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LEAD FREE THICK FILM CIRCUITS

Selim Achmatowicz!, Elzbieta Zwierkowska!

Distribution of lead in thick film circuits has been indicated. Two categories of lead
containing materials, ceramic and metallic, have been distinguished. A short history
of removing lead oxides from ceramic materials has been presented. Metallurgical
reactions between solder and thick film material, during the soldering and after the
joint solidification have been discused. Diverse courses of soldering process of thick
film layers and cupper layers of printed circuits have been compared. Useful lead free
alloys for soldering lead free thick film have been presented.

1. INTRODUCTION

A great attention of numerous consortia, individual companies and research
institutes has been paid to the problem of lead free materials used in electronics.
However, those experimental works have been addressed almost exclusively to PCB
and thin film assembly. Another type of circuit board assembly that has not received
significant attention regarding lead free solder replacement strategy have been thick
film hybrid circuits. A limited interest towards implementing lead free soldering into
hybrid circuits is due to a relatively small volume of the hybrid circuits within the
clectronic market.

Thick film technology (TFT), that is the base technology in manufacturing
hybrid circuits, belongs to the family of additive technologies of manufacturing
microelectronic circuits. The conductive, resistive, cross-over, dielectric, etc., lay-
ers are one after the other screen printed onto ceramic substrate. Screen printing is
the major feature of TFT. Deposition of each layer requires drying and firing, after
screen printing. The main stream of thick film technology applies alumina as the
substrates, and firing process with peak temperature at 850°C. Other substrates are
also used (BeO, AIN, porcelain-on-steel, glass, ceramic capacitor diclectrics, law
temperature co-fired ceramics - LTCC, etc.), and need to be processed according
to their individual properties. Thick film technology requires special materials in
form of screen-printable pastes (inks). The pastes are composed of minute particles
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of suitable materials suspended in an organic vehicle, which is later removed by
drying and firing.

Another branch of thick film technology uses materials cured at low temperatures.
In this case organic substrates are employed (most common polyesters) together
with so called polymer thick films (PTF). The high temperature process cannot be
applied, here. Polymer thick film pastes are designed in the way that they do not
need firing (sintering). Curing in temperature below 200°C or UV light enables
them to perform as conductive, resistive and dielectric layers. This kind of TFT has
been successfully employed in many applications (soft switches, electroluminescent
lamps, single-use sensors, “jumpers” aiding printed board circuits, EMI shielding,
etc.). However, this branch of TFT is not related to lead free problems, therefore
will not be presented in this paper.

It has not been widely recognized that thick film circuits (TFC) were the source
of lead other than metallic Pb present in the soldering alloy. Actually, the traditional
TFCs have been , stuffed” with Pb containing materials. In this paper, these materi-
als are named ,,ceramic type”, since they contain lead oxides in form of glasses or
crystallizing glasses.

Figure 1 presents a scheme of a cross-section of thick film circuit indicating
where lead may be found.

Section A. Hybrid circuit termination

Section B. An attached component

Section C. A protected resistor

Section D. A cross-over (multilayer)

B

Fig. 1. A scheme a cross-section of TFC showing the sits where Pb may be present:
Rys. 1. Schemat przekroju ukladu grubowarstwowego wskazujacy miejsca obecnosci Pb:

m - conductive layer (warstwa przewodzaca),
- - resistive layer (warstwa rezystywna),
- - dielectric, cross-over layer (warstwa dielektryczna lub skrzyzowanie),

|:] - protective layer (element dyskretny),
%} - discrete component (lutowie),
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7;’;& - solder (lutowie)

e

- termination wire (wyprowadzenie drutowe)

[ :'_:"_ - substrate (podloza)

The statement that all the layers may contain lead is rather safe, as long as the
traditional thick film materials are considered.

Conductive layers are composed of sintered metal particles adhered to the sub-
strate with an aid of a glass (frit). In most cases the latter contains lead. The content
of lead in the conductive layer may reach the level of up to 5% wt.

Resistive layers are composed of sintered, electrically conductive particles and
a glass. The content of lead in the resistive layer may reach a very high level up to
60% wt, due to the high content of lead in the glasses, high content of glasses in
the resistive layers, especially those of high resistivity, and presence of lead in some
conductive material, such as Pb Ru,O, ..

Diglectric layers shown in the picture represent cross-over. Other layers such as
multilayers, thick film capacitors, etc., are of the same nature, in respect of lead con-
tent. They all may contain lead on a varying level from a few % up to 40% wt.

Protective layers which provide environmental (¢.g. humidity) and process (¢.g.
trimming) protection, mostly for resistors, fired at lower temperature 600-650°C, are
a serious source of lead which may be even over 50% wt.

Components (IC chips, inductors, capacitors, transducers, sensors, etc.) are not
necessarily free from lead.

Solder layers are the main source of the metallic lead. A very common content
of lead in SnPb solders is 34-37% wt.

Terminations may contain lead if coated with SnPb finish.

Substrates in general are free from lead. However, LTCC, porcelain-on-steel,
some glasses may contain lead.

It becomes obvious that removal of toxic ingredients from thick film circuits
substituting them with some other materials has been a serious task, completely
different in case of “ceramic” lead as that of metallic lead.

2. RELATION BETWEEN THICK FILM TECHNOLOGY AND
SOLDERING

Thick film technology, as many people believe, has been a proprietary art since
some 50 years. R. W. Vest, in his fundamental publication , Material science of thick
film technology™ [ 1], explained majority of material aspects related to TFT, making
an attempt to convert the art of thick films to a science.
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Thick films are very complex, non-equilibrium systems related to their micro-
structure determined by the combination of material properties and processing. Most
thick film pastes contain some active ingredients, glass (a permanent binder) and
screening agent (organic vehicle — temporary binder). For conductors, the active in-
gredients are metal or metal alloy powders; for dielectrics, the active ingredients are
glasses, glass ceramic or inorganic oxides; for resistors, they are highly conducting
oxides, nitrides, silicides, or borides; and for thermistors, the active ingredients are
semi-conducting oxides. The permanent binder, which is added to provide adhesion
to the substrate, quite often influencing the electrical properties of the given layer, is
glass frit or an inorganic oxide powder. The organic vehicle is a resin or a polymer
(e.g. ethyl celluloses) in a suitable solvent of a relatively high boiling point (e.g.
terpineol, butyl cabitol).

Printing ability of thick film pastes has to meet several requirements. It should
have a low viscosity at high shear rates, produced when the squeegee traverses so
that paste transfer to the substrates is effective. Since the printing is through the
screen, the viscosity should remain low for a short time so that printed film can level.
Soon later, the viscosity of the paste should increase rapidly, to avoid bleeding out.
The other major requirement for the component of the organic vehicle is that they
should be removable completely in the course of the firing process. In addition they
should not influence the chemistry of the inorganic ingredients of the paste before
they are removed.

The role of glasses (frits) and crystallizing glasses varies depending on their
location in the circuit. There are certain general properties that these glasses should
possess: high electrical resistivity, thermal shock resistance, low diclectric constant
and dielectric loss, environmental inertness, etc. In addition, there are several physi-
cal properties of the glass that should have proper value for the given application
— selected substrate or attached component(s). Thick film glasses are typically
borosilicates with intermediates and modifiers such as: ALO,, Bi,O,, PbO, CdO,
Zn0, BaO and Ca0. The high lead glasses were most common, before the ban on
lead have been announced, e.g. with a composition: 63 wt% PbO, 25 wt% BO,,
and 12 wt% Si0,. It has a thermal coefficient of expansion very close to alumina
and appropriate viscosity and surface tension for firing in the range 800 to 900°C
[1]. Lead oxide has unique, dual properties at the some time being modifier and
glass forming oxide. For many years it has been regarded as a perfect material to be
employed in thick film materials. Lead oxide was very useful in designing glasses
with desired thermal coefficient of expansion and/or thermal properties (softening
and melting point, etc.), necessary for good compatibility of the layer and the ap-
plied substrate.

A thorough review of properties and behavior of the layers resulted in conse-
quence of the use of thick film pastes is beyond the scope of this paper. However,
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it is necessary to concentrate on those properties of the layers which are directly
related to the soldering process.

Interaction between a layer and a solder may be of a physical or of a chemical
nature. A layer immersed in a molten solder undergoes a thermal shock. A mismatch
of the thermal coefficient of expansion, wherever with a thick film circuit occurs,
may be critical. Integration of the circuit is in jeopardy. A chemical interaction
between layers occurs when the molten solder reacts with the ingredients of the
layer, e.g. producing intermetallic compounds. Obviously, the latter concerns the
conductive layers only, where metals responsible for conduction, such as Ag, Pd, Pt,
Au or Cu may react with metals present in the solder. Somewhere between physi-
cal and chemical interactions are properties of conductive layers responsible for
wetting, wetting angle and solder leaching. These properties, belonging to physical
phenomena, depend very much on chemical as well as physical state of the surface
exposed to the solder.

Silver is a very common ingredient of thick film conductors. However, it suffers
two major drawbacks: silver tends to migrate in the presence of moisture and an
clectric field, and is readily soluble in solders of high content of tin. Both problems
can be reduced by alloying Ag with 10 to 30% Pd. However, the alloying causes
unwanted increase of resistivity and problems of Pd oxidation during the firing.
The presence of palladium oxide on the surface of the conductive laver reduces the
wetting, thus is harmful to the soldering process. Platinum can be also alloyed with
silver to reduce silver migration and solder leaching. In addition, lower level of Pt
is required (1-3%) and it does not produce oxidation problems. The choice between
Ag/Pd or Ag/Pt alloy is made on the economy bases.

Other than conductive thick film layers are not that much susceptible to chemical
interaction with a solder. However, a conflict of thermal coefficient of expansion may
be responsible for propagation of micro-cracks. These in tum are critical to electric
properties of dielectric layers - causing shorts in cross-over or multilayer structures,
as well as for resistive layers — causing difficult to predict drift of resistivity and/or
thermal coefficient of resistance (TCR).

Standard procedure of testing thick films includes [2]:

- adhesion, adhesion after ageing, leach resistance for conductors,
resistance drift, TCR changes after thermal shocks for resistors,
dielectric constant, dissipation factor, insulation resistance, breakdown,
voltage for cross-over, multilayer (capacitors, thermistors, etc.)

As it was mention before properties of thick films depend on properties of the
ingredients contained in the pastes and the process of their formation. No doubt the
firing process is the crucial one, most responsible for adhesion. There are three pri-
mary ways to achieve adhesion between a film conductor and the substrate. These are
frit (glass) bonding, flux bonding, and reactive bonding. For reactive-bonded films,
a very small amount of reactive oxide such as CuO or CdO is added to the paste.
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During the firing, these oxides react with the alumina substrate to form a copper or
cadmium spinel (CuAlO, and CdAIO,, respectively) which provides adhesion to the
metal film. Flux bonding involves the addition of larger amount of oxide (1-5%)
which forms a liquid phase with the substrate at the firing temperature. Bismuth
oxide is commonly used because Bi,0,-Al O, eutectic temperature is 820°C, and
transient liquid is formed when the conductor is fired above this temperature. Since
in most cases this transient liquid wets to some extent the metal particle, a good
adhesion is produced. The third and most common method is frit bonding. 2 to 10%
of glass powder is added to the paste. During the firing the glass melts, wets the
substrate and penctrates the metal structure, causing of its majority to migrate to
the conductor/ceramic substrate. Under such circumstance, glass creates adhesion
between the metal particles and the substrate. At the same time sintering of the
metal particle occurs.
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Fig. 2. Adhesion test — various modes of failure during the peel test.
Rys. 2. Badanie adhezji — warianty mozliwych uszkodzen.
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