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Abstract

The degradation behavior of screen-printed thick films on LTCC was investigated in sulfuric and nitric acid. The sam-
ples were examined with regard to their mass loss as well as by means of scanning electron microscopy. Additionally,
the eluates were analyzed with voltammetric and spectroscopic methods. In any case, the degradation is dominated
by the dissolution of an alumosilicate phase. The degradation in sulfuric acid is generally lower than in nitric acid,
caused by kinetic inhibition owing to the formation of sulfates. Delamination of the thick film, resulting from the low
chemical resistance of the interphase, occurred in the case of the composite-containing additives. No thick film delam-
ination was observed on the additive-free composite. However, selective dissolution of the substrate’s alumosilicate

phase takes place beneath the thick film.
Keywords: LTCC, thick film, degradation, chemical durability

I. Introduction

Screen-printed thick films (SPTF) on low-temperature
co-firing ceramics (LTCC) are widespread in the man-
ufacture of high-end microelectronics 1. SPTF are also
commonly used as surface metallization on photovoltaic
cells 2. Moreover, selective electrochemical sensors for dif-
ferent analytes (e.g. CO, O,, H,, H*) in gaseous and liq-
uid media can be achieved with such SPTF 3-5. In recent
years, several lab-on-a-chip devices for biomedical and en-
vironmental sensor applications have been developed us-
ing LTCC technology ¢-8. LTCC technology also offers
the possibility to design the 3D structures of microfluidic
systems %10, Furthermore, screen-printing technology al-
lows additional functionalization of LTCC with the im-
plementation of e.g. heaters or electrodes for sensor ap-
plications including complete electrochemical cells 11-15,
The lifetime and reliability of such micro-technologic de-
vices are strictly related to degradation processes. The
thick films have to resist the (electro-)chemically induced
strains, particularly in electrochemical environments or
applications (e.g. galvanic reinforcement of screen-printed
bus bars on solar cells) 16:17. Localized degradation of on-
ly one of the screen-printed LTCC parts already can cause
the failure of the whole device.

In literature LTCC is described as a chemically inert ma-
terial 818,19, Although, the chemical resistivity of the glass
components of screen-printing pastes has been investigat-
ed 20, However, there is still a lack of information about

the chemical durability of the complete thick-film-LTCC
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composite. The present study focuses on the impact of
SPTF on the degradation behavior of these composites.
Two model systems (with and without inorganic addi-
tives) were investigated. The results are compared with the
degradation behavior of pure LTCC.

II. Experimental

In all experiments, DuPont 951 GTT™ was used as a
LTCC substrate material. The substrate was produced by
the lamination of three single tapes. The stack has a dimen-
sion of 10x 10 cm2 and a thickness of 0.65 mm. The screen-
printing process of the gold paste onto the substrate fol-
lowed by a firing process (Table 1) completed the LTCC
(screen printer: KEKO P200A, Slovenia; mesh count: 235;
tube furnace: ATV PEO 603, Germany). The print lay-
out is shown schematically in Fig. 1a. Two different gold
pastes were used (DuPont 5742TM conductor paste and an
in-house-produced paste). The DP5742TM paste contains
glass components and several metal oxides 16:17 and was
directly screen-printed onto the green substrate. A co-fir-
ing process at 875 °C was carried out for 60 min 21. The in-
house-produced gold paste was free of oxidic sintering ad-
ditives, butit contained a very small amount of silver 16,17,
This paste was screen-printed and post-fired on an already
sintered DP951GT ™M substrate. All firing runs were car-
ried out with the same firing regime that was used for the
co-firing process. The finalized samples were dissected to
a dimension of 30 x § mm? (total surface area = 5.3 cm?2).
The samples were exposed to 1 N H,SO, and 1 N HNO;
at 30 °C over a maximum of five days. The samples were
exposed in PTFE vessels filled with a continuously stirred
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Table 1: Preparation parameters.

Vol. 5, No. 3

. . Firing procedure Thick-film-covered
System Material combination surface area A ;¢
15t run 2nd run absolute /cm?2 relative /%
A DP951GT (blank) LTCC - 0 0
B DP951GT + DP5742 LTCC + paste - 0.30 5.7
C DP951GT +in-house paste LTCC LTCC (fired) + paste 0.39 7.4

bath volume of 125 ml (Fig. 1). The specimens were fixed
in a PTFE holder. Before and after the exposure, all sam-
ples were weighed with a Cubis MSE225S precision bal-
ance (Sartorius AG, Germany), which provides an accu-
racy of £0.015 mg. After the exposure experiment, the
concentration of leached metal ions in the eluates was de-
termined by means of voltammetric measurements with
a VA Computrace 797 polarograph (Metrohm, Switzer-
land). A differential pulse adsorptive sweep voltamme-
try (DPAdASV) was performed for the determination of
A3+, Cu2+, Pb2+ and Bi3+ were determined with differ-
ential pulse anodic sweep voltammetry (DPASV). Each
eluate solution was measured three times. The standard
deviation was <5 %. Additionally, selected samples were
investigated for Al3+, Si*+ and Ca2+ by ICP-OES (ER-
GO Umweltinstitut Dresden, Germany), and with a field
emission scanning electron microscope (FESEM) Ultra
55 (Carl Zeiss, Germany), respectively. The EDX anal-
ysis was performed with a Si(Li)-detector (Oxford In-
struments, UK). Quantitative X-ray fluorescence analysis
(XRF) was only performed on the unexposed and blank
substrate material, using a S8 TIGER spectrometer (Bruk-
er, USA).

reaction
vessel

a)

heating
bath

sample

eluate

magnetic
stirring stick

[ ]
magnetic stirrer

Fig. 1: Exposure apparatus: a) schematic drawing of a single unit,
b) multiple array.

III. Results and Discussion

(1) Visual evaluation

Degradation was observed in all systems, which is no-
ticeable from the bleaching of the LTCC (Fig. 2; System A
is not shown). The blue-greenish surface color brightened
over the exposure time (visible as a gradual brightening of
the dark gray surface in Fig. 2). The degradation was inhib-
ited in the area covered by the sample holder. The intensity

of the bleaching was slightly stronger in nitric acid than in
sulfuric acid.

The degradation of System B could also be recognized
by the delamination of the thick film. Partial delamination
of the thick film in sulfuric acid appeared after four days.
After five days the thick film was completely delaminat-
ed. In nitric acid, the complete delamination of the thick
film had already occurred after two days. Additionally,
the substrate area beneath the delaminated thick film was
more strongly bleached than the uncovered area. System
C showed no delamination, in contrast to System B.

System B System C

1N H‘SO‘

I 1 N HNO,
initi 4 initial
i state

|

exp. exp.
time 1d time

Fig.2: Systems B and C before and after exposure.

(2) Quantitative analyses

A quantitative screening of the mass loss and the leached
metal ions is necessary to achieve more detailed informa-
tion on the degradation process. Table 2 shows the chem-
ical composition of the substrate, determined by means
of XRF analysis. The result was compared with the EDX
analysis of such material as reported by Chan et al. 22. All
substrates consist mainly of an alumosilicate glass phase,
filled with alumina particles (the microstructure is dis-
cussed more in detail in Section III(3). Owing to the fact
that the substrate represents = 93 — 94 % of the composite’s
total surface area, the degradation behavior of the blank
substrate will be discussed first.

Fig. 3 shows the mass loss of System A. In both acids, the
mass loss increases with ongoing exposure time. Howev-
er, the mass loss is lower in sulfuric acid than in nitric acid.
This behavior agrees with the visual evaluation of the sam-
ples. In sulfuric acid the blank substrate shows a mass loss
of 55 and 265 pugem2 over the exposure times of one day
and five days, respectively. These are approximately three
quarters of the mass loss observed in nitric acid. This dif-
ference can be explained by the formation of sparsely solu-
ble PbSO4and CaSO 4 in sulfuricacid (Table 3). According
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to Seidel et al. 23, it can be assumed that PbSO 4 and CaSO,
are formed as a metastable barrier layer during the expo-
sure in sulfuric acid, which leads to an inhibition. In nitric
acid, in turn, Pb(NO3), and Ca(NO3), are formed which
are easily soluble (Table 3) and do not form a barrier layer.

Table 2: Chemical composition of the LTCC substrate (in
wt%).

Oxide XRF EDX
Amount Error (Lit. 22)
Al,O4 50.70 +0.111 50.3
Si10, 31.60 +0.085 31.3
PbO 10.28 +0.006 11.9
CaO 4.23 +0.015 5.4
Na,O 1.46 +0.035 -
K,O 1.02 +0.008 1.1
CoO 0.27 +0.001 -
Cr,05 0.26 +0.003 -
1NHSO, 1N HNO,
gravimetric
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~ 400 400 voltammetric
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Fig. 3 : Total mass loss and enrichment of metal ions of System A in
1 N H,S0, and 1 N HNOj; over exposure time.

Table 3: Solubility of the sulfates and the nitrates from lead
and calcium.

Sulfate sol. in T | Lit. sol. T | Lit.
1 N H,50,| /°C in HyO | /°C

PbSO, |6-10mgl-t| 30 | 24 |47 mgl-l| 30 | 25
CaSO, | 3.aglt | 25| 26 | 21gl'1| 30 | 25

Nitrate sol. in T | Lit. sol. T | Lit.
1 N HNO;| /°C in H,O | /°C

Pb(NO;),| 285gl-1 | 25 | 27 |457gl1| 25 | 27
Ca(NO3)2 - - - 990 gl_l 30 25, 28

As shown in Fig. 3, AI3+ and Pb2+ are enriched in the so-
lution with ongoing exposure, following the curve pro-
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gression of the total mass loss. The concentration of Al3+is
similar in both sulfuric and nitric acid. After five days, the
concentration of Pb2+is half as high in sulfuricacid as in ni-
tric acid owing to the formation of metastable PbSO . As-
suming that the degradation is characterized by hydroly-
sis, the cumulative share of A3+, Pb2+and O2- amounts to
~30 % and =52 % of the total mass loss after one day and
after five days, respectively, in sulfuric acid. In nitric acid,
it constitutes =25 % and =50 %, respectively. The part of
A3+ and Pb2+, with reference to the total mass loss, in-
creases in both acids with ongoing exposure. This behav-
ior is probably associated with a change of the degradation
mechanism. In the early stage, interdiffusion processes of
the framework changers of the glass phase — Na+, K+, and
CaZ*+ — mainly characterize the degradation. After about
two days, the destruction of the framework becomes the
dominating process. The ICP-OES measurements fill the
mismatch to the total mass loss in nitric acid. After five
days, 56 pgem2 of Si*+ and 38 pgem-2 of Ca2+ are leached
out from the substrate. The value of 70 pgem-2 Al3+ (ICP-
OES) is in a good agreement with the value of 74 ugecm-2
detected by means of voltammetry. The amounts of Al3+,
Si++, Pb2+, Ca2* and O2?- in total cover approximately
89 % of the total mass loss. The remaining gap can be ex-
plained by the non-determined shares of Na,O and K,O
(2.5 wt% of the LTCC material; Table 2).

Fig. 4 shows the degradation behavior of System B. In
sulfuric acid, the mass loss as well as the eluate concen-
tration of Al3+ and Pb2+ are comparable with System A.
Again, in nitric acid, System B shows higher degrada-
tion rates than System A. Furthermore, the difference be-
tween Systems A and B, concerning the concentration of
A3+, increases with ongoing exposure time. However,
the difference concerning the concentration of Pb2+ de-
creases. Additionally, the concentrations of Si*+, Ca2* and
A3+ determined with ICP-OES are about 13 %, 21 % and
14% higher in comparison with System A. The difference
between the spectroscopically and voltammetrically de-
termined Al3* contents amounts to approximately 27 %.
With respect to the different limits of quantitation for Al3+
(DPAdSV 29:3 ygl-1; ICP-OES 30: 0.1 mgl-1), it can be as-
sumed that the concentration of Al3* is underdetermined
with ICP-OES.
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Fig. 4 : Total mass loss and enrichment of metal ions of System B in
1 N H,SO, and 1 N HNOj; over exposure time.
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Table 4: Eluate containing Al3+/Pb2+ ratio after exposure times of one and five days.

Al3+/Pb2+ ratio (mass-related)
System Material combination Firing 1 N H,S0, 1 N HNO;
runs
1 day 5 days 1 day 5 days
A DP951GT (blank) 1 3.9 3.6 2.6 2.8
B DP951GT + DP5742 1 3.6 3.3 1.3 3.1
C DP951GT + in-house paste 2 4.2 6.0 3.0 33
The DP5742 gold paste contains oxides of Bi and Cu as 1NH,SO, 1 NHNO, o
sintering additives 16,17, Tt is reasonable to suggest that il
these oxides are part of the interphase between the sub- s00f 400 _
. . . voltammetric
strate and the thick film. As Fig.5 shows, the content ‘“-‘E A
of Bi3* increases in both acids with ongoing exposure, S .
but a steady state obviously exists when a level of about g 300 300 icp.oes
. . ~ W Ca
1.7 ugem=2 is reached. If we assume that bismuth exclu- @ N si
sively originates from the thick film (see also Table 2), the S 200 200 AN
value of 1.7 pgem2 roughly corresponds to a content of & EEOIiﬁhgmemc
30 pgem~2 Bi in the thick film. If Bi3* exceeds a critical g igal .
leaching amount of about 1.4 pgem=2 (=25 pgem-2 thick
film area), delamination appears. This fact is independent

of the acid (see also Fig. 2). Traces of CuZ* could not be
quantitatively determined in both eluates. Comparably to
System A, the amounts of Al3+, Si*+, Ca2+, Pb2+, Bi3* and
O2 resultin=91 % of the total mass loss. This means that
the degradation mainly takes place at the substrate. Never-
theless, the stronger degradation of System B in nitric acid
might be caused by a lower chemical durability of the in-
terphase LTCC substrate/thick film.

1N H,S0, 1N HNO,

-2
w
a1

system A

P>

/ ug cm
S
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CIsi | 1
251 =5 pp

n+

eluate enrichment of M

1.2 3 4 5 1

2 3 4 5
exposure time / d

Fig.5: Voltammetrically determined eluate concentrations of Pb2+

and Bi3* of Systems A and B.

The mass loss of System C also increases in both acids
with ongoing exposure (Fig.6). Although the course is
comparable to both Systems A and B, the absolute values
are significantly higher.

0 0
1 2 3 4 5 1 2 3 4 5 5
exposure time / d

Fig. 6 : Total mass loss and enrichment of metal ions of System C in
1 N H,SO,4 and 1 N HNOj; over exposure time.

In sulfuric acid, the mass loss of System C is stronger
than that of System B. If the mass loss of System B is set
to 100 %, the mass losses of System C amount to =150 %
and =131 % after one and five days, respectively.

Indeed, the mass losses of System C are =85 % and
~35 % higher than those of System A (normalized to be
100 %). Surprisingly, the leached amount of Pb2+ is almost
equalamongall systems, and it variesinarange of £ 0.1 and
1 1.5 pgem-2. This behavior is completely different to the
leaching of Al3*. Initially, the amount of dissolved Al3+
deviates in the range of £0.7 pgem2 among all systems.
After five days of exposure the amount of Al3* leached
from System Cis =57 % and =65 % higher than in case of
Systems B and A. In nitric acid those differences are less
pronounced than in sulfuric acid. The mass loss is = 10 %
and =27 % higher in comparison with Systems B and A
after five days of exposure. Briefly speaking, System C
shows the highest amounts of dissolved Al3+. Simultane-
ously, the amounts of Pb2* leached out of System C are
lower than in the case of System B. This behavior takes
place as a result of the dissolution of the Pb-containing
interphase of System B. Additional information is given
by comparing the A13+/Pb2+ ratio of the eluates (Table 4):
A strong Al3* leaching is obviously connected to the re-
firing process, the lower Pb2+ content in sulfuric acid is a
consequence of the metastable PbSO 4-formation.

The shares of Al3+, Si++, Ca2+, Pb2+ and O2- amount to
92 % of the total mass loss. This corresponds to the oth-
er materials. System C shows the highest mass loss and cu-
mulative leachingamounts in both acids. Nevertheless, the
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thick film does not delaminate during exposure (Fig. 2).
This property is obviously restricted to the use of a glass-
free paste, and will be discussed in detail in Section III(3).

(3) Microstructure

The microstructure of the LTCC substrate materi-
al (Fig.7) consists of five phases. Homogeneously dis-
tributed corundum particles with a diameter of 1-5 pm
(1) make up the major phase. These particles are em-
bedded in an amorphous alumosilicate matrix (2). A
second alumosilicate phase, which is enriched in Al
is formed around the corundum particles during the
sintering process (3). This phase forms a 3D network
which pervades the complete material. Accompanying
this, homogeneously distributed Co(AlCr),0O, par-
ticles with a diameter of 0.1-0.5 um exist (4). These
particles are responsible for the blue-greenish color of
the substrate. Furthermore, pores (5) and small, scat-
tered particles of SiO, (presumably cristobalite) are de-
tectable (6).

KT initial state

penetration depth
after exposure

Fig. 7 : Scanning electron micrographs of System A before and after
an exposure time of five days in 1 N HNOj (top: overview; bottom:
detailed view).

The phase around the corundum particles is selective-
ly dissolved under acidic conditions. This is in good
agreement with Bittner et al. 31 who specified this phase
as anorthite (CaAl,Si,0g). Also Hrovat et al. 12 deter-
mined anorthite in DP951GTTM, but with a small amount
of sodium ((Na,Ca)(ALSi)4Og). Assessing the report-
ed XRD spectra 12.31] the reflexes referred to are similar
within the whole plagioclase feldspar supergroup 3233,
In the present work the EDX spectra (Fig.8) suggest
that the dissolved phase (No.3 in Fig.7) consists of a
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combination of plagioclase feldspars with traces of Pb.
The stoichiometric composition of this phase is hypoth-
esized to be NaO.zcaOJPbo‘osAIZ‘gSi1.708.1, based on the
EDX analysis (Fig. 8). Based on the kinetic data shown
in Fig.3, the leaching process becomes diffusion-con-
trolled with increasing penetration depth. According to
the literature 31,34, the dissolution occurs by hydroly-
sis:

Nao_z Cao_3 Pbo.o5Alz_3Si1.708.1 +94H" —
0.2Na*+0.3Ca?*+0.05Pb?* (1)
+2.8AP*+1.75i0,(,q) +4.7H, O.

0.5 1.0 1 20 25 30 35 40

c)

rel. intensity

b)

Pb pp, K

Ca ca a)

05 10 15 20 25 30 35 40
energy / keV

Fig.8: EDX spectra obtained with spot measurements at the alu-
minum-rich phase of Systems A (a), B (b) and C (c).

This phase shows a stoichiometric ratio of 1.65 be-
tween Al and Si. In contrast, anorthite and albite show
a ratio Al/Si of 1/1 and 1/3, respectively. Oelkers et
al. found that the hydrolysis resistance of plagioclase
feldspars decreases with an increasing Al/Si ratio 34.
The lower chemical resistance is caused by a higher
number of weak Al-O-bridges within the Si-O-Al-O-
framework. The stoichiometry of the non-dissolved,
aluminum-poor alumosilicate (No.2 in Fig.7) is ap-
proximately  Nag0gK 14Cag 15Pbo.26Alg 6513 308,03,
considering the EDX spectra a) and ¢) in Fig.9. The
Al/Si ratio is only 0.18, which explains the strong
hydrolysis resistance of this phase. Furthermore, it
cannot be excluded that Pb2* is dissolved from the
interface  aluminum-poor/aluminum-rich  alumosili-
cate.

Although the surface of the substrate was bleached
out with ongoing exposure, Co(Al,Cr),0, particles
are still present, as the micrographs of the cross-sec-
tion show. Therefore the aluminum-rich alumosilicate
has a strong impact on the optical properties of the
material. Owing to the dissolution process, the inter-
face area of the incorporated Co(ALCr),0, pigments
is decreased, which leads to the observed bleaching ef-
fect.
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Fig.9: EDX spectra obtained with spot measurements at the alu-
minum-poor phase of Systems A (a), B (b = 6 um and b’ =1 ym
below the thick film) and C (c).

The microstructure of System B (Fig. 10) is more com-
plex than that of the blank substrate. The thick film con-
sists of a gold matrix with incorporated metal oxides and
silicates 16:17. Moreover, an interphase is formed between
the thick film and the substrate during the firing process.
The thickness of the interphase measures approximately
5-10 wm and is smoothly merged into the substrate’s alu-
mosilicate matrix, which is indicated by a certain Bi con-
tent. (The gap between the thick film and the interphase
visible in Fig. 10 is caused by the grinding preparation.)

KT initial state | penetration depth after exposure

unprinted area

3 printed area

Fig. 10: Scanning electron micrographs of System B before and after
an exposure time of five days in 1 N HNOj (top: overview; bottom:
detailed view).
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The degradation behavior of the unprinted area of Sys-
tem B (Fig. 10, right) is comparable to that of the blank
substrate (Fig. 7, right). A strong degradation, associated
with penetration as deep as 33 pm, can be observed at the
interphase (Fig. 10, center). The delamination of the thick
film is caused by the dissolution of this Bi>*-containing
interphase. According to Eq. 1 and in respect of the EDX
spectrumb) in Fig. 9, the following hydrolysisreaction can
be assumed:

Nay 11Ko.11Cao39Bio.14Pbo39Alo9Siz §Og 05+4.9H' —
0.11Na*+0.11K*+0.39Ca%*+0.14B1**+0.39Pb>* (2)
+0.9A*+2.8510,(,)+2.45H, O.

The film adhesion of System C is directly enabled by the
alumosilicate phases of the substrate (Fig. 11, left). Only
the aluminum-rich alumosilicate is selectively dissolved
from the substrate. A penetration depth of 25 um is ob-
served (Fig. 11, right) on the unprinted area. This is =20 %
deeper than observed in the case of the other systems.
However, beneath the thick film the material has been un-
dermined by the acid and severely destroyed down to a
depth of 16 um (Fig. 11, center). This also explains the
easy delamination of the thick film during the prepara-
tion of the sample for FESEM. However, neither an expan-
sion nor amore pronounced framework of the aluminum-
rich alumosilicate phase after the post-firing process is ob-
served. Therefore, it can be assumed that this phase was re-
structured within the second firing run, resulting in a hy-
drolysis resistance that is weaker than in the case of co-
fired substrates.

N injfial state

penetration depth after exposure

printed area unprinted area
thick film 16 um

B 5 an® 2T PS A s -

Fig.11: Scanning electron micrographs of System C before and
after an exposure time of five days in 1 N HNOj (top: overview;
bottom: detailed view).
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IV. Conclusions

The degradation process of screen-printed thick films on
LTCC in acids is primarily characterized by the selective
dissolution of an aluminum-rich alumosilicate phase of the
substrate. With ongoing exposure, the degradation pro-
cess becomes more and more diffusion-controlled, owing
to the dissolution of the 3D network of the aluminum-
rich alumosilicate. Generally, the degradation of the ma-
terial in sulfuric acid is inhibited as sparsely soluble sul-
fates are formed. Post-fired LTCC dissolves more strong-
ly. This behavior is probably caused by a phase reconfig-
uration during the re-firing process. Nevertheless, the de-
lamination is only occurred in the system with the glass-
containing thick film. It is shown that the chemical dura-
bility of the interphase of this composite is lowered by
the Bi,O3-containing gold paste. Thus the application of
SPTF on LTCC (DP951GT™™ substrate) for sensors as
well as in plating processes is restricted to pH-neutral me-
dia, considering that even the substrate shows merely low
chemical resistance in diluted acids. With respect to elec-
trochemical applications, e.g. plating, a decrease of the pH
value caused by electrode reactions (e.g. oxygen evolution)
in front of the electrode must be avoided.
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