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Abstract

In this paper a 2-D Fourier transform-based

analytical method for the thermal and electrical

solution of multilayer structure electronic devices is

proposed.

It takes into account the dependence of the thermal

conductivity of all the layers on the temperature; the

heat equation is coupled with the device current-

voltage relation in order to give physical consistence to

the experimental evidence that the temperature

increase causes a degradation of the electrical

performances and that the electrical power is not

uniformly distributed.

I. INTRODUCTION

The general evolution of electronic devices for

high frequency applications and the recent interest in

integrating power devices on Microwave Monolithic

Integrated Circuits (MMICs) emphasize the growing

importance of the thermal problem in the design

process.

Particularly in GaAs technology, one of the main

problems to overcome is the low thermal conductivity

of the semiconductor, which focuses the designer’s

interest on the design thermal optimization when good

reliability is to be achieved.

An electrothermal solution of the heat equation for

MMICs based on the 2-D Fourier series was presented

by Johnson et al. [1]. Unfortunately, in this case the

ipothesis of uniform channel temperature was

assumed, which, on one hand, greatly reduces the

computational effort with respect to a fine

discretization of the heat source, but, on the other

hand, neglects the non-uniform power dissipation

under the gate, which is a well-known phenomenon.

Furthermore, in case of multifinger devices or thermal

coupling between contiguous devices, the inaccuracy

introduced by the ipothesis of uniform channel

temperature can be relevant.

This paper presents an analytical procedure for the

thermal and electrical solution for multilayer structure

integrated devices. In particular, it addresses the

solution to the 3-D steady-state heat equation with

temperature-dependent thermal conductivity for a

single electronic device or a given configuration of

two or more devices.

Section II outlines the proposed mathematical

model, whereas in Section III an example of

application to a GaAs MESFET is shown and the

numerical results of the simulation are discussed and

compared with experimental data.

II. THE PROPOSED METHOD

In order to calculate the I-V characteristics of a

GaAs MESFET, the temperature-dependent physical

properties of the device, such as low-field mobility,

saturation velocity, built-in voltage, energy gap,

parasitic source-to-gate and gate-to-drain resistance,

have been evaluated at the actual channel temperature.

The temperature distribution has been computed

using the 3-D solution of the heat equation in steady-

state condition for a multiple layer structure with an

embedded thermal source [2-5]:
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where T(x,y,z) is the temperature field, kTH is the

temperature-dependent thermal conductivity and

QV(x,y,z) is the dissipated power density.

The basic assumptions of the model are:

- the device and package structure can be represented

as a set of superimposed homogeneous layers

- the thickness of each layer is constant and the

extension of the layers in the x and y direction is

infinite

- the contact thermal resistance is neglected

- the thermal source is modeled as a 2-D geometrical

shape QS(x,y), located at the interface between two

contiguous layers, say the k-th and the (k+1)-th.

Eqn. (1) can be solved considering the following:
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and accounting for the heat source in the Boundary

Conditions (BCs).

Dirichlet and Neumann BCs  can be expressed as:
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Eqn. (3b) and (3c) refer to an adiabatic top surface

and to an isothermal bottom surface with reference

room temperature T  respectively, whereas Eqn. (3e)
refers to the interface containing the heat source. Eqns.

(3a) and (3d) impose the temperature and heat flux

continuity across the interfaces.

In order to linearize Eqn. (2), the Kirchhoff

transformation can be applied to each layer in the

following form:
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In Eqn. (4) i(x,y,z) is the transformed temperature
or the so-called “pseudo-temperature” of the i-th layer,

Ti(x,y,z) is the actual temperature, kRi is the

temperature-dependent thermal conductivity kTHi(T)

evaluated at T = T .
Hence, Eqn. (2) is transformed into the well-known

Laplace equation:

0),,(2 zyxi                                          (5)

Unfortunately, applying the Kirchhoff transformation

to Eqns. (3a) ÷ (3e), the non-linearity of the problem

equation is shifted to the boundary conditions. Thus, if

a first order Taylor expansion for the inverse transform

is considered, i.e. T +T , the resulting problem is

linear in each layer.

Furthermore, to simplify the mathematical steps,

the 2-D Fourier transform can be applied to (5) in the

following form:
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This leads to the one-dimensional ordinary differential

equation:
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with the following solution in each i-th layer:

z

i

z

ii eCeCz),,(     (7)

and with the transformed BCs:
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In Eqn. (8e), the right-hand side is the Fourier

transform of the 2-D heat source, which can be easily

calculated once the geometrical shape has suitably

been described. The heat source can be modeled as a

rectangle located at the active layer-to-substrate

interface but, to account for the non-uniform power

dissipation, it is more convenient to approximate the 2-

D shape as a set of elementary point sources. In order

to link the power dissipation to the device current,

each point source has been associated with a part of

the device dissipation region assuming that the whole

current can be expressed as the sum of contributions,

corresponding to elementary devices. In this way the

original problem results split in elementary problems

in which an unit hot spot is associated with an unit

device. Since the problem (6) with the BCs (8a) – (8e)

is linear, it is possible to solve the elementary problem

and then reconstructing the overall solution by

applying the superposition of effects.

The right-hand side of (8e) for a point heat source

is:
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where (x-x0) is the Dirac function centered in x0 and

Q0 is the power dissipated by the unit device. The

electrothermal feedback can be implemented by

evaluating the current of each elementary device at the

actual channel temperature, which is approximated

with the hot spot temperature.

The solution to (6) can be calculated by

substituting (7) into (8a) - (8e), which leads to the

linear system:

),(),()( UCM                                        (9)

where 2 = 2 + 2, M( ) is the 2m 2m coefficient
matrix, C is the integration constants vector containing

the unknowns C1 , C1 , .., Cm , Cm , U is the column
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vector containing the Fourier transform of the heat

source and having only the (k+1)-th non-zero entry. It

has to be remarked that M is a function of  and not of

 and  separately, while this is not generally true for
C and U but results in the case of point heat source.

Unfortunately, the solution to Eqn. (9) is not a

trivial problem since M( ) is not a numeric matrix but

contains the Fourier frequencies  and  as

parameters. It could be possible to give a closed-form

expression of (7) after solving (9) by applying the

Cramer rule and substituting C1 , C1 , .., Cm , Cm  into
(7), but just for a limited number of layers, e.g. five.

However, it would be a very tedious and almost

impossible operation to carry out for a large number of

layers. Furthermore, Eqn. (7) has to be back-

transformed involving a double integration in a large

domain of a very complicated expression.  In this work

the Discrete Fourier Transform (DFT) has been

applied in order to show that the linear system (9) can

be solved for any m and the simultaneous solution of

the pseudo-temperature i of all layers can be obtained.
The proposed technique consists of sampling (9)

i.e.:
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which can be easily solved since it is a numeric

system:
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Thus, after substituting (11) into (7), the samples of

the 2-D Fourier transform are:
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where index i refers to the i-th layer.

In order to perform the 2-D inverse DFT, which is

a computationally advantageous approach, it is useful

to evaluate (12) on specific surfaces, e.g. on the

interfaces between contiguous layers, so as to obtain

samples of the 2-D function i(x,y,zi). It can be easily

shown that if the point thermal source is normalized to

unit, Eqn. (9) can be solved just once and the inverse

transform of (12), referred to the (k+1)-th, represents

the normalized unit thermal profile on the source

surface. It can be used to calculate the whole thermal

field by multiplying it by the dissipated power of a

specific elementary device and by shifting the

resulting function to the device location. Updating the

elementary dissipated powers and solving iteratively,

the device current results consistent with the actual

channel temperature.

III. NUMERICAL RESULTS AND

EXPERIMENTAL DATA

The proposed technique has been applied to the

multi-gate GaAs MESFET, the TC252MB produced

by Alcatel.

A one-dimensional I-V MESFET equation [2] has

been implemented in order to consider the feedback

between the device current and the active layer

temperature distribution. The most widely accepted

empiric relations between FET physical parameters

and temperature have also been taken into account [4-

5].

In Fig. 1 the cross section of the overall thermal

profile for the given device is shown. In this case the

dissipated power is P = 1.18 W. The solid line refers to

the temperature profile along the y-axis after the

Kirchhoff transform whereas the dash-dotted line

refers to the same profile before the transformation. As

one can clearly see, the difference becomes relevant in

the device area, which confirms that the non-linear

dependence of the GaAs thermal conductivity cannot

be neglected. Furthermore, as the peak temperature

rise above the reference temperature of 300 K is about

140 K and the mean temperature rise in the active area

is about 110 K, the linear approximation of the

boundary condition leads to a 6% error, which is

acceptable.

Fig. 1 – Cross section of the thermal profile on the source

surface along the y direction: comparison between the

results after the Kirchoff transform (solid line) and before

the transformation (dash-dotted line).

Finally, in Fig. 2 the overall thermal profile on the

heat source surface is shown. The plot has been

derived for dissipated power P = 1.18 W at VGS = -1 V

and VDS = 5 V.
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Fig. 2 – Overall thermal field on the surface containing the

heat source for P = 1.18 W, VGS = -1 V and VDS = 5 V.

The calculation time for the given example can be

quantified in less than 10 minutes for the main part of

the algorithm, that is the temperature field of the

elementary source and the current of the elementary

device, and in a few minutes for the graphic routines

on a 400MHz compatible PC. It is worthwhile to

remark that the software, by which all the calculations

have been carried out, has been implemented just for

academic non-commercial purpose.

IV. CONCLUSION

A mathematical model for the solution to the heat

flow equation in a multilayer structure has been

presented. An example of application to a multifinger

GaAs MESFET has also been given. The FET drain

current has been related to the actual channel

temperature coupling a 2-D electric model with a 3-D

thermal model. The non-linearity of the problem has

been handled by the Kirchhoff transform and the

transformed heat flux equation has been solved by the

2-D Fourier transform. The method is general and can

be applied to wide range of integrated devices

provided their structure can be approximated with a

multiple layer structure. The limitation in the number

of layers allowed by previous presented methods has

also been overcome.
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