c, d), the in-plane components of the strain profiles
deviate from zero by 6107 and 8*107 for the Si 113 and Si 1-13,
respectively. For the AB as well as for the ICB processed samples,
these values are smaller than the strain resolution allowed by the
angular resolution. Similar results are obtained from the evaluation of
the in-plane strain along the [001] and [010] crystal directions obtained
from the measurements of the 111 and 1-11 reflections. Here the values
of the average in-plane components of the strain are -4¥10~° and
-1*107>, while the allowed strain resolution is 8107

Further, the ICB-processed samples were measured for obtaining the
strain along with the 004 out-of-plane reflections. Fig. 2(i) shows the Si
004 lattice point broadening. The comparison between Fig. 2(i, i) offers
visual confirmation of the larger amount of diffuse scattering affecting
the ICB processed silicon diffraction peaks. Also in this case, the
broadening does not affect the coherent scattering regions but arising
instead from an increased diffuse scattering of the near-Bragg peak.

As above-mentioned, the strain along z should be equal to 2%10~°
when the minimum in-plane stress detectable by our configuration, i.e.,
4 MPa, applies. The strain profile is shown in Fig. 2(1) deviates from zero
by 2#107°. Again, this strain value is smaller than the strain resolution
allowed by our analytical setup, ie., |6*107%|. Accordingly, and as well
for the AB processed samples, the stress induced by the ICB bonding is
below 1 MPa.

These results are highly relevant because they prove that the bonding
interface of ICB processed silicon and glass is unaffected by residual
stress due to lattice defects, this constituting a remarkably positive
characteristic of the novel process in terms of reliability. Table 2 sum-
marizes the features of each measured reflection and offers a direct
comparison between the two investigated packaging technologies.

4. Conclusions

We present the first direct evaluation of materials and process-
related features for silicon-to-glass bonding obtained by the innovative
ICB technology. The influence of the novel design for MEMS assembling
on the bonding effectiveness has been evaluated for the presence of
interfacial micrometer-sized defects and voids, lattice defects, and
defects-induced residual stress at the bonding interface. The methods of
choice were HRXRD and X-ray micro-CT allowing the required precision
and resolution. Our analytical approach allows the labeling of this new
ICB bonding technology with respect to the preservation of the materials
system quality being comparable to the well-established AB process.

The residual stress at the bonding interface due to the formation of
lattice defects is below 1 MPa. That releases the ICB technology from the
general concern related to eventual failure related to the process-
induced residual stresses. The presence of lattice defects generated at
the bonding interface was also investigated by quantifying the diffuse
scattering in the near-Bragg region, which was finally used as a figure of
merit of the lattice disorder. The incoherent scattering weight over the
total scattering is slightly more in ICB-processed crystals than AB-
processed samples. This trend is consistently observed for all
measured reflections. Accordingly, the ICB generates a higher density of
lattice defects at the interface; however, without a translation into an
increase of the residual stress or an interface degradation, which proved
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Fig. 4. Quantification of the diffuse scattering weight over the total scattering for different measured reflections. (a) RCs of the Si 113 from samples assembled by AB.
The total scattering is obtained from the area integrated under the yellow square. The coherent scattering is the area under the Voigt fitting (red dots); (b) RCs of the
Si 113 from samples assembled by ICB. The total scattering is obtained from the area integrated under the yellow square. The coherent scattering is the area under the
Voigt fitting (red dots); (c) Percentage weight of the diffuse scattering for the three reflection measured by HRXRD, the Si 113, 1-13, and 004. The standard errors
were obtained from the fittings over the curve integration and the Voigt fitting, being around + 0.1%. The orange bars relate to the ICB assembled samples, while the
green bars correspond to the AB processed samples.
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Table 2
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Data extracted from the HRXRD analysis on the AB and ICB processed samples. For the reference values, please refer to Table 1. The angular positions are measured ona Si 111
stress-free crystal used as a reference. Accuracies over the widths and positions of the peaks are estimated from the Si 111 stress-free reference crystals (values in

Table 1).
Sample Reflection Position stress-free Si 111 reference Position FWHM ®-RC Diffuse scattering weight
hkl 20 (°) 26 (°) 20 (°) FWHM (°) (%)
(£0.1)

113 56.122 56.122 0.007 0.004 1.3

AB 1-13 56.122 56.122 0.007 0.005 1.5
111 28.442 28.444 0.008 0.012
1-11 28.442 28.443 0.008 0.011
004 69.129 69.129 0.008 0.008 1.2
113 56.122 56.120 0.008 0.006 5.6

ICB 1-13 56.122 56.121 0.008 0.006 4.7
111 28.442 28.442 0.008 0.004 NA
1-11 28.442 28.443 0.009 0.010 NA
004 69.129 69.129 0.007 0.008 4.5

devoid of any imperfection based on the CT analysis. The minor increase
of defects in the silicon lattice, is the first measurement of the difference
between the two technologies, and is at our opinion related to a specific
bonding mechanism for ICB. This analysis however does not provide any
information about the lack of reliability of the novel technology,
maintaining the general advantage of a low thermal stress induced by
the innovative low temperature bonding process.

The ICB technology is up-and-coming due to the advantages it will
provide in the microelectronic manufacturing industry with not only the
noticeable reduction of both the bonding process temperature and the
cycle time but also in its applicability to a wide range of material pairs
which will open new fields of applications. In addition, the inherent
reduction of the energy consumption in high volume production sectors,
especially the MEMS market, could lead to a significant breakthrough in
reducing the energy footprint.

In the presented work, we proved for the first time the effectiveness
of this novel packaging technology by means of our HRXRD X-ray and
micro-CT conjoint approach.
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