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Abstract

Thermal bonding of silicon and low-temperature cofired ceramics (LTCC) at sintering
temperatures of 900 °C represents currently the standard process in silicon-ceramic composite
(SiCer) substrate fabrication. We analyse the thermal behavior of the LTCC using
thermogravimetric analysis, differential scanning calorimetry and laser flash analysis. The
thermal decomposition could be identified with a mass loss of 24% in the temperature range up
to 1000 °C what influences the thermal diffusivity with values from about 0.19 mm? s~! before
thermal treatment to below 0.10 mm? s~! after thermal treatment. A specific heat capacity of
1-2J (g - K)~ ! is calculated. Further, an influence of low-temperature lamination of the LTCC
seems to have an influence on the thermal behaviour. The sintering process was investigated
with temperatures of 550 °C, 730 °C and 900 °C, applied pressures of 12.2 kPa and 6.1 kPa and
intermediate wetting layers of TiO, (normal deposition and oblique angle deposition). Optical
observations, ultrasonic and scanning electron microscopy, and pull-tests are used to compare
the properties of the sintered SiCer substrates. Whereas the sintering temperature has an obvious
impact on the sintering behaviour of the LTCC, a direct conclusion of parameter variation on the
bonding result was not observed.

Keywords: SiCer, sintering, bonding, thermal analysis

(Some figures may appear in colour only in the online journal)

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms

5V of the Creative Commons Attribution 4.0 licence. Any fur-
ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOIL.

1361-6439/22/105004+9$33.00 Printed in the UK 1 © 2022 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/1361-6439/ac8686
https://orcid.org/0000-0002-8805-7268
https://orcid.org/0000-0002-1261-2894
mailto:steffen.strehle@tu-ilmenau.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6439/ac8686&domain=pdf&date_stamp=2022-8-19
https://creativecommons.org/licenses/by/4.0/

J. Micromech. Microeng. 32 (2022) 105004

L Mohr-Weidenfeller et al

1. Introduction

Semiconductors and ceramics are crucial substrate material
classes in the field of microsystems and electronics. Conven-
tional microtechnologies are mainly suited for standard sub-
strate materials such as silicon wafers enabling processes like
photo- and e-beam lithography, chemical and physical vapor
deposition, and wet and dry etching processes [1]. Ceramic
substrates like low-temperature cofired ceramics (LTCC)
require in contrast an own technology set for microfabrica-
tion comprising thick film manufacturing, e.g. pattern punch-
ing, laser cutting and screen-printing [2]. LTCC tapes enable
a manufacturing of functional devices at relatively low cost
with small footprint by processing each single layer followed
by their stacking prior to a thermal sintering process. In this
way, passive components, wiring and vias can be effectively
realized [2]. Especially the dielectric properties of the LTCC
render it as a superior material for high frequency applica-
tions [2]. Obviously, both materials, silicon and LTCC, exhibit
unique advantages but partly in contrary fields of application.
Hence, a combined use of silicon and ceramics as a single sub-
strate or at least as a common material platform is intriguing
and creates new possibilities for advanced microsystems that
can cope with complex application scenarios.

Thermal bonding of silicon and LTCC at sintering temper-
atures of 900 °C represents currently the standard process in
silicon-ceramic composite (SiCer) substrate fabrication [3]. A
quasi-monolithic SiCer substrate can be made by co-sintering
of LTCC and silicon while basic functionalities regarding elec-
trical connections from LTCC to silicon can be implemented
using through silicon vias [4, 5]. The LTCC material, origin-
ally bondable ceramic tape (BCT), was developed for anodic
bonding of silicon and LTCC and offers an accordingly adap-
ted thermal coefficient of expansion to silicon [4]. To assure
improved compatibility to alkaline sensitive silicon processes,
another LTCC generation with alkaline-free glass compon-
ents was therefore recently introduced [2, 4]. Due to the ini-
tially required relatively high sintering pressures in the range
of 800 kPa, investigations on wetting promoting layers were
triggered to lower the required pressure. Intermediate TiO,
thin layers appear, for instance, to reduce the needed sinter-
ing pressure dramatically [6] leading the so-called pressure-
assisted sintering with pressure of as low as 3 kPa [3]. The
benefits of SiCer substrates are, for instance, demonstrated
in radio frequency micro-electro-mechanical systems (RF-
MEMS) applications [2, 7].

The sintering process is within the SiCer substrate fab-
rication one of the critical key steps. Joining both materials
reproducibly and with high yield must be therefore based on
an understanding of the underlying mechanisms. Thus, know-
ledge about the required temperature profile during sintering
as well as about the overall thermal material parameters and
behavior is essential in this context. Silicon alone is a rather
well-known material. The thermal behavior of the used LTCC
is, however, still quite unknown, which is in particular true
for the combined sintering of silicon and ceramic material. We
address this issue with thermogravimetric analysis (TGA), dif-
ferential scanning calorimetry (DSC) and laser flash analysis

(LFA) measurements of LTCC material. The recorded data
clearly show the outgassing of solvents and binders. Further-
more, the heat capacity and thermal diffusivity can be cal-
culated based on the performed thermal analysis. Sintering
at different temperatures is examined under consideration of
the glass transition temperatures of the LTCC components. In
addition to the thermal analysis, the impact of the sintering
pressure and of an intermediate TiO, layer are studied. The
latter includes a modification of the TiO, thin film morpho-
logy by employing oblique angle deposition to yield oblique
TiO, nanorod assemblies. These investigations are evaluated
by optical observations, ultrasonic microscopy, scanning elec-
tron microscopy (SEM) analysis and by means of pull-tests.

2. SiCer fabrication process

For the SiCer fabrication process, a customized LTCC
tape called BCT type 6 (developed by Fraunhofer Institute
for Ceramic Technologies and Systems (IKTS), Hermsdorf,
Germany) was utilized. Aluminoborosilicate glass (AF32 and
AF45, Schott, Mainz, Germany) and magnesium aluminum
silicate (Cordierit, IKTS, Hermsdorf, Germany) represent the
solid tape components. Polyoxyethylene nonylphenyl ether
phosphate (Rhodafac RE 610, Solvay, Brussels, Belgium)
is added as dispersant and polyvinyl butyral (B98 and B79
Butvar, Eastman Chemical, Kingsport, Tennessee, USA) as
well as diisononyl phthalate (DINP, Liquichem, Hamburg,
Germany) as plasticizers.

The BCT tapes are laminated to create double tapes that
are laminated again to a BCT stack, that is finally laser cut
into 2 inch wafer contours. If more than just a plain non-
patterned substrate is required, the tapes can be pre-processed
by punching, laser cutting and screen-printing before sintering
to add functional components and interconnects. For the sil-
icon component, conventional single-crystalline silicon 2 inch
wafers with a thickness of 300 um and a total thickness vari-
ation of +10 pum (Siegert Wafer GmbH, Aachen, Germany)
are used.

A thin TiO, wetting layer of about 50 nm is deposited
by, e.g. sputter deposition and dry oxidation, onto the wafer
side that will be finally in contact with LTCC. The sputter-
ing of the thin titanium layer does not measurably change the
initial roughness of the silicon wafer and is negligible com-
pared to the roughness of the flexible, almost film-like LTCC
greentape. Before sintering the LTCC, it has a roughness of
less than 10 pum. Thus, the flexible LTCC fits perfectly to the
Si wafer during lamination. The roughness (Ra) of the LTCC
decreases during the sintering process since the glass in the
LTCC matrix melts and wets the titanium surface. After inde-
pendent pre-processing, the LTCC and the silicon wafer are
stacked and aligned. The stack is then laminated in an isostatic
press at 82 °C for 15 min with a maximum pressure of 21 MPa,
which includes a pre-heating of 4 min. The final sintering is
subsequently realized at temperatures of up to 900 °C, which
yields a quasi-monolithic SiCer substrate. The individual steps
of the previously described fabrication process are depicted in
figure 1.
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Figure 1. Schematic illustration of a representative SiCer fabrication process. Simultaneous and independent pre-processing of LTCC and
silicon, followed by stacking and lamination for a first arrangement of both wafers. Subsequently, the material stacked material is sintered to

yield a quasi-monolithic SiCer substrate.

3. Methodology

3.1. Thermal analysis of LTCC

TGA of LTCC in unlaminated and laminated state was realized
by using a TGA Q5000 IR (TA Instruments, New Castle, DE,
USA). The analysis was carried out in the temperature range
of 20 °C-1000 °C in the so-called high-resolution mode with
a heating rate of 10 K min~! under nitrogen atmosphere. A
subsequent second measurement run was conducted to ensure
that the first measurement covers all occurring mass losses in
the selected temperature regime. For reasons of comparability
with the sintering temperatures typically specified in °C, tem-
peratures for thermal analysis are also given here in °C instead
of K.

Using a differential scanning calorimeter DSC 204 F1 2920
(Netzsch-Geritebau GmbH, Selb, Germany), the specific heat
capacities of LTCC in unlaminated state and being lamin-
ated to a double layer were measured from 40 °C to 600 °C
using a heating rate of 10 K min~' and a nitrogen atmosphere.
The DSC tool was calibrated in this temperature range using
sapphire (Al,O3) as standard sample following DIN 51007.
The accuracy of the measurements is estimated to be better
than 3%.

The temperature-dependent thermal diffusivity o(7),
which correlates with the thermal conductivity A\(T'), specific
heat capacity ¢,(T), and specific density p(T) by the relation
a = M(c, - p), was investigated in a laser flash apparatus (LFA
427, Netzsch-Geridtebau GmbH, Selb, Germany) from 20 °C
to 500 °C under helium atmosphere. A laminated double layer
of LTCC was laser-cut into circles with a diameter of 1 inch.
The sample was covered by a thin graphite layer to ensure
sufficient absorption of the laser light and to prevent any sur-
face deterioration by the impact of the laser pulse. Pure LTCC
tapes without vias or screen printing pastes were used for all
analyses.

3.2. Interface modifications

To analyze the impact of the aforementioned interface modi-
fications on the bonding quality of SiCer substrates, silicon
wafers were either used without any intermediate layer or were
coated with a 32 nm thick layer of Ti using sputter depos-
ition (Ardenne CS400, VON ARDENNE GmbH, Dresden,
Germany). After dry oxidation (Tempress Junior, Tempress
Systems, Vaasen, Netherlands), a 50 nm thick TiO, layer
is obtained. Based on previous reports [6] and the known
dependency of the wetting behavior on surface roughness [8],
titanium was furthermore, deposited by electron beam evap-
oration at an oblique angle (OAD: oblique angle deposition),
which leads to oblique titanium nanorods [9]. SEM images
of the deposited titanium nanorods are shown in figures 2(a)
and (b). The purpose of these nanorods is the utilization of
titanium not only as a wetting layer but also as a nanostruc-
tured compliant layer [10] to reduce residual stresses originat-
ing from the slight remaining mismatch of thermal expansion
coefficient between the LTCC, the titanium film and the sil-
icon. In addition, the nanorods should be better able to com-
pensate asperities at the silicon-LTCC interface, supporting
lower sintering pressures [6]. The resulting titanium nanor-
ods were not intentionally oxidized but a native oxide can be
assumed.

3.3. Sintering experiments

The pressure assisted sintering of the investigated SiCer sub-
strates was performed at pressures of 6.1 kPa and 12.2 kPa to
investigate the influence of different applied pressures on the
bonding interface. The pressure is applied via static weights,
which are uniformly applied to the entire surface of the sub-
strate. Due to the glass transition temperatures of the glass
additives in LTCC, end temperatures of 550 °C and 730 °C
were chosen as maximum sintering temperatures in addition
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Figure 2. (a) SEM cross sectional and (b) top view of the silicon substrate covered by titanium nanorods obtained by oblique angle

deposition.

Table 1. Parameters regarding sintering pressure, sintering temperature and interface modification and their assignment to the substrate

label or experiment S1-S7 (OAD).

S1 S2 S3 S4 S5 S6 S7
Pressure (kPa) 12.2 6.1 12.2 12.2 6.1 12.2 12.2
Temperature (°C) 900 900 900 900 900 550 730
Interface TiO, TiO, Ti (OAD) — — TiO, TiO,

to the standard sintering temperature of 900 °C. An overview
of the conducted experiments is shown in table 1, which are
denoted by the substrate label S1-S7 in the following.

The preparation of the substrates S1-S7 were done fol-
lowing the description in section 2 without any punching or
screen printing. Thus, the resulting ceramic side is pure LTCC
without any vias or applied metal pastes. In total, three lam-
inated double tapes of LTCC with a total thickness of about
780 pum were stacked again laminated with the silicon wafer
prior to sintering. The lamination is conducted in an isostatic
press at 82 °C for 15 min with a maximum pressure of 21 MPa,
which includes a pre-heating of 4 min. The silicon wafer is
either used without any treatments or with pre-processing of
the interface according to table 1. The slight pressure during
sintering is applied by loading sintering plates on the stack.

3.4. Analysis of the bonding behavior

The substrates were inspected after sintering optically by
the bare eye and by using an optical scanner to assess the
overall color of the ceramic surface, while the homogen-
eity of the SiCer interface was evaluated by images obtained
by ultrasonic microscopy (Nordson Corporation, Westlake,
USA). The interface bond strength was quantitatively analyzed
by using a pull-test method. Samples were prepared in this
regard by dicing the substrates into 10 x 10 mm? chips. The
chips were glued onto aluminum sample holders employing
an epoxy-based glue (2AIF, Innovative Klebetechnik Zimmer-
mann, Jena, Germany). Subsequent curing at 180 °C was car-
ried out for 15 min. The pulling tests were realized using an
inspekt table 20-1 (Hegewald & Peschke MeB3- und Priiftech-
nik GmbH, Nossen, Germany) pulling tool. The abort criterion
for breaking was set to a force of 95% of the maximum pulling
force Fppax.

4. Results and discussion

4.1. Thermal analysis of LTCC

As shown in figure 3(a), TGA measurements indicate a signi-
ficant mass loss of the ceramic material during the first tem-
perature cycle for both, unlaminated (black dotted line) and
laminated (red dotted line) LTCC. The mass loss of unlamin-
ated LTCC, following the first part of the curve, appears up
to about 200 °C and is most likely caused by the evapora-
tion of the solvents toluene (boiling point 111 °C [11]) and
cyclohexanone (156 °C [12]) both of which are contained in
LTCC. Between 200 °C and about 500 °C another mass loss
occurs that sums up with the first mass loss to a total mass loss
of about 24%, which can be clearly divided into two separate
sections. One from 200 °C to 300 °C with about 10% mass
loss and one from 300 °C to 500 °C with about 12% mass
loss. Both sections can be linked to the binder polyvinylbu-
tyral [13, 14]. The first section should originate from oxidat-
ive decomposition of the binder. However, as the measurement
was carried out in an inert gas atmosphere, the second mass
loss cannot be caused by oxidative decomposition and there-
fore, a pyrolytic decomposition of solvents and binders must
be assumed. Above temperatures of about 500 °C, the sample
weight remains almost constant. For laminated LTCC the total
mass loss is the same, however an additional mass loss can be
observed compared to unlaminated LTCC. The first mass loss
occurs in the same range as for unlaminated LTCC, whilst the
second mass loss takes place at temperatures between 300 °C
and 400 °C. The third mass loss is shifted to slightly higher
temperatures compared to unlaminated LTCC and occurs at
temperatures between 400 °C and 600 °C. As shown, the
first significant drop in the mass loss between 200 °C and
280 °C shows only slight differences between laminated and
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Figure 3. (a) Two consecutive TGA measurements of the LTCC green tape in unlaminated state, which show the percentage weight loss
during the first heating run (dotted line) and the second heating run (solid line) and TGA measurement after lamination process for the first
heating (red dotted line). The result for the second heating run in case of laminated LTCC is not visible due to overlap with the second
heating of unlaminated LTCC. (b) DSC measurement data of unlaminated (black solid line) and laminated LTCC (black dotted line) as well
as of the sapphire reference sample (black dashed line). Specific heat capacity cp of unlaminated (red solid line) and laminated LTCC (red
dotted line) was calculated from these data. (¢c) Thermal diffusivity given by LFA measurements of a laminated double layer LTCC. The
data show the mean value of three measurements per temperature. (d) Temperature profile for the standard sintering process of SiCer
substrates with a maximum temperature of 900 °C (solid line), adapted heating rate and times at temperature for gas emission of organic
components and subsequent heating up to maximum temperature of 550 °C (dashed line) and 730 °C (dotted line).

unlaminated material, while the second significant mass loss
between 280 °C and 400 °C for the laminated material and
280 °C and 420 °C for the unlaminated material is slightly
shifted to lower temperatures for the laminated material. While
the mass loss for the unlaminated material stops at around
500 °C the laminated material shows a further mass loss of
only around 1% up to a temperature of 600 °C. This behavior
is expectable. Organic materials are usually almost entirely
decomposed during a temperature increase up to 450 °C. In
the case of the laminated material, the organic binders close
to cuts of the TGA samples can more easily escape from the
material than the binder in the ceramics. Thus, the mass loss
in the laminated materials appears at slightly lower temperat-
ures compared to the unlaminated material. Finally, the binder
between the two laminate layers has longer diffusion paths,
which leads to a delayed decomposition and therefore to a
delayed mass loss up to 600 °C. However, it must be kept
in mind that this delayed mass loss concerns only 1% of the
entire mass loss. In support, a second measurement (solid line)
or temperature cycle shows no further significant weight loss

with respect to the measuring uncertainty. In particular, no
mass changes are visible in the first run for temperatures above
800 °C. Thus, also no mass loss can be expected in the second
run. Finally, only a mass increase in the second run could
appear due to oxidation of the material. That this is not the
case and demonstrates the completion of the ceramic sintering
process.

The results of the DSC and accordingly calculated spe-
cific heat capacities are shown in figure 3(b). For each sample,
three heating cycles were recorded. However, the second and
third heating cycle did not exhibit any effect on the measured
heat flow and thus, indicate that all thermally induced material
chances are mainly completed during the first run. In unlamin-
ated state, there is a minute endothermic peak at about 170 °C
that does not occur for laminated BCT. The underlying process
seems to be addressed either at 170 °C or at lamination at low
temperatures with applied pressure. An exothermic peak at
230 °C can be observed for both samples and is attributed here
to cold crystallization processes in the binder as well as the
plasticizer both contained in LTCC. At 300 °C, unlaminated
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Figure 4. (a) Optical and (b) sonographic scan of a homogeneously bonded SiCer substrate substrate (experiment S4) after sintering with

view to the ceramic side in case of (a).

LTCC shows a highly pronounced endothermic peak corres-
ponding with the second weight loss in TGA measurements,
followed by a very broad second endothermic peak at around
370 °C, whereas the laminated LTCC shows a very slight
endothermic peak at 310 °C, followed by a highly pronounced
peak at around 330 °C and a similar behavior as unlaminated
LTCC at temperatures of 370 °C. For temperatures higher than
400 °C, no impact of thermal treatment within the investigated
temperature range can be observed. The sample weight after
DSC measurements was reduced by about 24%, which is in
adequate agreement with the TGA measurements.

The shift and the sharpness of the endothermic peak from
300 °C in case of unlaminated LTCC to 330 °C in laminated
LTCC can be attributed to a higher grade of crystallinity in
the polymeric binder due to pressure and temperature during
lamination, which leads to a higher melting temperature. The
specific heat capacity calculated from the DSC measurement
data with respect to the sapphire reference shows values from 1
to 2 J (g - K)~'. In the temperature ranges where endothermic
or exothermic peaks occur, the calculated specific heat capa-
city is not reliable due to underlying phase changes or other
reactions.

The results from LFA measurements are shown in
figure 3(c). The curves of the detector signals after the laser
pulse showed the best fit with the applied Cowan model
[15, 16]. Shown measurement values represent the average
values of three individual measurements. The accuracy of this
method is assumed to be better than 3%. The specific density of
LTCC was calculated to be 1.64 g cm ™3 by using the geometric
and the weight data, so the resulting accuracy of the thermal
diffusivity is about 5%. The thermal diffusivity is higher than
0.2 mm? s~! for temperatures below 50 °C. For temperat-
ures between 100 °C and 350 °C the diffusivity is about
0.18-0.19 mm? s~!, whereas it decreases for higher temperat-
ures to values below 0.10 mm? s~ . For glass, the thermal dif-
fusivity is given with values from 0.56 to 1.70 mm? s~ ! and for
pressed ceramic powders with values about 0.1-0.2 mm? s~ !
in literature [17-19]. The measured diffusivity of LTCC is
comparable to these data. In comparison to the DSC data, a

correlation between the endothermic peaks at about 330 °C
and 370 °C and the decrease of thermal diffusivity can be
assumed.

The results of the thermal analysis of the BCT tape suggest
an adaption of the standard sintering profile. For sintering tem-
perature profiles, the measurement results of the first TGA run
is considered as relevant. The rapid weight loss of almost 24%
takes place in the temperature range from 200 °C to 500 °C.
An adaptation of the temperature profile for the sintering pro-
cess is therefore suggested. A first holding temperature should
therefore be shifted to 200 °C instead of 450 °C. This allows
a slow outgassing of the solvents. This holding temperature
should be followed by a slower temperature increase up to
500 °C with additional holding temperatures. If possible, a
holding temperature at approx. 300 °C should also be provided
due to the observed first endothermic peak in the DSC curves
of the unlaminated sample. For the laminated sample the hold-
ing temperature should be around 330 °C. At this temperature,
both the second mass loss in the TGA measurement and the
endothermic peak in the DSC curve can be seen. The temper-
ature profiles used in this work are shown in figure 3(d).

4.2. Sintering results and bonding behavior

The processed SiCer substrates S1-S7 (see table 1) were eval-
uated after the sintering process by optical inspection and by
ultrasonic microscopy. Results of the optical inspection of sub-
strate S4 are shown as an example for a homogeneously bon-
ded SiCer substrate. The according optical scan is shown in
figure 4(a), while the result of the sonographic scan is shown
in figure 4(b). Optically, the overall color of the ceramic sur-
face is homogeneous and no debonding between silicon and
ceramic is obviously visible. The homogeneous gray coloring
of the sonographic scan confirms a homogeneous bonding at
the silicon-ceramic-interface.

Even though the sonographic scan shows a homogeneous
bonding interface, the bond strengths (see figures 5(a) and (b))
vary considerably. The sample positions are numbered, as
shown in figure 5(b) inset, for better assignment of the results.
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Figure 6. (a) SEM image of the LTCC side of substrate S6 that was sintered at temperatures up to 550 °C. A non-molten particle with a
rough surface is placed on a partly molten glass bed. (b) SEM image of the LTCC side of substrate S7 that was sintered at temperatures up
to 730 °C. A molten particle with a smooth surface is observed on a molten glass bed.

The median bond strength with average deviation is shown
in figure 5(a) whilst figure 5(b) shows the bond strengths for
the different sample positions. Despite of the variations in the
measured bond strengths, the fracture patterns (see figures 5(c)
and (d)) look comparable for high and low measured bond
strengths. It should be noted that the samples do not tear at the
interface, but mainly in the ceramic material. From the sinter-
ing experiments focussed on the impact of wetting layers and
the sintering pressure (substrates S1-S5), no influences on the
bonding result could be identified. All sintered substrates share
a comparable optical appearance and bonding homogeneity.
The observed differences in the bond strength could therefore,
neither be explained with respect to the sonographic scans nor

to the fracture patterns of the samples. The SiCer substrates
S6 and S7, which were sintered at temperatures of 550 °C
and 730 °C, showed an adequate bonding between LTCC,
TiO, wetting layer and silicon. A difference between sinter-
ing at these temperatures compared to sintering at 900 °C is the
compression grade of the LTCC. Thus, gluing of the samples
to the aluminum sample holders was not possible and there-
fore no measurements of the bond strength could be conduc-
ted. Scanning electron microscope images illustrate the differ-
ent melting behavior of glass particles due to glass transition
temperatures of the LTCC glass components (see figures 6(a)
and (b)). These particles are part of the LTCC matrix of the
specimens used and can be observed at the LTCC side of the
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SiCer samples. For substrate S6, glass particles can be identi-
fied that are not molten, whereas for S7 the particles are molten
and embedded in a glass melt.

The thermal stress induced bowing of the sintered sub-
strates was measured (MicroProf® TTV, FRT Metrology, Ber-
gisch Gladbach, Germany). Comparing sample S1 and S2,
sintered at 900 °C peak temperature and with a TiO, interme-
diate layer, the bow is 17 pym and 16 pm, respectively. The
difference in applied pressure seems to have no significant
influence on the resulting bow. Without TiO, interface layer,
the bow value increases when a lower pressure is applied. S4
shows a bow of 13 pm while sample S5 exhibits a bow value of
21 pm, which indicates a potential stress reduction caused by
the TiO, layer. Substrate S3 with oblique angle deposited Ti
has a bow value of 18 pm, which is in comparable range to S1
and S2. Notably, the substrates that were sintered at lower tem-
peratures have lower bow values of 4.2 ym (S6) and 8.3 ym
(S7). This behavior can be explained by the lower grade of
compression of the LTCC.

5. Conclusion

In this paper, the fabrication process for SiCer substrates
is investigated with respect to the thermal behavior of the
green LTCC, the influence of a wetting promoting TiO, layer
between silicon and LTCC, the sintering temperature profile
and the sintering pressure on the bonding result of SiCer com-
pound substrates. From the results, no distinct influence of
the different parameters was observed. Even at lower sinter-
ing temperatures, bonding-like adhesive forces between LTCC
and silicon were observed. TGA measurements showed the
outgassing of solvents and decomposition of binders, which
could be correlated with the mass loss of the DSC measure-
ments. From the DSC measurements of unlaminated and lam-
inated LTCC, a shift in the endothermic peaks could be iden-
tified as well as a shift in mass loss for the TGA. The first
significant drop in the mass loss observed between 200 °C
and 280 °C shows only slight differences between laminated
and unlaminated material. The second significant mass loss
observed between 280 °C and 400 °C for the laminated mater-
ial and 280 °C and 420 °C for the unlaminated material is
slightly shifted to lower temperatures for the laminated mater-
ial. While the mass loss for the unlaminated material termin-
ates at around 500 °C the laminated material shows a fur-
ther mass loss up to a temperature of 600 °C but of only
about 1%, which was attributed to a thermal decomposition of
the organic materials. Therefore, lamination processes using
a pressure of 21 MPa at 82 °C affect the thermal behavior of
LTCC in the temperature range of 300 °C-350 °C. In this tem-
perature regime, the endothermic processes and the outgass-
ing of the second component of the contained binder leads to
a decrease in the thermal diffusivity of the laminated LTCC
material measured by LFA. Thus, it can be concluded that the
pre-processing of the green ceramic is a critical step in the
entire SiCer fabrication flow that can influence the thermal
behavior during sintering.
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