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Abstract: In this paper, practical examples of the application of finite-element analysis (FEA) in the design of hybrid thick-film circuits are presented. The
electro-thermal behaviour of the circuits was modelled. Simulations were used to predict the resistance and steady-state temperature distribution of
differently shaped thick-film resistive elements. A simulation-based analysis of resistor geometry and its position enabled the designer to optimise the
circuit layout. In another example, FEA provided a means for visualising the transient-temperature field distribution in a hybrid thick-film circuit. Simulations
were used to determine the optimum resistor dimensions and position. The presented examples show how simulations at an early stage of the design
phase, or later in the redesign phase, can help to find the required solutions.

Uporaba analize po metodi kon¢nih elementov pri
naértovanju debeloplastnih hibridnih vezij

Kljuéne besede: elektronika, deli sestavni elektronski, vezja elektronska, vezja hibridna, vezja debeloplastna, snovanje vezij, analiza vezij, FEM metoda
elementov konénih, FEA analiza po metodi elementov konénih, porazdelitev temperature, vezjia mocnostna, rezi laserski, lastnosti elektri¢ne, lastnosti
termi¢ne, simulacije numeri¢ne, optimiranje

Izvleéek: V prispevku so opisani primeri uporabe analize po metodi konénih elementov pri nadrtovanju hibridnih debeloplastnih vezij. Poseben poudarek
je na modeliranju in simulaciji elektro-termicnih lastnosti debeloplastne strukture. Prikazane so simulacije debeloplastnega upora, ki so omogodile
izracun upornosti poliubno oblikovanih uporov in analizo vpliva laserskega reza na njihove elektri¢ne in termicéne lastnosti. Analiza segrevanja debeloplast-
nega upora v odvisnosti od njegovih dimenzij, oblike in pozicije na moénostnem debeloplastnem vezju je omogodila optimizacijo dizajna vezja. Simulacije
prehodnih termiénih razmer so omogocdile vpogled v temperaturno porazdelitev pri kratkotrajnih moénostnih obremenitvah in nakazale moznosti za iz-
boljdanje dizajna hibridnega debeloplastnega linijskega zasditnega modula. Obravnavani primeri kaZejo kako lahko numeriéne simulacije pomagajo nacr-
tovalcu poiskati optimalno resitev.

tions that either directly or indirectly influence their operat-
ing temperatures. The inappropriate placement of compo-
nents may cause undesirable peaks in the temperature
distribution that can influence the circuit's performance,
reduce its reliability and shorten its lifetime. Simulations

1. Introduction

Thanks to the exponential increase in computational pow-
er in recent years and the continuous refinement of de-
sign-analysis tools, the numerical modelling and simula-

tion of physical entities has become a more and more com-
monly used technique in electronic system design. Such
an approach gives us the opportunity to study a circuit
design prior to committing to layout and building the real
prototypes. Designers are increasingly relying on simula-
tions, especially in the design of micro-electro-mechani-
cal systems (MEMSs), which results in a need for multi-
physics, e.g. structural, electrical and thermal coupled-field
analysis. The advantage of the virtual prototyping can be
used in the design of the hybrid thick-film circuits, too. The
simulations of the heat-transfer mechanisms, which allow
the designer to predict the temperature distribution and
the flow field in and around the circuit, are helpful in de-
signing reliable devices /1-7/.

Consideration of the thermal phenomena is especially im-
portant in the design of power hybrids. Under real operat-
ing conditions the hybrid thick-film circuit as well as the
individual (active or passive) electronic components be-
longing to it are subjected to a variety of loading condi-
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can help to reveal the critical points in the design and find
the best design solution.

In this paper we first sketch out the basic principles of mod-
elling electro-thermal properties.

Next, examples showing how simulations in the design
phase of hybrid thick-film circuits have helped to achieve
good thermal management of the product are presented.

Finally, we provide a summary and draw conclusions.

2. Modelling electro-thermal
properties

A mathematical model of a certain physical situation is a
system of differential equations that are derived by apply-
ing the fundamental laws and principles of nature to the
treated system with a set of corresponding boundary and
initial conditions.
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2.1 Electrical conduction in thick-film
resistors

When a voltage is applied across different parts of an elec-
trically conducting object (e.g. a thick-film resistor) an elec-
tric current field is created within its volume. The electric
current density J is simply related to the field strength E by
the relation:

J=y -E=-y-VU (1)

where v is electrical conductivity. Conservation of charge
requires that:

aq
V- J+—=0
ot @)

where @ is the charge density. This equation simply means
that the current diverging from a volume element is equal
to the rate of decrease of its charge. If we deal with static
phenomena the time derivative is zero and by combining
equations (1) and (2) we obtain:

V. (~yVU)=0 (3)

Having calculated the potential distribution we obtain the
current density everywhere inside the treated structure by
taking the gradient. As shown below, these equations can
be used for the calculation of the resistance of an arbitrar-
ily shaped thick-film resistor and to analyse different shapes
of laser trim cuts.

2.1 Modelling heat-transfer mechanisms

In general, there are three heat-transfer mechanisms that
describe the heat-flow field in and around a given solid
structure: conduction, convection and radiation.

The phenomenon of thermal conduction involves the trans-
fer of energy in the form of heat in a non-uniformly heated
solid body. The differential equation governing the heat
conduction in a homogenous body is:

v(—ﬂ-w)+%§-p-c,,—q‘,:o (4)

where A is the thermal conductivity, T is the temperature,
p is the material density, ¢, is the specific heat, and gy is
the amount of heat evolved by internal sources in the body
per unit volume.

In a wide range of problems, the transient phenomenon of
the heat conduction in the thick-film structure can be ne-
glected because of the "thermal inertia” of the whole sys-
tem. Although such a limitation has an influence on the
simulation results because higher temperatures can be
obtained during the transient, the steady-state thermal con-
ditions are considered in many cases. The steady temper-
ature distribution in an object means that the heat leaving

any volume element equals the quantity produced. Since
oT/0ot = 0 inthe mathematical statement (1), the heat-trans-
fer equation can be written as:

V(-4:VT)-¢q, =0 (5)

Convection is the transfer of heat from bounding surfaces
to a fluid, and defines the heat-exchange conditions at the
boundary of the solid body. A mathematical formulation of
the heat flow Hy dissipated across the surface A of the body
into an environment of ambient temperature T, is given by:

H,=a-A-(T-T,) (6)

Depending upon the cause of the fluid motion a distinction
is made between free, or natural, convection and forced
convection. In either case, the convection can be ex-
pressed using a heat-transfer coefficient o, the quantity
that characterises the intensity of the heat transfer and
depends upon the method of cooling. The natural convec-
tion heat-transfer coefficient is usually obtained using em-
pirically derived relationships, which have been found to
work well in practice. For forced convection, o can be es-

timated as ¢y = +/2v/ [ , where visthe air velocity and L
is the length of the body.

The thermal radiation is governed by the equation:
E, =c-c AlT*-1,") (7)

where E7 is the heat flow radiated through the surface A,
o is the Stefan-Boltzman constant, T, is the ambient tem-
perature and ¢ is the surface emissivity.

In a finite-element model the mathematical formulations of
the heat transferred from the structure’s outer surfaces by
convection and radiation are commonly used to specify
heat-exchange boundary conditions. The mathematical no-
tation is;

a

“ T n=a-( -T,)+cc-*-1,*) ®

where — AV 7T isthe outward heat flux from the boundary
and n denotes the outward surface normal unit.

2.3 Modelling simultaneous electric and
thermal conduction

Generally, electronic circuits are heated by the power dis-
sipated in the components. The heating caused by an elec-
tric current flowing through a thick-film resistor depends
not only on the total power dissipated in the component
but also on its geometry. In cases when non-conventional
shapes of thick-film resistors are used the heating becomes
non-uniform and both the conduction of charge and the
conduction of heat should be considered simultaneously.
A similar situation occurs in the cases when the resistor is
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trimmed, because the trim cut causes a non-uniform distri-
bution of the current density in the region of the resistor. In
order to calculate both the potential and the temperature
distribution for the steady-state conditions we combine equa-

tions (3) and (5). By taking qv = JxE= (= VU )- (- VU )
for the heating power source term, the following system of
simultaneous equations needs to be resolved:

V-W~NU)=0
V(EAVT)-y(VU ) =0

In general, both the thermal conductivity A and the electri-
cal conductivity ¢ depend on the temperature. By intro-
ducing the temperature dependency of the resistivity p =1/

9)

Y in the form: p:p0-<l+a-T+b-T2), where pois

the resistivity at 0°C and a and b are the temperature coef-
ficients of the resistivity of the resistor layer, a variety of
thick-film materials can be described. Negative thermistor
thick-film materials exhibit response curves similar to the
discrete NTC thermistors so that the temperature charac-
teristics can be expressed with the well-known expression:

L_L]
— [T 7 (10)
Pr =Py € "

where pr is the resistivity at temperature T, pn is the resis-
tivity at temperature Tn. T and Ty are temperatures in Kel-
vin and B is a material-specific parameter.

3. FEA-driven designs of the thick-film
structures

3.1 Analysis of a thick-film resistor

The thick-film resistor is an elementary component of a thick-
film circuit. It is made by screen-printing the thick-film resis-
tor material and the metallic end-contact material, which pro-
vide electrical connections onto a ceramic substrate. Fig-
ure (1) shows the design of a typical thick-film resistor.

A\
Conductor Ceramic substrate

Resistor

Typical geometry of a thick-film resistor, the
top-view and the cross-section

Figure 1.
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* The actual value of the resistance is determined from the

resistivity of the resistor material at the recommended dep-
osition thickness, which is usually quoted in ohms per
square (sheet resistivity) and the designed aspect ratio L/
W. The relation is given by the following equation:

L L
R:p'm:Rm "W (11)

where p is the resistivity of the material, L is the resistor
length, W is the resistor width, t is the thickness and Rgh is
the sheet resistivity. Commercially available thick-film re-
sistor materials have sheet resistivities in decade values
from 1Q per square to 10 MQ per square for typical layer
thicknesses, which are in the range 5um to 20um. From
relation (11) we can see that designers have a degree of
flexibility when laying out a particular circuit design. In prac-
tice, deviations from the designed values are regularly ad-
justed by laser trimming. This changes the resistor geome-
try and introduces new critical points in the resistor de-
sign. In some applications the influence of the trimming
cut on the resistors’ performance should be analysed. This
becomes more important with high-power applications,
where the shape of the laser cut influences the tempera-
ture distribution in the resistor; and in sensor applications,
where the resistance of the thick-film resistors depends
on the resistor position and any local strains. Figure 2
presents the simulated current density for thick-film resis-
tors of a typical shape, which exhibit bending of the cur-
rent caused by a laser cut in the bottom resistor.

A 2D presentation of the current-density
vector showing the bending of the current
flow lines caused by a laser cut

Figure 2.

The changes to the current density caused by the laser
cut affect the temperature distribution in the resistor. For
this reason the design of power hybrids often requires an
analysis of the laser-cut shape on the power resistor. The
self-heating effect of the thick-film resistor can be mod-
elled using the system of equations (9). Figure 3 shows
the steady-state temperature distribution in the trimmed
resistor from Figure 2 in the case where a voltage of 50V
was applied to its ends and the natural air convection (a =
10) on the outer boundaries was modelled by (8). Normal-
ly, the maximum temperature is expected in the middle of
the resistor. Depending on the laser-cut position, the hot-
test point in the resistor can be moved towards the regions
of higher current density.
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41.94 41.25

Temperature distribution in the self-heated
thick-film resistor

Figure 3.

Sometimes, depending on the application, an unconven-
tional thick-film resistor geometry (shape) is designed. In
such cases the relation (11) is no longer valid. Generally,
the resistance is a global quantity depending on the solu-
tion of a simple boundary-value problem using Laplace’s
equation (3). For more complicated boundaries exact so-
lutions are not available and some special non-trivial math-
ematical approaches /8/ have to be used. In any event,
the solution can be evaluated numerically using the finite-
element approach. In this way the resistance of a thick-film
resistor can be computed by evaluating the current through
the resistor, as a surface integral of the normal component
of the current density J over the surface of the cross-sec-
tion of the resistor. The relation R = AU/, where AU is the
potential difference at its end-contact boundaries, can then
be used. For example, the numerically obtained resistance
of the untrimmed resistor from Figure 2, for Rsh =100 &/
square, is 4500 and the resistance of the trimmed resis-
tor is 628Q. In this simple case the resistance of the un-
trimmed resistor can be verified using formula (11).

An example of an analysis of an unconventional thick-film
resistor is presented in Figure 4. The figure shows the cur-
rent-density distribution in the specially shaped 'delta’ re-
sistor, which was designed for a ceramic pressure-sensor
application. The resistor regions where the current densi-
ty is higher exert more of an influence on the total resist-
ance. The calculated value of the resistance is 2.375*Rsh.

e-3 t t t . t . : Magnitude (J
X on surface Z>=dr

05-

0.5 -

Scale = £4

Current density
on surface Z=dr

05

Scale = E4

2.0+

The current density in an unconventional
thick-film resistor

Figure 4.

3.2 Optimisation of a hybrid power-
module design

In order to provide reliable operation of hybrid thick-film
power modules it is important to maintain the operating
temperature of each component and the whole circuit,
within the allowed limits. Although the power circuits are
usually mounted on appropriate heat sinks to enable ef-
fective cooling, extra precautions have to be taken when
designing the circuit layout. In such cases a simulation of
the electro-thermal behaviour has proved useful. In the fol-
lowing we describe how a finite-element analysis was used
in the design-optimisation phase of a hybrid power mod-
ule that is part of an electricity meter. The main purpose of
the simulations was to help the designer to redraw the cir-
cuit layout by reducing the thick-film resistor areain such a
way that its resistance and maximum allowed temperature
of the substrate remain unchanged. This allowed for a re-
duction of the module prime costs.

The treated hybrid thick-film circuit is installed in a plastic
(crastine) housing as shown in Figure 5. Figure 6 shows a
schematic representation of the module’s cross-section.

View of the treated power-hybrid thick-film
circuit installed in the crastine housing

Figure 5.
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SMD component

thick fitm resistor

|

Flastic casing

Alumina substrate

Figure 6.  Schematic representation of the module’s
cross-section
L L
.““““5 :

Simplified 3D geometry of the structure and
its projection onto the X-Y plane

Figure 7.

The whole construction was mounted on the rear of the elec-
tricity-meter housing, which was at ambient temperature.
The circuit was heated by an electric current flowing through
the thick-film resistor. The heat rise as a result of the SMD
component power dissipation had a relatively small influence

Figure 8.
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on the temperature profile of the whole module and was not
included in the model. Since there was no additional heat
sink the circuit was only cooled through the metal connec-
tions to the main part of the device and only natural air con-
vection had to be treated on the structure boundaries. The
plastic housing was uncovered on two sides allowing the
influence of its upper part to be neglected. The simplified
structure geometry is presented in Figure 7. Steady-state
thermal conditions in the structure were modelled with equa-
tion (5), and the heat-transfer boundary conditions formulat-
ed using (6). Although simplifications to the circuit geome-
try and boundary conditions were made, the achieved ac-
curacy of the model was less than 5%. A detailed descrip-
tion of the finite-element model and its experimental verifi-
cation is presented in /9/.

In order to meet the required electrical and thermal per-
formance, various circuit layouts were considered. Our sim-
ulations indicated that a reduction in the size of the thick-
film resistor by 50% would increase the maximum temper-
ature of the whole circuit by 10%. However, by shifting the
resistor nearer to the metal pads a lower value for the max-
imum temperature was achieved. A simulated temperature
distribution on the top of the substrate for different layout
options is presented in Figure 8.

Simulations of the optimised circuit layout showed that a
maximum temperature below 68°C could be achieved.
Realisation in practice confirmed the validity of the simu-
lated results.

Steady-state temperature distribution on the surface of the thick-film substrate for four different layouts
(ambient temperature Tamp= 40°C)
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3.3. Transient electro-thermal analysis of
an over-current-protection module

An over-current-protection thick-film hybrid module contain-
ing SMD PTC thermistors as self-resetting overload-protec-
tion elements was designed for protecting a communica-
tion line against a surge current resulting from lighting or
accidental shorts between adjacent power feed lines. Fig-
ure 9 shows the over-current-protection module for the sym-
metric protection of telecommunication systems containing
two symmetric circuits for protection. Each circuit includes
thickfilm resistors in series with a PTC thermistor between
the input node, which is coupled to the communication line,
and the output node, which is linked to the target equip-
ment being protected. When the over-current enters such a
protection module the thermistors self-heat and rapidly in-
crease their resistance, providing protection for the associ-

The over-current-protection module for the
symmetric protection of telecommunication
systems containing two symmetric circuits
for protection

Figure 9.

The front and rear layouts and the cross-
section of the over-current-protection circuit

Figure 10.

ated equipment by suppressing the surge current. In the
presented circuit the thermistors are also heated externally
by the heat dissipating from the thick-film resistors, which
are connected through the external circuit connections and
located on the rear of the substrate. The schematic repre-
sentations of the circuit’s front and rear layouts, and the cross-
section are given in Figure 10.

The location of the heat sources and their sizes as well as
the thermal properties of the substrate and other materials
used, play a fundamental role in determining the tempera-
ture distribution in a hybrid thick-film circuit and thereby
affect the circuit's response characteristics. A transient fi-
nite-element thermal analysis was performed to predict the
dynamic temperature states at the critical points of the cir-
cuit design and to find the hybrid circuit arrangement that
provides the most reliable circuit operation.

In order to keep the model size manageable, while main-
taining sufficient element density in the regions of interest,
some assumptions and simplifications relating to the cir-
cuit geometry were performed. The resistors dissipating a
negligible amount of heat in comparison with the heat dis-
sipated in the thick-film resistor on the rear were excluded
from the model. The influence of the thick-film resistor over-
glaze on the temperature distribution within the whole
module is estimated to be quite small and therefore omit-
ted. The fraction of the heat transferred by conduction
through the connection wires during the transient (for t <
15 sec) has a small influence on the temperature distribu-
tion in the region of the PTC thermistor and the thick-fiim
resistor on the rear of the substrate and it can be neglect-
ed. Applying half-symmetry boundary conditions for the
heat exchange between the two symmetrical parts of the
module additionally reduced the model size. The simpli-
fied 3D geometry of the model is presented in Figure 11.

Figure 71, View ofthe meshed 30D model of the module

The transient thermal situation was modelled using the heat-
transfer equation (4), where the internal heating term gy rep-
resents the heat per unit volume generated in the regions of
the resistive elements. Therefore, gy can be determined as
the mean power dissipated in the PTC thermistor and the
thick-film resistor regions. it can be calculated in the same
way as in the previous example, e.g. by calculating the po-
tential distribution and the current density in the circuit struc-
ture and by solving the system of equations (5). In order to
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reduce the number of required numerical calculations and
to shorten the simulation time the term gy was defined by a
piecewise linear approximation of the power dissipated in
the regions of the thick-film resistor and the hermistor as
function of the instantaneous temperature of the thermistor.
The heat-exchange boundary conditions on the circuit’'s outer
surfaces were specified by (8).

The objective of the analysis was to track the temperature
distribution in the PTC thermistor and the thick-film resistor
on the rear of the ceramic substrate during the period in
which the over-current flows through the circuit. Figure 12
shows the temperature distribution in the cross-section of
the module after 10 sec.

Temperature distribution in the cross-section
of the structure after 10 sec

Figure 12,

Because the temperature distribution within the body of the
thermistor depends on the distance from the component's
metal connections the temperature in the geometric middle
of the component was regarded as the actual instantaneous
temperature of the whole thermistor element. Based on this
assumption it is evident from Figure 12 that the instantane-
ous temperature of the thermistor element reaches its spec-
ified reference temperature of 120°C after 10 sec. This re-
sult corresponded to the measured switching time of the
module /10/, which confirmed the correctness of the mod-
el. At the same time the temperature on the surface of the
thick-film resistor increased to its maximum value of 330°C.
The temperature distribution on the rear of the module after
10 sec is presented in Figure 13. After the thermistor has

Temperature on the resistor
an surface 2=d

SERRRHH

ey
o

Figure 13. Temperature distribution on the rear of the
substrate after 10 sec

20

limited the current flow through the circuit the temperature
of the resistor on the rear starts to fall. Simultaneously, the
effect of the cooling through the connection pads becomes
more evident. The temperature situation on the rear side after
20 sec is presented in Figure 14.

Temperature on the rasistor
o surfage 2=d

g
200.0

g o

[ S S Y
mmomwfgﬁommmm
[=1=1= ks Twlatte fotutn)

DO

Temperature distribution on the rear of the
substrate after 20 sec

Figure 14.

The described mode! was used to explore the changes in
the switching time depending on the thick-film resistor area
and the amount of adhesive used for bonding the thermis-
tor to the substrate. Minimising the thick-film-resistor area
lead to higher local temperatures in the circuit, which may
influence the component to change its resistance or even
burn up the resistor. To avoid such undesirable situations
different design options were analysed. The simulations
helped us find the optimum resistor dimensions and posi-
tion. Additionally, a FEA was performed for the case study
concerning situations in which the adhesive covers differ-
ent expanses of the thermistors’ surface. Simulations
showed that the amount of adhesive significantly influenced
the maximum temperature and the switching time of the
module. Simulated temperature distributions in the ther-
mistor and the thick-film resistor for the cases when 50%,
70%, and 100% of the thermistors’ surface was covered
by adhesive are presented in Figures 15 and 16.
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[ :
8 4200 | s
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o
=
8_ :
g Q004
@
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00

(e8] 30 a0 90 120 15.0 180 210
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Figure 15. Dynamic temperature states in the
geometric middie of the PTC thermistor
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Figure 16. Dynamic temperature states in the thick-
film resistor on the rear of the circuit

Figure 15 shows the temperature tracks in the middle of
the PTC thermistor during a period of 20 sec. A tempera-
ture of 120°C, which corresponds to the thermistor refer-
ence temperature, determines the switching time of the
module. It is evident from the curves in Figure 15 that the
changes in the switching time are less than 3 sec. The
temperature tracks presented in Figure 16 indicate that a
fower maximum temperature in the thick-film resistor can
be achieved for a more extensive coverage of the thermis-
tor area by the adhesive. Simulations showed that at least
70% of the thermistor surface has to be covered to keep
the maximum temperature in the acceptable range.

The temperature on the surface of the thermistor and the
thick-film resistor was measured with an infrared tempera-
ture probe. Such a low-cost method for measuring tem-
perature was based on our experience of earlier, similar
applications /11/, and proved to be satisfactory in prac-
tice. Furthermore, probe measurements at different loca-
tions in combination with software tools for temperature
monitoring (like, for example /12/) can be used for the
verification of the numerical model.

4. Summary

This paper describes our experience of applying finite-ele-
ment analyses in the design of thick-film hybrids. Three
different case studies that give some insight into the elec-
trical and thermal situations in the thick-film structure were
discussed. Simulations were performed to analyse the elec-
trical and thermal behaviour of unconventionally shaped
thick-film resistors and to calculate their resistances. FEA
of the electro-thermal properties of a thick-film hybrid power
module was performed and the optimum circuit layout was
determined. Furthermore, a transient electro-thermal anal-
ysis was used for the design optimisation of an over-cur-
rent-protection circuit. We can conclude that a finite-ele-
ment code can be successfully introduced to the design
cycles to reveal critical points in the design and help to
find the optimum design solution.
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