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bstract

n this study, a novel process is presented to generate a defined and homogeneous degree of porosity in fired low temperature co-fired ceramics
LTCC) substrates. For this purpose, a phosphoric-based acid is used which is a standard wet chemical etchant in the MEMS and microelectronic
ndustry for the patterning of aluminium-based conductors and strip lines. Varying the bath temperature between 90 and 130 ◦C within a time frame
f up to 8 h, a maximum penetration depth of 40 �m is achieved. At short etch times up to 5 h, the porosification process is reaction controlled, while
t longer exposure times, diffusion-related effects dominate verified by the determination of the corresponding activation energies. In combination
ith morphological investigations using scanning electron microscopy and micro-X-ray diffraction techniques, it is demonstrated that the anorthite-

hase crystallizing during liquid sintering in the vicinity of the Al2O3 grains shows a high dissolvability in phosphoric acid and is very important to
nable its penetration into the LTCC body. This surface-near process is very attractive for the realization of selected areas on conventional LTCC
ubstrates having modified dielectric properties, especially for high frequency applications.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

In recent years, low temperature co-fired ceramics (LTCC)
ave attracted much attention both as device and substrate
tructures. The possibility to implement vias with a low sheet
esistance based on Au, Ag or Ag/Pd and the integration of
assive electronic components (i.e. inductors, resistors and
apacities) into the ceramic body, makes it possible to exploit the
hird dimension.1,2 This enables the arrangement of electronic
omponents in a compact way within a gas-proof body. There-
ore, the components are well protected from environmental
mpacts when operated under harsh environmental conditions,
uch as high temperatures.3 LTCC are commonly based on a
lass–ceramic consisting of a glass matrix in which aluminium

xide particles with a typical diameter in the range of 2–3 �m
re embedded as a filler material. For metallization purposes, the
hick film printing technique is the standard technology used.
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ue to the low sintering temperatures with peak levels in the
ange of 850 ◦C the complete assembly of filled vias and printed
tructures is fired in one single step with the substrate. By the
iquid-phase sintering process the soft sheets are densified to
orm the monolithic ceramic body.

On the device and system level, many novel and sophisticated
pproaches are reported in literature, such as the fabrication of
iniaturized actuators,4,5 different types of sensor elements for

he determination of, i.e. force, gas concentration, mass flow
r temperature6–10 and even complete systems, especially for
icrofluidic applications.11 A comprehensive overview is given

n Refs.12,13 In this context, reliability in respect to mechanical
trength is an important issue, especially when the LTCC needs
o fulfil not only the requirements of a functional, but also of a
tructural material subjected to high mechanical load.14,15

Besides these applications, LTCC is most favourably used as
ubstrate for micromachined devices and systems operated at
igh frequencies typically ranging up to the microwave region.

lthough there are also other types of high-density, multilayer

ubstrates available, based on organic laminates, further out-
tanding features of the LTCC for this field of application are
he excellent thermal conductivity compared to organic mate-
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ials and a coefficient of thermal expansion close to that of
ilicon.13 Compared to a standard organic substrate reinforced
ith a glass–fibre-based component, such as FR-4 or RT/Duroid,

he dielectric losses are low. In contrast, the relatively high
ermittivity of εr = 7–8 is disadvantageous for some applica-
ions, such as microwave antennas directly arranged on the
TCC surface. To avoid this drawback either a combination of
TCC with a local application of a low-k organic material16

r the modification of the LTCC substrate itself is targeted.
eside the modification of the glass-matrix and the crystalliza-

ion behaviour,17,18 the generation of a defined porosity is the
ost commonly used approach to reduce the dielectric constant

nd the dielectric losses of materials.19 In Refs.20,21 mullite or
eramic-based bubbles are dispersed in the glass-matrix modi-
ying the dielectric properties positively, but resulting in a poor
opography, especially when aiming for the application of struc-
ures on the surface made by thin film technology. In addition, the
se of hollow microspheres is proposed which causes problems
hen these break during casting and firing and hence, repro-
ucible dielectric properties cannot be guaranteed.22,23 Schuler
t al. modulated the material properties by punching holes in the
ubstrate.24 The effective permittivity is determined by the vol-
metrically weighted median of the relative permittivity values
ssociated with LTCC and air. In Ref.25 the capacitive coupling
etween a strip line and ground plane is reduced by embed-
ing air cavities below the conductor. Although in the latter two
ases, a local modification of the dielectric properties is in prin-
ipal possible, an additional ceramic layer has to be arranged
bove the perforated substrate to support the elements resulting
n a fragile overall structure.

It is the objective of this paper to report a novel process to gen-
rate locally a defined porosity in LTCC in the fired state. Up to
ow, a maximum penetration depth for the porosification process
f about 40 �m below the substrate surface has been achieved.
hosphoric-based acid is used which is a well-established chem-

cal product used for the patterning of aluminium-based strip
ines within the fabrication process of micromachined devices.
he process and hence, the degree of porosification and the
orresponding penetration depth, can be controlled at a given
ath concentration very easily by monitoring the etch time and
he temperature of the etchant. Both parameters have a high
mpact on the dominating etch regime (i.e. either reaction or
iffusion-controlled). Applying techniques such as scanning
lectron microscopy (SEM), focused ion beam (FIB) and micro-
-ray diffraction (�-XRD), the microstructure and the phase

omposition of the LTCC are investigated before and upon expo-
ure to phosphoric acid.

. Experimental details

To study the porosifiaction process, commercially available
TCC substrates (DP 951 AX) from DuPont are used. The blank
heets were laminated at a pressure of 20 MPa and fired at a peak

emperature of 850 ◦C for 30 min in a batch furnace. Further
etails of the fabrication process can be found elsewhere.26 After
o-firing, a compound material is generated consisting of a glass
atrix with different crystalline and chemical phases in which

t
i
p
e

ig. 1. SEM top view on a conventional LTCC (DP 951) substrate. To highlight
he microstructure, the LTCC substrate is dry etched for several minutes applying
n argon flux, thus removing the glass coverage from the surface.

l2O3 particles with a typical size in the �m-range are imple-
ented (see Fig. 1). Basically, the DuPont 951 LTCC consists

fter firing of corundum, anorthite and lead silicate glass.27

To chemically attack the LTCC substrates, phosphoric acid
ith a purity of 85 vol.% is used. The bath temperature is

losed-loop controlled on a hotplate purchased from Heidolph
nstruments and varied between 90 and 130 ◦C within time
rames of 1–8 h. Finally, the samples were rinsed in deionized
ater and dried with purged air.
To measure the penetration depth of the porosification pro-

ess, the specimens were embedded into a resin matrix (Demotec
0), grinded on a standard turntable from Struers for cross-
ectional analyses and inspected via SEM technique (LEO
35VP). To investigate the micro-cavities and pores generated
fter wet chemical etching in more detail, an SEM in a “Dual
eam FIB—FEI Strata DB235” workstation was applied. In

hese cases, cross-sectioning was done by means of FIB tech-
ique.

For phase analyses �-XRD measurements were performed
sing a diffractometer D8 GADDS from Huber Inc. The X-ray
eam with a wavelength of 1.5418 Å corresponding to the Cu
�-line is highly focused by an aperture with a spatial resolution
f 50 �m and aligned on the sample by a video system with
ccuracy better than 100 �m. The 2D detector “HiStar” is from
ruker Inc.

. Results and discussion

In Fig. 2, the porosification depth dp in fired LTCC substrates
s a function of time t at different bath temperature levels Tb of

he phosphoric acid is shown. A minimum value for Tb of 90 ◦C
s required to obtain in a time frame of about 1 h a detectable
orosification depth of 30 nm. As expected, dp increases when
nlarging the duration for the etch attack at a given bath temper-
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the implemented Al2O3 particles and covered with the glass
matrix due to the liquid-phase sintering process. After exposure
to the phosphoric acid for 3 h at 90 ◦C, the glass matrix is locally
ig. 2. Porosification depth dp in LTCC (DP 951) as a function of time t at
ifferent bath temperatures of the phosphoric acid.

ture. Increasing Tb has a similar impact on dp while keeping the
arameter t fixed. At the onset of the etch attack, dp and hence,
he porosification rate, is relatively low at Tb = 90 and 110 ◦C. In
he range of 2–5 h, the corresponding values of dp show a linear
elationship with t before reaching a bath-temperature depen-
ent saturation level. Excluding under these conditions a period
f about 2 h at the beginning to activate the porosification pro-
ess, the curves obey in principle a functional characteristic, well
nown, e.g. for the different growth regimes of silicon dioxide
hen subjected to a standard wet oxidation process of silicon

ubstrates.28 Therefore, it is assumed that up to a time frame of
h, the attack for the porosification process of LTCC is reaction-

imited, while in the saturation regime, where the exchange of the
tch solution from the surface through porous layer to the etch
ront in the LTCC body is dominant, it is diffusion-controlled.
ncreasing the bath temperature to 110 ◦C, the porosification
rocess is activated above average resulting in an almost linear
elationship between dp and t from the very beginning of the
rocess. In agreement to the lower bath temperatures investi-
ated, the saturation regime establishes after a period of about 5 h
esulting in a maximum porosification depth of about 40 �m. To
erify these assumptions on the presence of the two major etch
egimes, the activation energies are determined at fixed expo-
ure times in an Arrhenius-type diagram from the corresponding
lopes with a linear regression procedure (see Fig. 3).

Basically, the slope of the fitted lines decreases continuously
ith larger exposure time indicating reduced values for the cor-

esponding activation energies.
In Fig. 4, the time-dependent evolution of Ea is shown with

alues ranging from about 0.2 eV at long etching periods up
o 2.2 eV determined for a 1 h exposure. In principal, when a
iffusion controlled reaction regime dominates in a wet etching
rocess activation energies are about 0.2 eV. In contrast, higher
ctivation energies indicate reaction limited dissolution rates.29

n addition, the porosification depth as a function of reciprocal
ath temperature obeys the Arrhenius law over the complete

emperature range up to t = 5 h, as illustrated in Fig. 2. Above,
he data points at Tb = 90 ◦C marked with a circle do not fit into
his trend as at these low temperatures and at these low values for

F
i

Fig. 3. Data of Fig. 2 arranged in an Arrhenius configuration.

p, the etch process is still dominated by the reaction controlled
egime in contrast to higher bath temperatures.

From the application-oriented point of view, this wet etch-
ng process provides a sufficient depth promising a substantial
eduction of the dielectric properties, such as permittivity, for
igh frequency applications. In Fig. 5, a typical cross-sectional
iew on the surface-near porosification is shown used to extract
he data presented in Fig. 2. Besides the determination of dp,
constant value for this important porosification parameter is

emonstrated on technical-relevant length scales, providing a
omogeneous reduction in dielectric properties across a given
rea.

To investigate the nature of the porosification process and the
orresponding microstructures in more detail, FIB technique in
ombination with SEM analyses were applied. For comparison
urposes, Fig. 6a shows the topography of an “as manufac-
ured” DP 951 LTCC substrate. The surface is highly undulated
n the �m-range (i.e. R ∼ 1.7 �m and R ∼ 0.4 �m) due to
ig. 4. Decreasing activation energies Ea while the porosification process. The
nserted line serves as a guide to the eye.
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When taking the results presented in Figs. 6 and 7 into account,

F
a

ig. 5. Typical result when using a phosphoric acid at 110 ◦C for 5 h to generate
porous microstructure in LTCC.

ttacked on the surface forming gaps and pores with dimensions
ell below 1 �m (see Fig. 6b). Increasing t to 8 h, the glassy

op coverage is almost completely removed giving access to the
l2O3 particles located below (see Fig. 6c). After etching 8 h at
30 ◦C the glass-phase totally disappears (see Fig. 6d). Further-
ore, the mean gap size is substantially increased indicating the

enetration of the wet chemical into the body of the LTCC.

In Fig. 7a, a cross-sectional view of the porous layer is given

fter an etch attack at Tb = 90 ◦C for 8 h. As shown, the phos-
horic acid penetrates via tiny gaps into the LTCC body. This is
specially obvious in the area of the porosification front proceed-

i
a
s

ig. 6. Surface morphology of LTCC in different modifications: (a) “as manufacture
nd (d) after etching for 8 h at Tb = 130 ◦C.
an Ceramic Society 29 (2009) 99–104

ng into the LTCC substrate where this portion of the glass matrix
urrounding the Al2O3 particles is preferentially etched. Close
o the surface, the formation of larger pores is indicated, as in
his long etching regime, the Al2O3 grains are now selectively
tched compared to the residual glass matrix. When increas-
ng Tb, but decreasing t to 2 h, only the presence of sub-�m
ized gaps and pores are detected supporting the findings on the
orosification process drawn from Fig. 7b. Again, the results
re similar to Fig. 7c when increasing on this high temperature
evel t to 8 h, besides a more pronounced pore formation and
larger penetration depth which cannot be fully exploited via
IB technique due to a depth range for characterization limited

o about 20 �m. From these morphological investigations it can
e concluded that the grain-near portion of the matrix is very
mportant to enable the penetration of the phosphoric acid into
he LTCC body.

For verification purposes, �-XRD measurements are per-
ormed to determine any changes in phase composition before
nd upon exposure of LTCC to phosphoric acid. As illustrated in
ig. 8, a reduction of the anorthite concentration in the porous
TCC compared to the “as fired” state is demonstrated when
nalysing the (0 0 4) peak as the most dominant of the anorthite
pectra. During liquid-phase sintering, the glass-phase near the
lumina grains crystallizes to anorthite, which develops out of
he glass matrix and aluminium whereas the latter originates
rom the alumina grains.30 Due to the diffusion related crystal-
ization of the anorthite this phase is generated with a thickness
f about 500 nm enveloping the surface of the alumina grains.
t is obvious that the anorthite-phase is etched predominantly
t the beginning of the etch attack. This is due to a higher dis-
olvability of anorthite compared to alumina and the residual

d”, (b) after etching for 3 h at Tb = 90 ◦C, (c) after etching for 8 h at Tb = 90 ◦C,
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ig. 7. Cross-sectional view on the microstructure of LTCC close to the surfa
t Tb = 110 ◦C and for (c) 8 h at Tb = 110 ◦C. The platinum top layer is only a
rocedure.

lass matrix and hence, is responsible for the penetration of the
tchant. Basically, the dissolution of anorthite in acidic etchants
s according to the following reaction31:

aAl2Si2O8 + 8H+ → Ca+2 + 2Al+3 + 2SiO2(aq) + 4H2O.

Typical values for the corresponding activation energies of
32
ilicates in aqueous solutions are in the range of 0.6–0.8 meV

tting well to the data determined for the porosification process
n this work (see Fig. 4).

ig. 8. �-XRD spectra of LTCC before and upon exposure to phosphoric acid.

s
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e glass-ceramic is etched in phosphoric acid for (a) 8 h at Tb = 90 ◦C, (b) 2 h
to avoid any structural damage to the probe surface during FIB preparation

. Conclusions

In this study, a novel process based on a wet chemical etchant
s introduced to generate a tailored porosity in fired LTCC sub-
trates (DP 951). Due to the use of a phosphoric acid which
s well known for the patterning of aluminium thin films in

EMS or microelectronic industry a local porosification is fea-
ible by using a photosensitive polyimide as mask material. The
ethod is very simple to monitor, as important parameters, such

s the bath temperature and the exposure time, strongly deter-
ine the degree and the depth of the porosification process.

n addition, the LTCC fabrication process does not need to be
hanged, as porosification is generated in the fired state of com-
ercially available tapes. Typically, this process step could be

mplemented in the flow chart of a device or module before final
etallization. It could be demonstrated that at a bath tempera-

ure of 130 ◦C, the penetration depth has a maximum value of
bout 40 �m. To enable the penetration of the wet etchant into
he LTCC body, this portion of the glass matrix enveloping the
l2O3 grains play an important role. In this area, anorthite crys-

allizes during liquid-phase sintering being preferentially etched
ompared to the alumina as well as to the residual glass matrix.
ith increasing exposure time, however, the dissolution of the
l2O3 grains becomes more pronounced, so that the originally
ap-sized microstructure changes to a pore-sized geometry.

asically, the porosification process is reaction-limited at the
eginning, while changing to a diffusion-controlled regime after
n exposure time of about 5 h independent of bath temperature
ndicated by activation energies below 400 meV.



1 urope

A

(
t
c
e
D
M
s

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

04 A. Bittner, U. Schmid / Journal of the E

cknowledgements

This work was performed within the RADARAUGE project
http://www.radarauge-project.com/) financially supported by
he Federal Ministry of Education and Research (BMBF) under
ontract number 16SV2080. This support is gratefully acknowl-
dged. Furthermore, the authors wish to express their thanks
r. D. Schwanke and T. Haas being with the project partner
icro Systems Engineering GmbH for providing the LTCC

ubstrates.

eferences

1. His, C. S., Hsieh, F. M. and Chen, H. P., Characteristics of thick film resistors
embedded in low temperature co-fired ceramic (LTCC) substrates. J. Eur.
Ceram. Soc., 2007, 27, 2779–2784.

2. Jantunen, H., Kangasvieri, T., Vähäkangas, J. and Leppävuori, S., Design
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