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Abstract

2-D model of heat dissipation in hybrid microelectronic circuits with temperature dependent fluid
and substrate parameters is presented in this paper. Natural convection and radiation are included.
For natural convection the boundary layer approach is proposed for the as the ceramic substrate
vertically mounted with heat source on it. The main result shows the significance of using varying
parameters in electronics where the temperature does not exceed the level of 500K.

1. Introduction

Conjugate heat ftransfer modeling becomes important in thermal design for
microelectronics, especially for high-temperature devices, where the temperature of the
silicon heat source approaches the level of 500K. The temperature rise over the range of
a few hundreds degrees has significant influence on thermal parameters of the air and the
microelectronic materials, such as density, viscosity and thermai conductivity [5,7]. To ensure
the required accuracy of the modelling, the temperature dependent material parameters
should be inciuded. Due to numerical difficulties, multidimensional thern " modelling of
microelectronic devices with varying parameters is still a problem. Ve limit our
considerations to microelectronic devices that can be modelled by vertical planes with all
assumption valid for boundary layer approach {2,6]. This can be easily done for hybrid
circuits as the ones shown in figures below.
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Fig. 1. Hybrid resistor on ceramic substrate

A hybrid long resistor placed on ceramic substrate is the subject of the 2-D modelling.
Long here means that the length is much higher that its height, what simplifies the modelling
of heat conduction in the substrate. We assume that the energy is being dissipated to the
ambient both by natural convection and radiation [3,4]. The aim of this work is to verify if the
temperature dependent fluid and substrate parameters in the temperature range 300K-500K
are significant for modelling, and what is the quantitative influence of these parameters on
the maximum and mean temperatures of the device, and the heat transfer coefficient.
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2. Temperature dependent parameters of heat source and ambient

Temperature varying ambient parameters such as: density, viscosity, thermal
conductance are included to the modelling. Additionally, in order to ensure a more precise
simulation, temperature dependent thermal conductivity of alumina substrate and silicon are
considered as well [5,7].

According to Dressler, viscosity, conductivity and density of air can be expressed as:
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where n=0.68 for gases [2].
According to Sutherland, a more precise approximation of dynamic viscosity of air versus

temperature takes a form: [2]:
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where £,=18.47kg/(m-s), Cs~115.2K

The diagrams below show how much the significant parameters are non-linear. They
have been obtained experimentally for dry air, at a pressure of p=1000hPa, [2,7]. lts
noticeable that even for microelectronics where the temperature rise is not very high (max.
200K), the parameters change twice or more.
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Fig. 2. Kmematlc viscosity, density and thermal conductivity of dry air versus
temperature (p~1000hPa) [2], [5], [7]
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Approximation of experimental data for air can be expressed by exponential functions
suitable for conjugate heat transfer simulation.
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As shown below temperature rise of 200K can decrease the thermal conductivity of
alumina and silicon almost 2 times. In practice, it denotes the necessity of including in
thermal design and modelling of microelectronic devices the temperature dependent material

parameters.
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Fig. 3. Thermal conductivity of alumina (left) and silicon (right) versus temperature [5]}

3. 2D mode! of hybrid circuit

Hybrid circuit studied in this work can be modelled using the boundary layer approach. In
fact, the ceramic substrate can be treated as a vertical plate. The hybrid resistor, as a long
heat source shown in Fig 4, ensures the localised power is dissipated and as a consequence
the non-uniform temperature distribution [2,3]. This is a real case for microelectronics where
one or more small heat sources are placed on the substrate.

For the case when the resistor is much longer than high, the model of heat conduction in
the ceramic substrate can be reduced to single dimension, where the heat dissipates along
the x-axes only, see eqn.(5). The model ensures the heat removal from the substrate to the
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ambient by natural convection and radiation. Radiation model assumes heat transfer
between the hybrid electronic circuit with the emissivity € and the infinite ambient surrounding
the substrate [3].
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Fig. 4. Geometry of hybrid circuit for modelling including boundary conditions

For natural convection, the boundary layer equations for vertical plate with variable air
parameters are used [2], [6].
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The boundary conditions are defined as in the Fig. 4. 2-D conjugate heat transfer model
is solved using finite-difference method. 2-D mesh is defined for a rectangular area, and for
each mode the software determines values of variables as well as parameters of the air.
Then finite differences are used to calculate temperature and velocities.

4. Results

Using the model above described it is possible to obtain the temperature distribution on
the substrate, and calculate maximum temperature and heat transfer coefficient. Additionatly,
one can compare the results with modelling carried out for invariable material parameters,
and with thermography validation of the model.

The calculation has been performed for:

Invariant parameters

Temperature varying fluid parameters only
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Temperature varying fluid and substrate parameters

Figures below confirm quantitatively a few general conclusions, which could be mtumvely
drawn. Fluids parameters non-linearity increases the amount of energy dissipated.to the
ambient. Thermal conductivity of air rising with temperature has the most significant
contribution in energy transfer, that as in consequence increases the heat transfer

coefficient.
500 r 25
450 !
o~ 20 A -
£
¥ fi 1
2400 S |
350 - : | —&—Invariable parameters
—4—invariable parameters ¢
—8—Flisid and Substrate par. ——Fluid and substrate par.
—A— Fluid par. only | —A—Fluid par. only
300 f ! f ] 10 ! L L ]
0 200 400 600 800 300 350 400 450 500
Ps{W/m2] . TSrK]

—&— Invariable parameters
100 - —W—Fluid and substrate par. |_.
—&— Fluid par. only ™1

Tmax-Tér

350 400 450 500
TérK]

Fig. 5. Results of the simulations, mean temperature versus power, heat transfer
coefficient and temperature non-uniformity versus temperature

Larger viscosity for higher temperature compensates the increasing conductivity of air. In
addition, the larger the viscosity, the more non-uniform the temperature distribution. The
uniformity of temperature distribution can be characterised by the difference  between
maximum and mean temperature, and it slightly grows with the temperature.

The most significant parameters having a strong impact on the level of energy dissipated
is the thermal conductivity of the substrate. Obviously, the larger the conductivity, the more
heat is removed. Unfortunately, the thermal conductivity of alumina substrate causes both
the decrease of the heat transfer coefficient and enlargement of temperature non-uniformity.

Validation of the model was carried out using thermography. The variation of mean
temperature versus power was used for numerical and measured results comparison. This
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function is typically non-linear and can be expressed as: —1;'— = (—A?’j . From modelling we
0 0

got m=1.49, while for measurement m=1.42.
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5. Conclusions

This paper presents 2-D modelling and
thermography measurements for conjugate heat
transfer of hybrid microelectronic circuit with
temperature  dependent fluid and substrate
parameters. An example of thermal image in shown
indthis section. The thermography measurements
prove the necessity of using variable parameters in
the precise modelling.

Obviously, the effects of non-linear parameters
are more important at higher temperature. In
microelectronics a typical temperature 100K above
the ambient is already a temperature for which the
variable parameters should be included in modelling.
The varying parameters of the substrate are the most
significant. They can vary the results of modelling
when the temperature of the heat source is about 400K. One can notice that lower values of
thermal conductivity of alumina and silicon diminish the amount or energy dissipated to the
ambient while the increasing conductivity of air partially compensates it. Lower viscosity of air
for the substrate temperature of 500K increases the temperature non-uniformity by 10%. The
ideal fluid for microelectronic device should have high conductivity and low viscosity to -
decrease the temperature gradients. In many practical cases in microelectronics, the uniform
temperature on silicon or any other substrate is required.

Fig. 6. Nonlinear temperature
distribution on the substrate
ATmax =43°C
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