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bstract

ommercial thick film resistors were embedded in low temperature co-fired ceramic (LTCC) substrates, and co-fired with substrates at temperatures
etween 800 and 900 ◦C. Adding glass frit and amorphous SiO2 to calcium borosilicate glass ceramic substrates has not only lowered the shrinkage
f the substrates, but also improved adhesion and maintained structure integrity of the resistor films. During sintering, the conductive phase particles
n the resistor became agglomerated and sedimented, and glass diffused into the LTCC substrate layer. Increasing the dwelling time, the overall
esistivity of the co-fired films decreased due to sedimentation of agglomerated conductive particles. The liquid eutectic phases penetrated into the

ubstrates added with either SiO2 or glass frit that the volume fraction of conductive particles was increased. The resistivity of the embedded resistors
as determined by the volume fraction of conductive particles, which was influenced by the conductive particles sedimentation, microstructure of

esistor films, and inter-diffusion between the resistors and substrates.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

In recent years, low temperature co-fired ceramic (LTCC)
ubstrates integrated with passive devices have been used
xtensively for high-density packaging module,1–3 and high per-
ormance wireless components.4 Resistors and capacitors are the
asic components embedded into LTCC multilayer substrates
hereby a three-dimensional (3D) circuit is constructed. High
lass content in both the LTCC substrates and resistors have usu-
lly induced mutual interaction at the interfaces among the basic
omponents after subsequent heat treatment. The interaction
epending on the chemical compositions and sintering schedule
eeds to be regulated before the device is successfully imple-
ented into a 3D assemblage. Calcium-anorthite (CaAl2Si2O8)

rom interface reaction was found in the thick film resistors
mbedded in cordierite-glass substrate, and this has unfavorably

ffected the electrical properties of the films.5–7 With the Al2O3
ontent reduced in the substrate, not only the reaction form-
ng calcium-anorthite was successfully suppressed, but also the
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verall resistivity remained unaffected even if the glass phase
eparation had occurred in the embedded film.8

In this study, resistors from commercially available paste
ere embedded in commercial glass ceramic substrates of

ow Al2O3 content. The electrical properties of such resistors
ubjected to different sintering conditions were determined.
nter-diffusion of glass phase between the substrate and resistors,
nd sedimentation of conductive particles was characterized for
he overall resistivity of the LTCC resistors. The conducting

echanism in the resistors based on the overall resistivity and
icrostructure is discussed.

. Experimental procedure

LTCC substrates were prepared using commercial powder of
alcium borosilicate glass-ceramic (L1, Ferro, San Narcos, CA,
SA) and the same powder added with 5 wt% amorphous sil-

ca (SiO2). The powders mixed with organic binder (B-73305,
erro, San Narcos, CA, USA) at 50:50 ratio were ball-milled

sing high-purity alumina balls before tape-cast to desired thick-
ess. Silver–palladium conducting paste (Shoei D-4430, Tokyo,
apan) was printed on the green tape and dried at 130 ◦C for
0 min. Ruthenia (RuO2)-based resistor paste (Shoei R-2310,

mailto:chsi@nuu.edu
dx.doi.org/10.1016/j.jeurceramsoc.2006.11.013
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apan) with the sheet resistivity of 103 �/� was then printed on
he Ag–Pd-coated green tape and dried similarly. The printed
esistors were of 10 mm long × 2.0 mm wide × 0.02 mm thick
n dimension before firing. The printed green tapes were lami-
ated at 60 ◦C under 20 MPa pressure for 3 min in an isostatic
ressing chamber (VF-1000, PTC, CA, USA). The laminated
amples were heated to 450 ◦C with a 10 ◦C/h heating rate for
inder burnout before co-firing was conducted at 850 ◦C for
5 min to 4 h by a heating rate of 2 ◦C/min.

Sintered sample resistance was measured by the two-
oint probe technique. The samples were cut perpendicular to
ubstrate surface along the longitude of the resistor layer. Cross-
ection samples were then polished using diamond films to 1 �m
urface roughness before etching with diluted 3 vol% HF + HCl
olution. Analysis of microstructure was performed with scan-
ing electron microscopy (SEM, Hitachi S-2700, Tokyo, Japan).
nterdiffusion between the resistors and LTCC substrate was
xamined using energy dispersive X-ray spectroscopy (EDS,
32C, Noran, USA) equipped with SEM. Crystalline phases of
he co-fired resistors were determined by X-ray diffractome-
ry (XRD) using XGEM-4000 (Scintag, CA, USA). Interaction
etween the resistors and LTCC substrate was studied by observ-
ng the XRD profile of the mixed powder pressed to pellets and
ubjected to similar co-firing schedule.

. Results and discussion

Diffusion of silver inner electrode occurred during sintering
f calcium borosilicate (L1) substrate made the dielectric surface
ecome light yellow. It appears that adding SiO2 or glass frits
o substrate L1 has effectively reduced silver diffusion into the
1 substrate that its surface maintained white in color.9

The linear shrinkage incurred to the substrates was reduced
y 5% from 20 to 15% with 5 wt% SiO2 addition (Fig. 1). Adding
lass frits, although had the similar effect was less pronounced

t 18% linear shrinkage. All powder compositions for substrate
tarted shrinking at ∼670 ◦C, as shown by dialtometry analysis.

hen sintered at 800 ◦C, the initial composition L1 and that
dded with 5 wt% glass frits have both been vitrified when the

ig. 1. Dialtometry measurement of L1, L1 + 5 wt% amorphous silica, and
1 + 5 wt% glass frit.

5
t
s
d
t
t
i
d
d
t
a
i

(
a
S
L
p
s
b
p

ig. 2. Microstructures of resistors embedded in: (a) L1 and (b) L1 + 5 wt%
morphous SiO2 substrates.

inear shrinkage was leveled off at 20 and 18%, respectively. The
owder compact of L1 + 5 wt% SiO2 shrank by approximately
5% at 820 ◦C when its final density leveled off (Fig. 1).

The soft-point of resistor glass was at temperature about
50 ◦C, which was more than 100 ◦C lower than the initial sin-
ering temperature of the L1 substrate, 670 ◦C. The difference
hrinkage behaviors between substrate and resistor films had
eformation or delamination localizing at interface between
hem (Fig. 2(a)). When 5 wt% amorphous SiO2 was added to
he L1 substrate, the embedded resistor remained its structure
ntegrity (Fig. 2(b)). In the previous investigation,10 organics
ecomposition and expansion of the paste were counted for the
elamination of the embedded electrode. In this study, soften
emperature and shrinkage rate differences between resistor
nd substrates were two major factors influenced the structure
ntegrity of the embedded resistors.

After heat-treated at 800 ◦C for 60 min, wollastonite
CaSiO3) and CaB2O4 have emerged in all sintered compacts,
s indicated in Fig. 3. Fig. 4(a–c) shows the microstructure of
hoei 1 k�/� resistors embedded in the substrates of: (a) L1, (b)
1 + 5 wt% SiO2, and (c) L1 + 5 wt% glass frit. The conductive
articles in the resistor film agglomerated to the much larger

izes of ∼200 nm are evidenced by white particles revealed
y SEM/SEI indicated in Fig. 3. The agglomerated conductive
articles in fact contained conductive RuO2 particles separated
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Fig. 3. X-ray diffraction patterns of L1, L1 + 5 wt% amorphous SiO2,
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1 + 5 wt% glass frit, and L1 + 20 wt% glass frit substrates. The substrates were
intered at 850 ◦C for 60 min. S1: CaSiO3, JCPD (27-0088); S2: CaB2O4, JCPD
32-0155).

y a thin intergranular glass film.11 Due to the inter-diffusion
etween resistor and substrate during sintering, calcium ions
iffused into the resistor layer, glass phase immiscibility within
he embedded resistor can be discerned from plate-like glassy
rains dispersed in a glass matrix, as shown in Fig. 4. Never-
heless, it had been concluded from previous study8 that glass
hase separation did not have any significant influence on the
esistivity of the resistor films.

When the resistors were embedded in the L1 substrates and
intered at 800, 850, and 900 ◦C for different dwelling time;
he resistivity falling in the range between 0.6 and 1.3 � cm
ecreased with longer dwelling time (Fig. 5(a)). Film thickness
as also reduced by higher sintering temperature (Fig. 6).
Conductive particles in the resistor agglomerated to ∼200 nm

n size have settled gravitationally during sintering.5,12 The sed-
mentation has made the volume fraction of conductive particles
n the resistor increased because the film thickness was conse-
uently reduced. The embedded resistors sintered at temperature
f 900 ◦C had resistivity higher than those sintered at 800 and
50 ◦C for the same dwelling time. The thickness of resistor
ayer in the L1 substrates sintered at 800, 850, and 900 ◦C for
h were of 18, 19.7, and 22 �m, respectively. It appears that
xtensive interaction between the embedded resistors and sub-
trates at higher sintering temperatures has made the resistor
ayers become thicker during the early stage of sintering. As sin-
ering proceeded for longer period of time, the overall resistivity
ecreased progressively, as shown in Fig. 5(a). This is because
onductive particles has not only become agglomerated but also
edimented. Compare to those embedded in the L1 substrates,
ddition of 5 wt% SiO2 to the glass-ceramic substrate has low-
red the overall resistivity, as shown in Fig. 5(b). Film thickness
or samples embedded in L1 + 5 wt% SiO2 and sintered in simi-
ar conditions were 15.0, 14.0, and 10.0 �m and decreased with

igher sintering temperature as observed in the resistors with L1
ubstrate. Besides, the resistor thickness between 10–15 �m was
he least of three substrate groups has confirmed that L1 + 5 wt%
iO2 experienced the largest shrinkage of all (shown in Fig. 1).

F

t
p

ig. 4. Microstructures of resistors embedded in: (a) L1, (b) L1 + 5 wt% amor-
hous SiO2, and (c) L1 + 5 wt% glass frit substrates. The samples were sintered
t 850 ◦C for 30 min.

In the L1 + 5 wt% glass-frit substrates, embedded resistors
intered by similar heat treatment had thickness 20.0, 16.3, and
4.5 �m, respectively. The substrates with glass frits or SiO2
ddition have shown lower shrinkage rate than that of the L1
ubstrate, as was again indicated by the dialtometry curves in

ig. 1.

The addition of SiO2 or glass frits to L1 substrate has induced
he formation of micro-pores during sintering. Eutectic liquid
hases generated by the glass compositions in the resistor pre-
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Fig. 5. Resistivities of resistors embedded in: (a) L1, (b) L1 + 5 wt% amorphous
SiO2, and (c) L1 + 5 wt% glass frit substrates. The samples were sintered at 800,
850, and 900 ◦C for different times.

Fig. 6. Thickness of resistors embedded in L1, L1 + 5 wt% amorphous SiO2,
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nd L1 + 5 wt% glass frit substrates. The samples were sintered at 850 ◦C for
ifferent times.

umably of lower viscosity have penetrated into the substrate
hile also assisted by the micropores in the latter. As a result,

he film thickness was reduced due to the exhaustion of such
iquid in the resistor layer, and the volume fraction of conduc-
ive particles increased. This has consequently led to the lower
verall resistivity observed in the embedded LTCC resistors
Fig. 5(a–c)).

Since the L1 + 5 wt% SiO2 experienced the lowest shrink-
ge among three substrates, its lower overall resistivity may be
ccounted for by the sediment conductive particles and pene-
rating liquid eutectic from the resistor layer. Higher sintering
emperature has made liquids in the resistor layer of lower vis-
osity that flow quickly and penetrate into the substrate. This is
urther exacerbated by agglomeration and sedimentation of con-
uctive particles for longer dwelling time. The highest shrinkage
ate (Fig. 1) and lowest overall resistivity (Fig. 5(b)) is there-
ore attributed to a synergistic effect of lower viscosity in the
lass phase and higher degree of sedimentation in the conductive
articles.

The resistors embedded in substrates added with borosili-
ate glass frit exhibited higher resistivity (Fig. 5(c)) than those
mbedded in L1 and L1 + SiO2, when processed by similar heat
reatment. More glass migration from substrates to resistor layer

ay account for the higher resisitvity observed. This is due to the
ncreased resistor thickness ingesting liquids from the substrate,
ather than in the opposite fashion. The thickness of resistor films
nd volume fraction of conductive particles are altered accord-
ngly. The reason why resistors embedded in the substrates with
1 + borosilicate glass frit should have higher overall resistivity

han those embedded in L1 + 5 wt% SiO2 lies in the interpene-
rating of eutectic liquids formed in both parts, i.e., resistor and
ubstrate during sintering. The former with borosilicate glass

rits addition forming less viscous liquid eutectics in the sub-
trate has injected such liquid eutectic into the resistor while
he latter with 5 wt% SiO2 forming liquids of higher viscosity
eceived liquid eutectics from the resistor. It is suggested that the
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Fig. 7. The relationships between conductivities and volume fractions of
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gglomerated conductive particles in the embedded resistors.

iscosity of the eutectic liquid formed in the substrates of differ-
nt compositions is a determining factor of the overall resistivity
f embedded resistor.

The representative microstructure of conductive particle
hains in post-fired thick film resistors was not observed in the
TCC ones studied here. That of the LTCC resistors is typically
f agglomerated conductive particles dispersed uniformly in the
esistor layer (Fig. 4). In fact, the volume fraction of agglomer-
ted conductive particles affected by the sintering condition is
etermining of the overall resistivity.

Fig. 7 shows the dependence of overall conductivity on the
olume fraction of agglomerated conductive particles in the
esistor films. The conductivity increased rapidly with the vol-
me fraction as it exceeds the percolation threshold of 42 vol%.
he percolation region is reached when the volume fraction of
gglomerated conductive particle has exceeded the percolation
hreshold.13 In this region, the formation of conductive particle
hains in the resistor films increased with that of the conductive
hase. It is reported that in the post-fired resistor conductive par-
icles formed the chain-structure at a volume fraction between
.2 and 24 vol%.14 It is plausible that agglomerated conduc-
ive particles uniformly dispersed in the resistor layers have
ncreased the percolation threshold to higher than that of the
ost-fired resistors. Accordingly, the conduction model devel-
ped on the basis of particle chain-structure at relative lower
olume fraction of the conductive phase for the post-fired thick
lm resistors15 may not be implemented directly to the co-fired
mbedded resistors.

The temperature coefficient of resistivity (TCR) of the resis-
ors embedded in the different substrates has increased with
ncreasing sintering temperature. These values are higher than
hat of the same resistor post-fired on an alumina substrate whose

alue was at 30 ppm/◦C.16 Since the TCR of the conductive
hase is positive, the increased volume fraction of such par-
icles by higher sintering temperature would shift the TCR of
esistors toward more positive end.

1

eramic Society 27 (2007) 2779–2784 2783

. Conclusions

Complicated interactions between embedded resistor and
ubstrates were observed from embedded LTCC resistors pro-
essed by different sintering conditions. Glass (liquid eutectics)
igration between the substrate and resistor film, sedimentation

f conductive particles, and micro-pores attracting higher vis-
osity resistor glass into the substrates were three major factors
hat determined the thickness and resistivity of the embedded
esistors. When the resistors were embedded in the L1 substrate,
hich exhibited the largest shrinkage among the substrates stud-

ed here, the interpenetration of liquid eutectics between the
ubstrate and resistor film and the sedimentation of conductive
gglomerated particles determined the overall resistivity.

When the resistors embedded in the substrates of L1 + 5 wt%
iO2 and L1 + 5 wt% glass frit, the overall resistivity was deter-
ined by the micro-pores attracting viscous glass from the

esistor and subsequent sedimentation of conductive particles.
he TCR of the embedded resistors were determined by the vol-
me fraction of agglomerated conductive particles, the higher
olume fraction the higher TCR value of the resistor.
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