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The complexity of heat exchange mechanisms and difficulties in accurate determination of
their coefficients make the thermal analysis a complicated problem at the beginning of the design
process. In reality, only numerical calculations and specialised simulation programs can solve the
systems of differential equations with very complicated boundary and initial conditions. The
paper presents some aspects of describing of thermal model of the thick-film microcircuits with
equivalent models (based on RC elements).

KommiekcHicTh MexaHi3sMy Temjoo0MiHy i ckJaagHocTi min 4Yac BU3HAYEHHS
Koe(ilieHTIB NMpomecy podasATh TEIVIOBHI aHANI3 OJHIEI0 3 BaXKJIUBHUX NMPo0IeM NpH po3poodmi
eJleKTpoHHUX npuianis. HacmpaBai Tinbku 4HcaoBi MeTtoau i cmemiajabHi mporpamu
MOJEJI0BAHHSI MOKYTh PO3B’SI3aTH CUCTeMHU AU(ePeHIiAILHUX PIBHAHL 3 YCKJIAAHEHUMH
KpailoBUMM i moyarkoBumMu ymoBamu. HaBegeHo Kilbka acmeKkTiB ONMUCY TeIJIOBOI MojeJi
TOBCTOILTIBKOBUX MIKpPOCXeM 3 eKBiBajJleHTHUMH MoeassMu Ha 6a3i RC ejiemeHTiB.

Introduction

Temperature plays a very important role in proper operation of microelectronic circuits. It determines
exploitation parameters and — in the most cases — life of circuit or whole system. From this reason, taking
into consideration the thermal problems is strongly recommended on the beginning of design process.

The thick-film microcircuits are very complicated objects to their formal description from point of
view of heat transfer. The complexity of heat exchange mechanism makes the mathematical analysis only
approximation of the real-world conditions. In reality, only numerical calculations can solve the systems of
differential equations with very complicated boundary and initial conditions.
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The paper presents the method of temperature field simulation using electro—thermal analogy. Using the
mathematical analogy of equations (in stationary and dynamic states) which describe the temperature field and
electric potential field, it is possible to create the electrical equivalent circuit of thermal system [1-6].

Electro-thermal modelling procedure

The thermal behaviour of multilayer structure can be described in terms of thermal capacity Cu,
which is directly proportional to the relevant volume V, to the density | of the material and to the specific
heat c. The applicable equation is as follows:

C,=c-p-V (1)

To calculate the voltage change AU it is necessary to use the quantity-of-charge equation for a
capacitance C. This can be described by formula:

U-C=1-t=Q )

where U is voltage, C — electrical capacitance, I — electrical current, t — time and Q means electrical
charge.
By analogy, the quantity-of-heat equation can be expressed:

AT-C, =P-t=Q 3)

Where the current [=Q/t represents a transport of charge per unit of time and the power dissipation P
represents the transport of thermal energy per unit of time. So, the temperature change AT can be described
by equation (4):

AT = E 4
Cy

The thermal capacities calculated from the material properties and the volume are connected in
parallel with the thermal resistances. For calculating the components of a network it is necessary to know
the thickness d, the cross-sectional area A and the thermal conductivity A, in order to obtain the appropriate
thermal resistance R:

. d
o=
A-A
In accordance with the analogy to electrical systems, the temperature response of structure element
(in pulse operation) can be analysed like a voltage increase across an RC section which is being fed by a

current pulse generator. The following relationships described such analogy:
t

U(t)=R-I-|1—-eRC ©)

®)

and for the increase in temperature:
t

T(t)=R,, -P-| 1—efuCe )

The created in this way thermal equivalent RC elements network can be simulated in any simulator
of electric or electronic circuits [7].

Modelling examples

The PSPICE program allow to take into account the mathematical relations - describing particular
single element — using ABM (Analogue Behavioural Modelling) options. They are based on controlled
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voltage and/or current sources with special declarations. They make possible to simulate of the analysed

circuit in time domain as well as in wide frequency range or with parametric assumptions [8]. The example
1D distributed RC thermal line (towards in X-axis) is presented in Fig.1.

The calculations (in PSPICE program) were carried out for two cases. First, thermal resistance Rth

was modelled in the standard form as linear resistor with value independent on voltage (temperature). In the

second case, thermal resistances in above mentioned model were simulated as voltage — dependent resistors
(varistors).

R RA2 RA3 R4 RA5 RA6 RA7 RA8 RA9 RA10
A M A A AW AWy A AN Ay A

P @ . C1 ::C2 ::C3 j:C4 = C5 :‘:C6 f:C7 :‘:C8 == C9 :91 O§Rload

~

Fig.1. 1D distributed RC thermal line (towards in X-axis).

They were modelled in PSPICE program as special created “subcircuits” using controlled sources

(ABM options). They took into account third order approximation of the A and o parameters. The example
PSPICE netlist of such model is as follows:

.subckt lambda_substrate 10 20; AI1203 99,5%

R110301;

E13020poly2) 10 3040 50 0.0 1 0.0 0.0 -1

R340 50 600, geometrical constant

R4 50 0 10000meg

G2 40 50 value={1/(-2.64e-8*V(10,20)*V(10,20)*V(10,20)+

+1.095e-4*V(10,20)*V(10,20)-0.147*V(10,20)+71.514)}

.ends

The modelling results (obtained from PSPICE program using third order polynomial approximation)

of the thermal properties of thick-film components are shown in Fig. 2 and 3. In those figures the voltage
(on X axis) correspond with temperature.
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Thermal cunductivitv, W/ (mK)

8.3KV a.4Ku g.6KV 8.8KU 1.8KY 1.1KV

Temperature, ¥=K

Fig.2. Modelling of the thermal conductivity vs. temperature of ceramic substrate:
1-99.5% Al,0;s, 2 - 98% Al;O3, 3 - 96% Al>03, 4 - 94% Al>O;.

i heat exchange coefficient, W/ (m’*Z_-K)

calculation temperature, Y=K

Fig.3. Modelling of the total coefficient of heat exchange with air vs. calculation temperature
for characteristic dimension equal 0.006m.

The temperature courses in particular points of RC network obtained from PSPICE simulation are
presented in Fig.4 and Fig.5.
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| Temperature, V=°C
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Fig.4. Transient response of the substrate - thermal stimulation RC model
(thermal resistances modelled as linear resistors).
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Fig.5. Transient response of the substrate - thermal stimulation RC model
(thermal resistances modelled as varistors.

The example calculations have been provided for test circuit consist of: Al2O3 ceramic substrate
(96% - dimensions: 12:107 m x 10-10~* m) with single resistance heater (RuO2 - dimensions: 7-10~ m x
7-10 m) placed 2:10” m from the substrate edge. For comparison, the calculations were also realized in
another specialised ANSYS program (Finite Element Methods). The results are shown in Fig. 6 and 7.
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Fig.6. EQ Term simulation of ceramic substrate with single heater — RC model (2D).
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NODAL SOLUTION
STEP=304

SUB =2
TIME=10.304
TEMP (AVG)

RSYS=0

SMN =464.215
SMX =635.031

464.215 502.174 540.133 578.092 616.052
483.194 521.154 559.113 597.072 635.031

Fig.7. ANSYS simulation of ceramic substrate with single heater (view from heater side).

CONCLUSIONS

The presented method of the thermal modelling of substrate can be also applied for each thick-film
components but the very good knowledge about their thermal parameters is required.

The proposed method of temperature simulation using equivalent RC models based on Beuken theory
is very useful (and much more easier) for designers of the electronic equipment. The big advantage of such
method is possibility of its application not only for thick-film microcircuits. The main disadvantage is
necessity of well knowing of the complete thermal characteristic of the analysed object (thermal properties
and adequate coefficients).

The results of simulations - in dynamic states - using ANSYS program (with much more complicated
substrate and resistive layer models) show the good agreement with calculations using RC models (EQ
Term program).

1. Beuken D.L.: Wirmeverluste bei periodisch betriebenen Ofen, Dissertation, 1936. — Freiburg,
Germany.

2. Hering M.: Termokinetyka dla elektrykow, WNT Warszawa 1980 (in Polish).

3. Blgd G., Klepacki D., Potencki J.: , Simulation of Temperature Distribution in Thick-Film
Sensors”; Proceedings of 8th International Symposium For Design And Technology In Electronic
Modules SIITME 2002, Cluj-Napoca, September 19-22 2002, — pp.34-37.

4. Blgd G., Klepacki D.: , Modelowanie pol temperatury w grubowarstwowych strukturach
sensorowych”; ELEKTRONIZACJA 7-8/2002, — ss. 39—42 (in Polish).

5. Blgd G., Hotra Z., Klepacki D., Potencki J.: ,, Modelling of Temperature Field Distribution in
Thick-Film Sensor Structures”; Proceedings of XXVI Conference of IMAPS Poland Chapter, Warszawa,
25-27 September 2002, — pp. 109—112.

6. Kalita W., Potencki J.: Adjustment of Temperature Fields in Hybrid Multilayer System, 6-th
International Symposium for Design and Technology for Electronic Modules, SIITME 2000, 21-24
September, Bucharest, Romania, — s. 9-13.

7. Lenz M.; Striedl G.; Fréohler U.: Thermal Resistance Theory and Practice, Published by Infineon
Technologies AG, Special Subject Book January 2000;

8. Tuinega P.W.: A Guide Circuit Simulation & Analysis Using PSPICE, Prentice Hall, Englewood
Cliffs, 1992.

80



