A pplication of Reactive Bonding Methods
on LT CC Substrates

Erik Wiss Alexander Schulz AdamY uile
Chair of Microintegration and E lectronics Technology Group Chair of Microintegration and
Reliability TU Ilmenau Reliability
Saarland University IImenau, Germany Saarland University

Saarbruecken, Germany
erik.wiss@ uni-saarland.de

alexander.schulz@tu-ilmenau.de

Saarbruecken, Germany
adam.yuile@ uni-saarland.de

Jens Madler Steffen Wiese
Electronics Technology Group Chair of Microintegration and
TU Ilmenau Reliability
IImenau, Germany Saarland University

jens.muel ler@tu-ilmenau.de

Saarbruecken, Germany

s.wiese@ mx.uni-saarland.de

Abstract ~ This paper discusses the application of reactive
bonding for the area of L ow Temperature Cofired Ceramics
(LTCC) assemblies. The goal is to reduce the thermal-
mechanical stresses during soldering by transferring heat only
locally to the solder joints without heating the entire component.
Such a reactive multilayer system (RMS) consists of alternating
nanolayers (10 - 300 nm) of at least two metal components which
produce an exothermal reaction after ignition. Although the
deposition of an RMS is established on silicon substrates for the
use in micro-electromechanical systems (MEMS), it is very
challenging to createthem on LT CC substrates. One of the main
obstacles is to overcome all issues connected with the significant
roughness, because it is not an optimum territory to deposit
nanolayers. In this paper, different methods like chemical
mechanical polishing (CMP) and laser ablation, to modify the
surface morphology, are presented. A direct relation between
the morphology and the exothermal reaction can be observed.
In addition, 3-D Computational Fluid Dynamics (CFD)
simulations were conducted to analyze the process in more
detail. These simulations make use of a shoebox model with
different layers and an adjustable user-defined function for the
heat release of the RMS to adapt the reaction front velocity and
the combustion temperature to the experimental values.

o Keywords ~ LTCC, RMS, reactive multilayer systems, Al-Ni,
joining.

I. INTRODUCTION

The chemical reaction of nitrogen monoxide (NO) with
ozone leads not only to the formation of nitrogen dioxide and
oxygen, but also to the emission of radiation in the wavelength

range between 600 to 2600 nmwith a maximumin the infrar
ed areaat 1200 nm[1]. Measuring this radiation can be use
d to determine low concentrations of NO in gas flows. Theref
ore, a measurement device was developed and presented in [2
I-[4]using LTCC (Low Temperature Cofired Cera
mics) technology (see Fig. 1). It consists of three different mo
dules: first, thereis an ozone generator with a high voltage s
ource, that is applied to a gas flow using embedded electrode
s. Then, the ozone is transported via microfluidic chann
els to a chemiluminescence detection reaction chamber
where it is mixed with the gas that contains an unknown a
mount of NO. An infrared transparent window is bonded
onto the LTCC substrate, and a photo diode that measu
res the emitted radiation is placed on it. The last module i
s an exhaust gas treatment to decompose the ozone into n
onhazardous oxide.

Therefore, a heating structure was embedded in the LTCC
substrate and a platinum paste, that can be applied to the
substrate, was used as a catalysator.

Fig. 1. Measurement device for low concentrations of nitrogen
monoxide in gas flows, realized using LTCC technology.

The LTCC technology is an excellent candidate for such
devices because it enabl es the possibility of three-dimensional
structuring [5]-[7] and shows very good hermetic sealing
properties [8], [9]. Additionally, it provides not only excellent
robustness under harsh environmental and mechanical
conditions [10], [11], but also chemical resistance [9]-[13].
D ue to this properties, LTCC technology can even be used in
automotive and aerospace. It is also possible to add passive
elements using conventional surface mounting technology
like reflow soldering. Therefore, both the component and the
substrate need to be heated up to a temperature above the
melting point of the used solder, which can be critical for heat
sensitive components. Adding heat locally to the sol der joints
can be an option to avoid damages during this process e.g.,
through using a reactive multilayer system (RMS). While the
use of an RMS is well established on silicon substrates [14], it
is very challenging to deposit such a system on LTCC
substrates due to their high roughness in the range of 0.4 to
11 m[15]-[17].

An RMS consists of at least two different materials that
are applied on a substrate in an alternating way e.g., through
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magnetron sputtering [ 10]. The thickness of every single layer
is in the range of 10 to 300 nm [19] and the total stack
thickness varies in the range of 0.1 to 300 1 m [20]. After the
system is ignited (e.g., by providing sufficient heat, by using
an electrical spark or by using a laser pulse) the materials
begin to intermix on atomic level building a new intermetallic
phase. This leads to a self-propagating reaction [21] that is
profoundly exothermal [22]. The released heat of this process
can be used for joining processes by melting an additional
solder layer, among other things. T he propagation speed will
depend on the material s used, the bilayer thicknesses, theratio
of the materials, the total stack thickness and the amount of
heat released. However, the mechanical pre-processing of the
substrates also has an influence on the speed of the reaction,
what should be discussed here.

II. SAMPLE PREPARATION

A. Reference sanple and laser ablation

As described in [23] the samples were prepared in
differentways. For the reference samples, and the samples that
were modified by laser ablation, a standard LT CC technol ogy
was processed using 6-layer DuPont 951 P2 resulting in a
thickness of 817 nm & 2.5 nm. Without further processing a
roughness of 390 nm € 16.6 nm was reached for the reference
samples.

To achieve other roughnesses the surface of the LTCC
substrate was laser ablated in a grid-like way using a355 nm
picosecond UV laser system. Different cutting distances
between 5 and 30 1 m and a |aser power between 0.5 W and
1W were used, which resulted in a roughness between
572 nmé 14.4 nmand 874 nmé 20.5 nm. Finally, the samples
were cut into pieces of 15 mm x 7 mm. After that a 20 nm
thick layer of titanium was sputtered onto the samples as an
adhesion layer, followed by the subsequentially deposition of
the RMS. With a total thickness of 101 m, 100 bilayers were
chosen with a thickness of 60 nm for the aluminum and 40 nm
for the nickel. After processing the samples, they were ignited
by an electrical spark using two electrodes and a power supply
limitedto 25V and 4 A.

B. Chemical/mechanical lapping and polishing (CMP)

The other possibility for the sample preparation persists in
using a CMP machine to achieve lower roughness. An 8-layer
DuPont 951 P2 was processed in a standard LTCC technology
resulting in a thickness of 1080 1 m. The substrates were
lapped down chemically/mechanical on both sides to achieve
a plane surface with a thickness of 810 1 m € 5,5 1 m. Further
polishing led to a roughness in the range between 105 nm é
19.5 nmand 258 nm € 16.5 nm. A s before the samples were
cut into smaller pieces and both the adhesion layer and the
RMS were deposited.

C. Laser ablation with additional metallization

Some samples obtained an additional AgPd metallization
between the LT CC substrate and the RMS [24]. Therefore, a
standard LTCC technology was processed using 4-layer
DuPont 951 PX resulting in a thickness of 839 1mé 2.61 m.
The surface morphology was modified using the laser system
in the same way as before. The reference sample (without
further processing) reached a roughness of 525 nm é 30 nm,
whereas the other ones reached a roughness of 537 nm & 12
nm (LS 3) and 773 nm € 29 nm (LS 5). Finally, the samples
were cut into pieces of 15 mm x 7 mm and the RMS was
deposited.

D. Roughness characterization

The roughness of the surfacewas characterized by using a
laser scanning microscope [23], [24]. An area of 2501 mx 250
I mwas chosen for the measurements. The lowest roughness
of about 100 nm was found for the CMP samples without
metallization whereas the laser ablated samples show the
highest roughness with a maximum of about 870 nm. Without
processing the roughness is about 400 nm (see Fig. 2). For the
sampl es with metallization, a roughness of 525 nm (reference)
respectively 537 nm and 773 nm were reached (laser ablated
samples).

AgPd + Laser2 - ;

AgPd + Laser1

LTCC + AgPd 4777
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CcME1 4 f ,
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Fig. 2. Resulting surface roughness for some samples with different
preparation methods, measured by LSM [23], [24].

III. CFD MODEL

A. CFD model description

To achieve more information about the reactive joining
process a suitable CFD model was already developed and
presented in [25]-[27] (see Fig. 3). It consists of the
aluminum-nickel bilayer (blue), the LTCC substrate (green)
and the isolation lay er (green) between, some simulations also
contain a solder layer. The base of the model has a primary
surface of 4 mm x 4 mm with a surrounding air environment
of the dimensions 10 mm x 10 mm x 5 mm to avoid
interactions between the region of interest and the boundary
conditions. Due to stability and convergence reasons no
titanium layer was considered in the simulation model.

Fig. 3. The CFD sinmulation model mainly consists of the reactive
multilayer system (blue) and the LTCC substrate with an isolation
layer (green) [25].
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The material properties and the dimensions of the
individual layers are shown in Table I. The properties of the
LTCC substrate and the isolation layer were assumed to be
identical (GreenTape™ DuPont DP951), which is why the
effective thickness of the LTCC substrate is 860 1 m. The
properties of the RMS match with an unreacted multilayer
[28], and the properties for the solder and the silicon chip were
taken from the ANSY S Fluent material databases.

TableI. Dimensions and properties of the layers used in the CFD
simulation model [26], [28].

thickness ft ) i
layer [1m] [kg/m?f] | [W/m&] | [J/kgd]
LTCC 825 3100 33 600

Isolation 35 3100 33 600
RMS 30 5500 152 830
Solder 200 7000 63.2 230
Chip 400 2500 100 710

A 3x3 matrix of temperature probes was used to measure
the temperatures during the movement of the reaction front.
The probes in the same vertical position(e.g., P1, P2, P3) give
information about the reaction velocity (through the time
delay in the recorded values), and the probes in the same
horizontal direction(e.g., P1, P4, P7) can be used to determine
the peak temperature. For additional information the
temperatures were also measured in the middle of the RMS, at
the interface between the RM'S and the sol der, and at distances
of 10 and 20 1 min the solder starting from the interface.

temperature
Si Chip reading
Solder x—_—::::: et :_:jg ﬁnml I
RMS X
P@ 2O \ P3.-----:-_155";1
Insulati‘on Layer
P4@ PS@ P6@----1 =30 um
Green Tape
P/ @ PS@ PO@----+ --100 pym

Fig. 4. Locations of the platinum termperature probes (P 1 to P9) and
the measurement points in the solder and the RMS.

All the structures were meshed in ANSY S Workbench
2023R1 with a length of 100 1 m for the mesh edges in x- and
y-direction, and with a length of 10 1 m in the z-direction
leading to a total number of 5,001,000 cells. Thetime-step size
was fixed to 10-6 s for 10,000 time-steps which results in a
simulation time of 10 ms. For a more detailed view see [25],
[26]. To simulate the propagation of the reaction front, a
probability density function in the form of (1) was used.

B R (B MR N (1)

The four parameters A, B, C and D are used to control the
heat release function, where A and B approximately
correspond to the amplitude and width, C is an offset for the
alignment with the leading edge of the reactive multilayer
systemand D corresponds to the velocity.

IV. RESULTS

A. Experimental analysis

As described in [23], all the samples showed a good
adhesion behavior before ignition (see Fig. 5). After ignition,
a peel-off effect could be observed at both the unmachined
reference sample and the CMP prepared samples with low
roughness (105U 390 nm). In contrast the samples that were
laser ablated with a roughness between 572 nm and 874 nm
still show a good adhesion even after ignition, but SEM
images show the occurrence of micro cracks within the RMS.
Both the micro cracks and the peel-off effect are mainly
caused by the different coefficients of thermal expansion of
the materials. As an additional factor, there is a shrinkage in
volume of approximately 12 % in the RMS due to lattice-
spacing reduction [29] which may also affect the adhesion.

Fig. 5. Reflected light microscopy image reveals a good adhesion of
the reactive multilayer onthe LTCC substrate (blue) before ignition.

To determine the peak temperatures and the reaction
speed, high velocity pyrometer measurements and high-speed
camera measurements were done simultaneously [23], [24].
The pyrometer measurements show that the unmachined
LTCC substrate reaches the highest peak temperature
(1092 éC), followed by the samples that were prepared by
CMP with nearly the same temperature (1067 and 1062 éC).
The samples that were prepared by laser ablation reach the
lowest temperatures (811 and 803 éC). It is remarkable that
there is nearly no difference within the laser ablated samples
although they differ in their roughness (572 nm to 873 nm). It
can be assumed that the higher temperatures occur due to the
peel-off of the RMS: the heat cannot be dissipated through the
air as fast as if the RMS was still in contact with the substrate.

In case of the laser ablated samples with AgPd
metallization, the lift-off effect was not as pronounced as in
the other samples without the metallization. There is a
punctual adhesion of the reactive multilayer, whereas some
areas are separated from the metallization (see Fig. 6). The
reference sample reaches a peak temperature of 854 éC
whereas the laser ablated samples reach 847 and 739 éC. This
temperature drop (compared to the first samples) may be
caused by the additional metallization layer that absorbs some
of the released heat.

000396



Fig. 6. Reflected light microscopy image of a reactive multilayer
system between two LT CC substrates (blue) with AgP d metallization
(bright areas) after ignition. There is only punctual adhesion of the
RMS, whereas most areas of the RMS separated from the
metallization.

The high-speed measurements show a velocity of around
5 mvs for the reaction front of both the reference sample and
the CMP prepared samples. In contrast, the laser ablated
samples show a reduction in velocity down to 3.7 m/s
(roughness 572 nm) and 2.9 m/s (roughness 873 nm). The
same effect can be observed on the samples with AgPd
metallization: the velocity reduces from 3.7 mvs (roughness
525 nm) to 2.8 m/s (roughness 537 nm) and 2.2 m/s
(roughness 773 nm). The measured values are clearly
represented in Table IL

TableII. Overview of the reached peak temperatures and reaction
front vel ocities depending on different substrate preparation
methods and resulting surface roughness [23], [24].
reaction
surface front
substrate | roughness | peak temp. | velocity
preparation [nm] [éC] [mVs]
CMP1 105 1067 5.1
§ é CMP2 257 1062 47
B Ref, 390 1092 5.1
o
g g LS 1 572 811 3.7
- LS2 873 803 29
AgPd 525 854 37
£/ | AgpPd 537 847 2.8
8 = +L1S3
5 § AgPd 773 739 22
+LS5

B. CFD comparisons

Simulations were performed for a model with solder (Fig.
7) and for a model without solder (Fig. 8). A velocity for the
reaction front of 1 m/s and a time-step size of 10-®s was chosen
for the temperature recordings.

300 -
—— solder-rms-interface
—— solder-10pm
—— solder-20pm
—— mid-rms
P2
—P5
—P8

Temperature [°C]
2

T T T 1
0.004 0.006 0.008 0.010

Time [s]

T
0.000 0.002

Fig. 7. Temperature contour plot of the interface between the
solder and RMS, within the solder and the RMS, and at the
temperature probes P2, P5 and P8 for a velocity of 1 nvs.

As depicted in Fig. 7 the maximum temperature of about
260 éC was reached within the RMS which is only slightly
abov e the requi red temperature of 240 éC [26]. At the interface
between the RMS and the solder it reaches around 240 éC and
the lowest val ue with around 220 €C is reached at a distance
of 20 1 mwithin the solder.

900
air-rms-interface
800 4 —— mid-rms
—P2
Loy — P5
0 600 - ==t
o
:é 500
®
@ 400
5
@ 300 -
200 4
100
0 L T T T 1
0.000 0.002 0.004 0.006 0.008 0.010
Time [s]

Fig. 8. Temperature contour plot for the model without solder of
the interface between the air and RMS, within the RMS and at the
temperature probes P2, P5 and P8 for a velocity of 1 mys.

Fig. 8 shows the temperature plot for the model without a
solder layer. The reached temperature within the RMS s
raised by more than 200 % up to 820 éC while the temperature
at the interface between the surrounding air and the RMS is
above 750 éC. By comparison to the previous model, it can be
assumed that the melting and solidification of the solder is
responsible for this significant drop of the RMS peak
temperature, so the amount of solder deposited on the RMS
should be a good parameter to control the peak temperature
during reactive bonding. A similar relation was already
considered by Wang [30].

V. CONCLUSIONS

This paper discusses the application of reactive bonding
methods on LT CC substrates. T herefore, a reactive multilayer
system (RMS) consisting of alternating nanolayers of
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aluminum and nickel with a total thickness of 100 1 m was
deposited after two different surface modifications were
applied. Then, the samples were el ectrically ignited which was
recorded by a high velocity pyrometer and a high-speed
camera for temperature and velocity measurements. The first
preparation method is chemical mechanical polishing (CMP)
of a LTCC substrate, without metallization, which lowers the
surface roughness down to around 100 nm. Compared to the
reference sample(roughness 390 nm), the CMP does not seem
to influence the peak temperature or the reaction front
velocity. Inaddition, thereis a peel-off of the RMS structure.
The second method uses a picosecond laser to modify the
LT CC substrate morphology, whereby the roughness can be
increased up to 873 nm. This leads to a decrease in the peak
temperature by nearly 300 éC and a decrease in the reaction
front velocity by around 27 - 43 %. In case of the laser ablated
surfaces no peel-off effects could be observed but some micro
cracks in the RMS could be found. Both the peel-off effects
and the micro cracks occur due to different coefficients of
thermal expansion and the volume shrinkage during the
exothermal reaction. A n additional reason for the problems in
adhesion is the lower thermal conductance of the LTCC
substrate compared to silicon substrates.

Laser ablation was also done for samples with an
additional AgPd metallization between the LTCC substrate
and the deposited RMS. After ignition, less peel-off effects
could be observed. The drop in the RMS peak temperature is
not as high as in the other version, but the velocity of reaction
frontwas slowed down by around 24 - 41 %. T he experi mental
data show that the adhesion still has to be improved.

CFD simulations were conducted to analyze the process in
more detail. A shoebox model with the different layers
(LTCC, RMS and solder) was presented and compared to
another model without a solder layer. An adjustable user-
defined function for the heat release of the RMS during the
reaction was used to adopt the reaction front velocity and the
combustion temperature to the experimental values. The
temperature during the exothermal reaction was recorded at
different positions with a time-step size of 10¢ s. The
measurements suggest that the solder layer can be used to
control the peak temperature during the reactive bonding
process.
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