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In this paper, electrothermal field phenomena in electronic
components are considered. This coupling is tackled by mul-
tiphysical field simulations using the Finite Integration Tech-
nique (FIT). In particular, the design of bonding wires with re-
spect to thermal degradation is investigated. Instead of resolving
the wires by the computational grid, lumped element representa-
tions are introduced as point-to-point connections in the spatially
distributed model. Fabrication tolerances lead to uncertainties of
the wires’ parameters and influence the operation and reliability
of the final product. Based on geometric measurements, the
resulting variability of the wire temperatures is determined using
the stochastic electrothermal field-circuit model.

[. INTRODUCTION

Micro- and nanoelectronic components are designed us-
ing computer simulations. Especially due to the continuous
shrinking of elements, power densities increase and therefore
thermal considerations in an early design stage are of major
importance. This indicates the need for coupled electrother-
mal simulations. Additionally, small feature sizes lead to
significant fabrication tolerances that need to be tackled by
Uncertainty Quantification (UQ).

When designing bonding wires for the packaging of Inte-
grated Circuits (ICs), the designer is left with the choice of its
material and its thickness. There is a tradeoff between minimal
cost and maximum performance. Moreover, the thinner the
wire, the higher the probability of failure during operation.
On the other hand, the length of a wire is predetermined
by the geometry of the given package. While the material
is commonly chosen according to economic aspects and its
physical properties, the leftover design parameter is the wire’s
thickness. Bonding wire calculators allow to estimate appro-
priate parameters by simulation. Many electrothermal models
have been proposed for dedicated bonding wire simulation.
In particular, there are phenomenological models determined
from measurement data and models derived analytically or by
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discretization from the electrothermal problem and combina-
tions of those approaches, see e.g. [3], [5], [6], [8] and the
references therein.

To incorporate all physical effects, field simulation of inte-
grated and discrete semiconductor power devices is well estab-
lished. It is typically based on volumetric space discretization
using for example the Finite Element Method (FEM) or the
Finite Integration Technique (FIT) [9], [10]. However, the
treatment of dynamic electrothermal effects is still challenging
due to the coupling [4] and in particular because of multirate
and multiscale effects [2], [7]. Resolving small features as
thin wires is such a multiscale problem and therefore, many
commercial simulators include various surrogate models to
avoid discretizing the bonding wire in the computational grid,
e.g. [S].

In this paper, we discuss a framework for embedding
lumped electrothermal bonding wire models into electrother-
mal field simulators. A nonlinear electric and thermal net-
work based model is proposed and consistently coupled to
the spatial discretization. As an application example, the
global sensitivity of the bonding wires’ temperatures w.r.t.
their geometric parameters is investigated. This is necessary
because manufacturing tolerances, measurement inaccuracies
and model imperfections lead to deviations between simulation
and reality.

The paper is structured as follows, section II introduces the
coupling between electromagnetics and heat in the continuous
setting while section III introduces the used discretization
approach. Section IV explains the presence and treatment of
uncertainties in the bonding wires. Results of the simulation
are then discussed in section V while section VI concludes the

paper.

II. ELECTROTHERMAL FIELD PROBLEM

On the one hand, if an electrical current is applied to a
bonding wire, the temperature of the wire increases due to
the Joule heating effect. On the other hand, a change in
temperature of the wire leads to a change of the material

1297



parameters. Neglecting the temperature dependence of the vol-
umetric heat capacity, the nonlinearity of electrical and thermal
conductivities in temperature remains. After the introduction
of the electrical and thermal sub-problems, this two-directional
electrothermal coupling is described.

A. Electrical Sub-Problem

The distribution of electrical quantities can be described by
the current continuity equation. Neglecting capacitive effects,
only the stationary current problem

—V.-o(T)Ve =0

with suitable boundary conditions is considered. Here, o is the
electrical conductivity, ¢ the electrical potential and T' = T'(t)
the time dependent temperature. The spatial dependencies are
suppressed to keep the notation short. A generalization to
electroquasistatics is straightforward.

B. Thermal Sub-Problem

Thermal heat is distributed due to conduction, convection
and radiation. In the general form, the transient heat equation
describes conduction and is given by

pcl —V - NT)VT = Q(T, ¢),

where pc is the volumetric heat capacity and A the thermal
conductivity. The power density () represents heat sources that
affect the system. In this paper, we assume three different
sources to contribute to this heat source

Q(T7 50) = Qel(T7 QO) + and(T) + QbW(Tv @)-

First, heat can be generated by the Joule heating term Qg
resulting from the electrical contribution. Secondly, heat ex-
change with the environment is described by the boundary
term Qpyg. Thirdly, the considered bonding wire acts as an
external heat source Qpy since it is not resolved by the
grid (see section III-B). These quantities will be explained
throughout this paper. The heat exchange with the environment
is modeled as Dirichlet, adiabatic, convective or radiative
conditions.

The boundary term Qung = Qconv + Qrada cONtains a contri-
bution of convective and radiative effects given by
Grad - dA.

1 N o
Qconv = ' dA7 Qrad =

1
o F o
V[ Joy =" V1 Jov

In these equations, Geony and ¢r,q are the heat fluxes that leave
a volume V' due to convection or radiation as given by

q_::onv =h [Tbnd(t) - Too] ﬁa (Trad = E0SB |:T|ﬁ1d(t) - T;Lo:| ﬁa

respectively. Here, 7 is the outward-pointing normal, A the
heat transfer coefficient, € the emissivity and ogp the Stefan-
Boltzmann constant. As boundary effects are dominated by the
boundary nodes and the environment, T},q is the temperature
at the boundary and 7%, the ambient temperature.
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C. Electrothermal Problem

By combining the transient heat equation with the station-
ary current problem, we obtain the nonlinear electrothermal
system

—V.-o(T)Ve =0, (D
peT =V -NT)VT = Q(T, ») )

with suitable boundary and initial conditions. The Joule
heating due to the stationary current problem is described
by Qa = (V) o(T)Vy resulting from the electrothermal
coupling from electrical to thermal side. The two-directional
coupling is established by the temperature dependence of A
and o.

III. DISCRETIZATION BY FIT
A. Field Model

The coupled electrothermal problem is discretized in space
using the FIT [9], [10] on a staggered 3D hexahedral grid
pair. For simplicity of notation, a staircase material approx-
imation at the primary grid is assumed, i.e., each primary
cell is assumed to consist of a homogeneous material. The
discrete unknowns, i.e., the electric potentials ® as well as
the temperatures T are allocated at the nodes of the primary
grid. The voltages and the temperature drops at the primary
edges are found as differences, ie., ¢ = —-G® and t = -GT
where G is the discrete gradient operator consisting of 0, 1
and —1 entries according to the topology of the primary grid.
The currents j and the heat fluxes q are allocated at the facets
of the dual grid. The currents and heat fluxes accumulating at
the dual cells are calculated by Sj and S§ where S is the
discrete divergence operator containing 0, 1 and —1 entries
according to the topology of the dual grid. The duality of the
grids gives rise to the property G = —S .

The currents .]R = M, € and the heat fluxes § = M, t are
related to the voltages and temperature drops by the electrical
and thermal conductance matrices M, and M, respectively.
In the case of a mutually orthogonal grid pair, every primary
edge crosses a unique dual facet perpendicularly. In that case,
the primary edges and dual facets can be indexed similarly
and the material matrices M, and M are diagonal with the
entries

4

4

M= and M, ,; =
where /; is the length of primary edge 7 and A; is the area of
dual facet i. The material parameters & and \ are found by a
volumetric averaging of the corresponding parameters of the
primary cells touching the considered primary edge.

The thermal capacitance matrix M, . relates the heat power
to the temperature change, i.e., Qf = MP,CT and operates
between the primary nodes and the dual cells. Also here, a one-
to-one relation is present and the indexing scheme is shared.
The diagonal entries of M, . read

M,c,j.; = pc;V;
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where f/J is the volume of dual cell j. Here, pe; is obtained
by averaging the volumetric heat capacity of the primary cells
touching the considered dual cell j.

The heat generated by the current is calculated at the
dual cells, i.e., the voltages € are interpolated to the mid-
points of the primary cells yielding Ej where k counts
over all primary cells. There, the power density is calculated
by Qelkx = 0k Ek . Ek. The electrical contribution to the power
then follows from

Qel(T7 90) = ‘71@

where q; results from averaging the powers from the primary
cells to the primary nodes. _

The topological operators G and ST and the material
matrices M, M, and M, . are put together in the discrete
counterpart to (1) and (2), i.e.,

—SM,,(T)G® =0, 3)
M, . T — SM,(T)GT = Q(T, ®). 4)

The degrees of freedom are the discrete temperature vector
T = T(t) and the electrical potential vector ® = ®(¢), while
Q = Qe + Qona + Qpw is the discrete representation of Q.
It includes Joule heating by the field model, the boundary
term for convective and radiative effects as well as the self-
heating of the bonding wires as explained in the next section.
Subsequently, the time is discretized by the implicit Euler
method.

For an overview of the involved quantities and their relation,
the discrete electrothermal house based on [1] and [4] is shown
in Fig. 1. The figure consists of two parts showing the Maxwell
house on the left hand side and the thermal house on the right
hand side. The coupling is established due to the Joule heating
term and the nonlinear electrical conductivity as illustrated.

B. Bonding Wire Model

To account for the different scales of the bonding wires
in comparison to any other microelectronic components in

Fig. 1. Discrete electrothermal house.
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their vicinity, the wires are not resolved by the grid but
instead modeled by a lumped element approach. Assuming that
conduction is dominant compared to capacitive effects, pairs of
mesh points are connected by an electrothermal conductance
only. Here, the conductance G}, serves as a placeholder for
both the electrical and thermal conductance G¢., and G{I. . This
approach is illustrated in Fig. 2.
For the implementation, the conductance matrix

o be _be
be B |:_be be :|

needs to be stamped to the correct positions in the system
matrices of (3) and (4). If this is done for all Ny, bonding
wires present in the model, the extended electrothermal system
reads

Npw
SM,(T)S'®+ > P,Gs, ;(Thw,;))P] & =0,
j=1
N N Now
M, T+ SMy(T)S"T+ > P;Gh, (Thw;)P] T = Q(T).
j=1

Here, ST = -G represents the negative gradient matrix and
P; is a bonding wire gradient vector consisting of 0,1 and —1
entries that additionally handles the incidences between the
contacts of the bonding wire j and the grid. The above
equation assumes a linear temperature distribution across each
lumped element with its average defined by

Tow; =X, T, )

The vector X; contains two 1/2 entries and averages the tem-
perature from both bonding wire connection nodes. To account
for nonlinear temperature distributions, a single bonding wire
can be modeled by a more complex model or by a number of
concatenated lumped elements resulting in a piecewise linear
temperature distribution.
With these quantities defined, the Joule heating of a single
bonding wire reads
wa,j _ q)TPjGel

bw,j

(Tow,; )P ®.
Finally, the contribution of all bonding wires to the right hand
side of (4) is given by

Ny

Qbw = Z XijWJ'

Jj=1

Gow(T)

[ ]
L 1

el

Fig. 2. Bonding wire modeling by a lumped element approach.
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IV. UQ FOR BONDING WIRES

While the methodology has been presented in the previous
sections, an application example is given in the following.
Bonding wires attached to a chip are modeled using the
lumped element approach to realize an electrothermal simula-
tion of the full package. Additionally, UQ is applied to account
for the variations in the bonding wire lengths.

A. Exemplary Package

The example features 28 contacts and Ny, = 12 bonding
wires as shown in the X-ray pictures in Fig. 3. Each wire
connects the chip with one of the contact pads. Because only
the contacts are accessible from the outside, a constant voltage
is always applied over two adjacent bonding wires (e.g. wires
3 and 4 or wires 7 and 8).

The time until the wire fails depends on the applied voltage,
the material properties and the geometry of the wire. Assuming
that we know the voltage and the conductivity of the mate-
rial accurately, the uncertainty is only related to the wires’
geometry. While the thickness of the wires can be fabricated
very accurately, the only unknown parameter remains to be
the length of the wire. This length is not a priori known as it
highly depends on the bonding process. By using the X-ray
pictures in Fig. 3(a) and (b), the lengths have been measured
after fabrication.

B. Modeling of the Uncertain Bonding Wire Length

The correct length of a bonding wire depends on three
parameters. First, the minimal length of a wire is given by
the direct distance d between contact pad and chip as shown
in Fig. 4a. Here, it has been assumed that the bonding was
done such that the position of the wire’s end points is exactly
as planned by the designer. This means that the connection
point on the contact pad is equally spaced (length a) to its
edges. Secondly, any deviation from the perfect position on
the contact pad leads to an elongation As that adds up to the
corrected distance D = d+ As as depicted in Fig. 4b. Thirdly,
any additional bending results in an additional elongation Ah
(see Fig. 4c) giving the total wire length L = d 4+ As + Ah.
Due to the camera angle in Fig. 3b, the elongation Ah could

(a) Top view

(b) Perspective view

Fig. 3. X-ray photos of the investigated chip.
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(a) Exact position on
contact pad.

(b) Elongation due
to misplacement.

“

(c) Elongation due to bending.

Fig. 4. Variability of the bonding wire length due to construction tolerances.

only be determined for 6 wires. For the other wires, the
average value of these 6 measurements has been assumed. In
the example presented here, only possible construction errors
according to Fig. 4b and Fig. 4c have been considered to
determine the uncertain elongations As and Ah, respectively.

The measurement of these different length parameters has
been done for one chip with 12 bonding wire samples using
the X-ray pictures shown in Fig. 3. Instead of taking the total
length L of a bonding wire as the uncertain quantity, the
relative elongation & = % is used. The random elonga-
tions for all bonding wires, possibly of different lengths, are
determined by the probability density function for §. From the
histogram shown in Fig. 5, we identify a normal distribution
with expectation value ppw = 0.17 and standard deviation
opw = 0.048 albeit the rather small number of samples.
A more rigorous analysis would require the fabrication of
additional test chips.

Probability density function

0
0 0.1 0.2 0.3 0.4
Relative elongation ¢
Fig. 5. Probability density function for the relative elongation 6.
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(a) Inclined top view

(b) Hexahedral mesh
Fig. 6. Model of the investigated chip.

C. Monte Carlo Simulation

Particularly, if the number of random input parameters is
high, the Monte Carlo (MC) method is a well established
technique to quantify the variation of outputs [11]. To this
end, MC solves repeatedly the problem, i.e., in our case (3-4),
for random sets of parameters. Naturally, the error committed
by taking a finite amount of samples M is decreasing with
increasing number of samples. It serves as a guideline for the
necessary amount of samples and is approximated by

omMcC
/M )

where oyc is the standard deviation approximated with the M

samples. The estimator unveils the rather slow convergence in

terms of v/ M. However, the application of other methods is
straightforward.

erroryic =

(6)

V. SIMULATION RESULTS
A. Chip Model

The chip is modeled following the geometry obtained
by measuring the X-ray pictures shown in Fig. 3. All
28 contact pads have been modeled to be of equal
width  wpg = 0.311mm. 24 of them have the same
length /5,¢ = 1.01 mm, whereas the other 4 have a length
Lpag = 1.261lmm. As an approximation, all structures are
approximated using rectangular shapes. Copper is chosen as
the material for the bonding wires, the contact pads and
the chip while epoxy resin is used for the mold compound.
Additionally, the outer end of each contact pad is modeled
as Perfectly Electric Conducting (PEC). In Fig. 6, the model
and the computational mesh are shown. The corresponding
materials and their conductivities at 7' = 300 K are collected
in Table L.

TABLE I
MATERIAL PROPERTIES @ T = 300 K
Region Material A [W/K/m] o [S/m]
Compound Epoxy resin 0.87 1x10°°
Contact pad Copper 398 5.80 x 107
Chip Copper 398 5.80 x 107
Bonding wire Copper 398 5.80 x 107
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B. Boundary and Initial Conditions

As electric boundary conditions, the PEC nodes are con-
nected to a constant potential of V4. = £20mV such that
the voltage over each of the 6 pairs of bonding wires equals
Vow = 40mV. For all other boundaries, current flow is pre-
vented by setting homogeneous Neumann conditions. All non-
PEC nodes are set to the initial potential Vi = 0V at time
t=0s.

The thermal boundary conditions are as follows. For all
boundaries, convection and radiation conditions with a heat
transfer coefficient of A = 25 W/m?/K and an emissivity of
g = 0.2475 are chosen, respectively. As initial conditions,
the whole chip is assumed to be at the ambient tempera-
ture T, = 300 K.

C. Quantities of Interest

Since a possible failure of the bonding wires is investigated,
we are interested in the temperature of the wires over time.
As the wires themselves are not resolved by the grid (see
section III-B), the representative wire temperatures are ex-
tracted from the end-points of the wires as given by (5). The
expectation value E;(¢) for each wire temperature is calculated
by averaging over all M samples, i.e.,

M
Bi(t) = 37 2 Touy(0).
m=1

With the objective in mind that none of the bonding wires
should fail, it is sufficient to pick out the wire that experiences
the highest expected temperature F;(t). Therefore, we define
Emax(t) to be the maximum of the expectation values of all
wires, Viz.

Emax(t) = maX[Ej(t)]7 for j € {17 ~'-7wa}- (N
J

Other stochastic moments, for example the variance or stan-
dard deviation, can be determined analogously.

D. Discussion

A Monte Carlo simulation with M = 1000 samples was
carried out using the probability density function from Fig. 5.
With the simulation parameters as given in Table II, the
Monte Carlo error as introduced in section IV-C calculates
to erroryec = 0.147K. In Fig. 7, the resulting expectation
value E/(t) for the temperature of the hottest wire is plotted
over time. Error bars indicate the output variation resulting
from the variability in the input, being the length of the
wire. Assuming that a bonding wire fails mainly due to the
degradation of the surrounding mold, a critical temperature
Teritical = 523 K ~ 250 °C is defined to mark the threshold for
failure. This critical temperature is inserted as a red line to
indicate the upper bound for design validity.

Thanks to convection and radiation at the chip’s boundaries,
a stationary situation is observed after ¢ ~ 50s. Then, the mean
temperature of the hottest wire is still lower than the critical
temperature Tiica. However, the uncertainty in the lengths
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TABLE II
SIMULATION PARAMETERS.

Parameter Value
Bonding wire voltage Vi, 40mV
End time 50s
No. of time steps 51
No. of MC samples 1000
Wires® diameter 25.4 um
Average wires’ length L 1.55mm
Ambient temperature 300K
Heat transfer coefficient 25 W/m? /K
Emissivity 0.2475

of the bonding wires leads to variations of the temperature
with a standard deviation of oyc = 4.65 K. As the failure
of bonding wires is a relevant reliability problem, the 6o-
deviation is visualized by the error bars in the figure. For
the given configuration, the variation may indeed influence
whether a bonding wire fails or not. This can be seen as the
error bars cross the critical temperature for ¢ > 26s.

Fig. 8 shows the spatial temperature distribution at £ = 50 s.
As one would expect, the region where the contacts are closest
and are connected by the shortest wires experience the largest
temperature increase. These wires are the most sensitive in the
system. This is confirmed by the fact that one of these wires
is the one with the maximal temperature evolution shown in
Fig. 7.

VI. CONCLUSIONS

Bonding wires are included as lumped elements in a cou-
pled electrothermal field model. By this, the behavior of the
bonding wires can be checked already in the design phase. The
thickness and material of the bonding wires can be selected
by evaluating the simulation results.

As a possible application, a stochastic model for uncertain
bonding wire lengths has been set up for an exemplary
chip package. This uncertainty is included in the coupled
electrothermal field model and affects the final operating
temperature of the bonding wires. It is quantified in terms
of expectation value and standard deviation. Concerning the

500 |

400

Temperature (K)

SO0 0 1020 30 40 50

Time (s)

Fig. 7. Expected temperature at end-point of the hottest bonding wire with
plotted 6oc-deviation over time. In red, the critical temperature of the wire’s
material is indicated.
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Temperature (K)
! 510
- 500
490
- 480

I 470

Fig. 8. Spatial temperature distribution at £ = 50s.

investigated uncertainty of the bonding wires’ lengths, it is im-
portant to recall that the used data set to extract the probability
density function is very small. However, the simulation result
of the presented example indicates that the relative influence of
the uncertainties can be significant for the validity of bonding
wire design.

Future research will incorporate more sophisticated bonding
wire models and a comparison to bonding wire measurements.
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