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Finite-Element Analysis of Coupled Electro-Thermal
Problems With Strong Scale Separation

Sebastian Eiser, Mirko Bernardoni, Michael Nelhiebel, and Manfred Kaltenbacher, Member, IEEE

Abstract—We present a finite-element analysis of the coupled
electro-thermal behavior of a mm?-sized power DMOS device,
with a focus on resolving pum-sized structures. For a reliable power
technology, the predictions of current and temperature distribu-
tions under self-heating are vital for reaching long device lifetime.
Two aspects of our approach are unique: First, we have integrated
the active region of the DMOS into the finite-element program code
as a nonlinear voltage and temperature dependent tripole, incorpo-
rating local biasing and temperature conditions. Second, to model
small features like defects or process-induced imperfections in suf-
ficient detail, we use the Nitsche-type nonmatching grid technique
to include the substantially finer meshed microscale geometry. This
allows us to study very local changes in temperature and biasing
conditions, which are normally not accessible. The methodology
is applied to a state-of-the-art power technology device with inte-
grated current sensor to validate the methodology. Good agreement
is found between results and experiments.

Index Terms—DMOS, electro-thermal effects, finite-element
methods, heat transfer, multiscale modeling, power semiconduc-
tor devices.

1. INTRODUCTION

DVANCES in chip manufacturing technologies and
A shrinkage of active device area are leading to increas-
ing power density in semiconductor devices. As a result, more
effort is spent on thermal management and design optimization
to achieve high device reliability in the field. Today’s automotive
power devices are capable of withstanding 1300 W /mm? pulses
[1] in repetitive load conditions. However, care must be taken
both to prevent junction overtemperature [2] and excessive, ther-
mally induced strain caused by the mismatch in the coefficient
of thermal expansion and/or strong temperature gradients [3]—
[5]. In order to achieve a satisfactory lifetime performance [6],
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[7], effective analysis tools are required to support engineering
decisions. Frequently, the driving failure mechanism of a known
point-of-failure is sought after. Unfortunately, many problems
are difficult to analyze efficiently due to the inherent scale sep-
aration or high-aspect layers present in semiconductor devices.
For example, pm-sized imperfections in metalization, defects in
trenches (e.g., field oxide) resulting from assembly, process vari-
ation, or front-end production. These may change the local elec-
trical properties (e.g., threshold voltage), or cause small-scale
inhomogeneities in the temperature field. Furthermore, due to
the piezo-electric effect in GaN-based devices, local impurities
may significantly impact device performance. These problems
are most commonly ignored due to the inaccessibility of an
analysis resolving both the small features and the surroundings.

In traditional analysis schemes (e.g., RC networks [8], [9],
lumped element models [10], [11], finite differences [12] or fi-
nite volumes [13]) small complex geometries capturing electro-
thermal effects are very cumbersome to integrate. The strength
of the finite element (FE) method is the flexible modeling of ar-
bitrarily shaped topologies. Yet, conventional FE analysis also
fails to efficiently solve multiscale problems due to the penalty
incurred by the high amount of degrees of freedom arising in
traditional, conformal FE meshes [14], [15]. This causes de-
lays in efficient pre and postprocessing, as well as in solution
time. For example, accurately resolving the thin heat generation
film (um-scale) in a power DMOS (few mm?) is limited by the
maximum aspect ratio of FE elements required for an accurate
solution. Complex geometries are therefore normally simplified
based on the very specific problem.

InFig. 1(a), the mesh of a semiconductor device is shown with
one region of interest highlighted. Note how the requirement of
fine meshing in one region requires coarse meshing in adjacent
regions where homogenized material parameters are desirable
and a lower spatial resolution could be possible (both in lat-
eral and vertical direction). Attempts to discretize thin films,
with a fast transition zone, frequently result in unsuitable mul-
tiscale meshes [see Fig. 1(b)].

To analyze the problem efficiently, a very fast transition from
small to coarse element size is necessary. Nonmatching inter-
faces greatly simplify this procedure of including small-scale
fully resolved geometries into the modeled device [see, e.g.,
Fig. 1(c)]. In addition to the greatly simplified meshing effort,
the total mesh size is also reduced, which facilitates pre and
postprocessing, and reduces simulation time.

We have already investigated the Mortar FE method [16]
for coupling subdomains with independent meshes and occa-
sionally found unphysical oscillations on the interface (possibly
caused by an inappropriate intersection mesh). In this study,
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(c)

Fig. 1. Comparison of meshing strategies: (a) a typical model and mesh with
silicon substrate and bond wires (both partially clipped). The mesh is selectively
refined to resolve a region of interest. Due to the transition from fine mesh to
coarse mesh, many degrees of freedom are required with a classical meshing
strategy. (b) a failed attempt to mesh with a fast transition from fine to coarse
element size. (c) a nonmatching discretization with independent subdomain
meshes.

we are using Nitsche-type mortaring to include a finely meshed
structure into a coarse chip model in a strongly coupled electro-
thermal FE simulation. The Nitsche method penalizes differ-
ences in temperature or electric potential on the nonmatching
interface, and ensures the correct heat flux and electric current,
respectively, across the interface, an important property for bidi-
rectionally coupled problems.

This paper is organized as follows: Background and theory of
the electro-thermal FE formulation are outlined in Section I and
details on the implementation of the DMOS and the nonmatch-
ing method are given. In Section III, the framework is applied
to the modeling of a real application: a power DMOS with its
current sensor resolved in detail, serving as an experimentally
accessible test bed. Results of these investigations as well as
experimental comparisons are given in Section IV. Lastly, the
results are summarized and a conclusion is provided.

II. BACKGROUND AND COUPLED FORMULATION
A. Physical Equations

The physical equations of the thermal and electrical behavior
are the heat equation

or

pear (1)

- V-(AWVT) =py
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the charge continuity equation in matter
V. j=V-(7Ve) =0 2)

and their mutual interaction. In (1), p is the density, c the specific
heat capacity, A the thermal conductivity, and 7" the temperature.
Furthermore, py represents the heat generation rate per unit vol-
ume. In (2), fis the current density, 7 is the electric conductivity,
and ¢ is the electric potential. We assume that the displacement
current density ;‘D caused by polarization of bound charges in
the dielectric can be neglected in our application. In addition,
the conductivities A and + may depend on the flux direction
(§=AVT orj = AV ¢, respectively). In this case, a tilde (e.g.,
1) distinguishes between anisotropic tensorial material parame-
ters and scalar material parameters. The coupling of the electric
partial differential equation (PDE) (2) into the heat equation (1)
is given by means of joule heating

— o

pv=FE-j
=(V¢)-(7V9) 3)

where E is the electric field. In turn, the heat equation causes
changes in the temperature distribution 7'(Z) which affects the
electric conductivity (7). Dirichlet boundary conditions (BCs)
for the heat and electrical conduction are used to impose tem-
perature 7' and electric potential ¢ on (parts of) the domain
boundary I'e. Von Neumann BCs may be used to impose heat
flux and electrical current, respectively.

B. Electro-Thermal FE Formulation

Upon discretizing the temporal and the spatial domain, the
resulting algebraic system of the weak form of (1) and (2) [16]
can be expressed in matrix notation

M(In+1) Tn+1 + KT (In+1) T7L+1

K¢ (I7L+1) ?n+1 (5)

where M is the mass matrix, i Tt is the right-hand side load
vector resulting from the power dissipation py (3) and the index
n denotes the time-step counter. K’ and K¢ are the stiffness
matrices for the thermal and electrical problem, and f Smtl is
the right-hand side of the electric problem arising from von
Neumann BCs. In +1> L, 1, and Q_SHH are the algebraic vec-
tors of time derivative of temperature, temperature, and electric
potential defined on the nodes of the mesh, respectively. Time in-
tegration is performed according to the backward Euler scheme
[17]. For further details see [17]-[19]. The solution strategy for
linear material parameters is already detailed in [16].

Both (1) and (2) are nonlinear and can be solved using an
iterative solution scheme. Fig. 2 shows the solution algorithm in
which the iteration counters 7, k, and [ are introduced. k and [ are
incremented at each iteration of solving the nonlinear heat and
electric equation by means of a Fixed-point method. These inner
iterations use an incremental stopping criterion (u = {7, ¢},
respectively) for the new time step n + 1

“

= iT,n+1

= i(f),nJrl

Hﬂerl _

u™ || B
e, <

(6)
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Fig.2. Iterative convergence strategy for the coupled electro-thermal problem
for a single time step n2. The load vector f f,'l i1 of the nonlinear heat equation is

calculated from the power density of the electric conduction. The outer iteration
() ensures the convergence of the coupled problem.

where ||-||2 is the Ly-norm and m = {k, [} the iteration counter.
Furthermore, a residual-based stopping criterion has to be ful-
filled as well

Hf m+1)um+1 Ku( m+1) m+1H ‘
2 21073, (7)

Note that, for u = ¢, we have & = 0. The outer iteration counter
1 is incremented at each coupled iteration, corresponding to the
overall convergence between the electrical and thermal equation.
For each new time step n + 1, the following iterative solution
scheme is performed:
1) Set (;S”H = Q,IZH and iteratively solve the inhomoge-
neous and nonlinear electric conduction problem (5) with
a given temperature T", +1 Note that, initially Ti=0 T =1I,.
For each iteration [, solve

Kd) (—7L+1) ?5:;11 = io n+1° (8)

Upon fulfilling the stopping criteria (6), (7), the distribu-
tion of the electric potential qS“:rl is obtained.

2) Compute the temperature-dependent joule heating term
T n+1 (Qb:lill ) —iL-Fl) uSing (3)
3) Set Tn 1= T 1 and iteratively solve the nonlinear heat
equation ((4), inner k loop)

k‘+1 i
M(T7z+1) n+1 + KT (T71+1)Tf7111 = LT n4+1" (9)

r hy
ha =52
Iy
et
2ol >

Fig. 3. Computational domain € has been decomposed into two indepen-
dently meshed subdomains §2; and Q9. On the subdomain interface I';, the
mismatch in discretization is handled by additional surface integrals.

After reaching convergence (6) and (7), I;Tl is obtained.

4) Check for the convergence of the coupled systems, which
is based on the change of the joule heating term between
two subsequent outer iterations

£ =gl <o), oo
If convergence is achieved, we set
Ty =T and ¢ =7 (D)

otherwise we repeat the steps from 1 to 4.

Direct coupling of (1) and (2) via (3) can be achieved by
using a Newton scheme. We chose to solve the coupled system
sequentially as shown in Fig. 2. This approach is advantageous
in our case since only a small number of iterations is required
until convergence is reached.

C. Nonmatching Grids

The regular FE method has strict requirements on the dis-
cretization of the computational domain €2, i.e., the input mesh.
In two dimensions, adjacent elements must share only one edge
and in three dimensions only one surface. Also, the elements
must retain a good aspect ratio to allow accurate calculation of
the Jacobian determinant. The FE program usually checks their
shape by means of quality criteria.

In our previous work [16], the Mortar FE method [20], [21]
has been utilized as a nonmatching domain decomposition tech-
nique, removing the above limitation on the number of adjacent
elements. The main disadvantage of the Mortar method is the
arising saddle point structure of the resulting linear system of
equations, requiring sophisticated numerical solver packages
[22]. A possibility to circumvent this drawback would be the
use of the dual Lagrange multiplier method [21], [23], which is
however quite demanding concerning the computer implemen-
tation. Therefore, we have investigated Nitsche-type mortaring
[24], a nonmatching domain decomposition FE method. In con-
trast to the Mortar method, neither the resulting linear system
is changed, nor new unknowns are introduced (e.g., Lagrange
multipliers). Nitsche’s approach works by adding additional,
symmetrizing surface integrals on I'y, and a penalty term to the
weak formulation. Fig. 3 displays two independently meshed
subdomains (£21, €9) joined at a nonmatching interface I';.
Here, we demonstrate this method for the time-independent
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Poisson problem with scalar unknown u, in the computational
domain Q = )y U )y

—VE(@)Vu=f inQ

onI' = 99. (12)

In (12), k is the possibly nonlinear material parameter. For sim-
plicity, k1 and k- are assumed to be constant in each subdomain
€ and €2y, but this is by no means a restriction. The weak form
for subdomain 7 reads

u=20

Du,
/ kini . V’U,qj dQ — ]{/‘i’wiizf dl' = / ’U)sz dQ
o, r, on; o,
(13)
where 77 = 7i; = —1ls is the unit normal vector pointing from

Q1 to €9, as shown in Fig. 3 and w is a suitable basis func-
tion. After summing over ¢ = {1, 2}, performing symmetriza-
tion and adding a penalty term which ensures that the value
of the unknown u is equal on the interface, we arrive at a cou-
pled formulation (see [17] and references therein)

8u1 8w1
+@/mmwzz/wmm. (14)
Iy i Q;

In (14), the jump operator [u] := u; — us has been introduced.
Furthermore, k := (k; + k2)/2 and (3 is the mesh-dependent
penalty factor. To remove the mesh dependency, we choose
By = 20 and used the following relation for a robust method:

max(p1, p2)*
min(hy, hg)

where h; and p; are element size and order of the basis function
on either side of the interface (see Fig. 3).
After discretization, the resulting system matrix is

B = fo s5)

indep. subdomains
Kin 0 Ky r,
+
0 Ky Kr,r,
where K, r; arises from the surface integrals in (14).
In addition to the thermal and electrical problems we are
discussing in this study, Nitsche-type mortaring has been also

applied to fluid-structure interaction [24] and contact mechanics
[25].

coupling & penalty

Krr, w\ ([,
KF2F2 Uy ; iQ

(16)

D. DMOS Electro-Thermal Modeling
The temperature dependent DMOS transconductance is
Ip = f(Vas, Vos, T)

where Ip is the drain current, Vg is the gate—source voltage,
and Vpg is the drain—source voltage. For a DMOS operating in
the saturation region [26], i.e., Vps > Vigs — Vin > 0

a7

w
mzmwmq4%—wmﬂ (18)

L
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In (18), channel width W, channel length L, and device spe-
cific technology parameters such as oxide specific capacity Cyy,
temperature-dependent electron mobility /i, (T"), and threshold
voltage Vi, (T') are given. The temperature induced change in the
drain current I in (18) is given by the dependency of p,, (') and
Vin(T'). Typically, a stable and unstable regime exist, separated
by the temperature compensation point (TCP) Vgs = Viep > Vi
[27]. The unstable regime is characterized by the positive feed-
back of heat on the drain current (0Ip /0T > 0). Note that
temporary operation in the unstable region can never be avoided
when switching OFF the device. In the case of inductive loads,
the demagnetization times may result in substantially long op-
eration below the TCP.

Because of the large active area of a power DMOS, the spatial
inhomogeneity of temperature may be significant. As a result,
the operation of a power DMOS below the TCP will cause
current crowding in temperature hot spots. In this case, the
active area can be laterally decomposed into a sufficient amount
of cells for which the model in (17) is still approximately valid
by using I}, = f(V{is, Viis, T}) for each cell i.

E. Implementation of the DMOS Model in the FE Formulation

In the FE formulation, the I, (Vgs, Vs, T') characteristic of
the DMOS is modeled by the electrical conductivity v of the
transistor region

Y(,T) =~v(Vgs, Vs, T) (19)
Vas = oa — ¢s (20)
Vbs = ¢p — ¢s. (21)

This is a nontypical nonlinearity, because v depends on the
difference of the electrical potential ¢. A material law for a
temperature dependent tripole is required, which is not typically
implemented in FE programs (usually, (¢, T) is available).

In the work of de Filippis et al. [28], this problem has been
addressed by performing a preliminary, nonlinear electrical it-
eration with nonuniform temperature distribution 7'(¢,,_1, %),
to set the channel conductivity v(Vgs, Vps). Subsequently, the
coupled electro-thermal system is solved with this value of ~.
See also [29] for details on ensuring the correct power dissipa-
tion and convergence criteria.

In our approach, no preliminary step is required due to the
full access to the FE research code of [22], in which the cus-
tom, temperature-dependent tripole has been implemented as a
new material law. Thus, temperature and electric potential dis-
tribution are more finely resolved (down to Gauss integration
points) and efficient coupling of the PDEs is possible. The di-
rectional dependency of the current flow in a vertical DMOS is
accounted for by means of an anisotropic tensorial conductivity
¥(Vss, Vos, T).

The main advantage of our approach and [28] is the incor-
poration of the spatial inhomogeneity of the electric potential
(debiasing) and the temperature field (see also [30]). The DMOS
model used in this study was generated from TCAD simulations
and provided as an Ip = f(Vgs, Vbs, T') lookup table.
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Fig.4. Schematic cross-section of the modeled structure (not to scale). Die at-
tach and leadframe must be included in the model given the time duration of
the power pulse. Due to its low thermal conductivity and capacity and the short
time scales (< 2 ms), packaging impact is negligible.
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Fig.5. Equivalent circuit and measurement schematics of the device. The sen-
sor and the main DMOS form an unbalanced current mirror with high area ratio
kgeo > 1. Due to the size of the larger DMOS’, temperature and source voltage
may exhibit significant spatial inhomogeneity (indicated by angle brackets (-)).
Rg and Rjy are internal parasitic resistances. The Zener diode V; and Rz are
required for clamped measurements.

III. MODEL DEVELOPMENT

For validation purposes, we chose to test the new methodol-
ogy by means of a trench power DMOS [1] with an integrated
current sensor. The availability of the sensor allows us to:

1) Perform a proof-of-concept of an experimentally accessi-

ble bidirectionally coupled electro-thermal problem.

2) Validate the electrical and thermal performance of the

nonmatching interface.

A. Test Device Description and Modeling Approach

The device is a typical low-voltage power device consisting
of several thousand parallel elementary cells encapsulated in a
plastic package with exposed lead frame (drain) in Fig. 4. The
exposed lead frame of the vertical device and the short oper-
ating times result in negligible impact of modeling the plastic
package or not. The sensor current is accessible through an extra
pin on the package. Fig. 5 shows the equivalent circuit of the
device under test. In our case, the current mirror is intentionally

0.1
F)
)
>
0.05
NM
i i  interface
0 0.4 0.45 0.5 0.55 0.6
2 [mm]
(a)
to bonds T
:
=
=
!
[
NM interface
0.44 046 048 0.5 0.52 0.54 0.56
x [mm]
(b)
Fig.6. Example of a nonmatching interface of a hypothetical sensor geometry.

(a) top view on the active area (A-A view) (b) cross section with material stack
on the substrate top side at the B-B slice. The z-axis has been rescaled to
facilitate visualization.

unbalanced via a shunt resistor Ry}, - Normally, these parallel
transistors are operated in balanced mode, i.e., an operational
amplifier ensures that M ~ ¢¥™°. We choose a bare device
to control the degree of debiasing with the shunt resistor Rgyynt,
which also allows us to measure the sensor current Jgepge.

In Fig. 6(a), a top view of the nonmatching interface sep-
arating the coarse, homogenized model from the finely re-
solved, hypothetical sensor geometry is shown, and in Fig. 6(b),
the cross-section is given with mesh omitted for clarity. The
true sensor looks similar and is functionally equivalent. In the
coarse model, anisotropic homogenized material parameters
are used for the inter layer dielectric (ILD) and the active DMOS
layer. The material properties are identical to the ones given in
an earlier publication [16]. The DMOS layer is approximated
by a single layer of elements with thermal properties like the
epitaxial silicon layer. However, due to its small z-extension
with only one element and the fact that the heat generation takes
place in this region, the thermal properties are not playing a sig-
nificant role. The electrical conductivity is only nonzero for the
z-direction to account for vertical current flow. This allows us
to model the current distribution in the DMOS plane more ac-
curately in the case of spatially inhomogeneous drain or source
potentials. The value of the z-conductivity . (Vss, Vbs, T) is
setin every iteration of the electric PDE according to the scheme
outlined in Section II-E.
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The resistors Rj, and Ry (see Fig. 5) are modeled as
volumes in the FE simulation [see extrusions in Fig. 1(c)].

B. FE Simulation and BCs

The main uncertainties lie in the approximation of the model,
its BCs and the selected material parameters. In particular,
the thermal and electrical nonlinearities in the silicon epitaxial
and silicon substrate layers are challenging to address. We
use the previously validated material model for the silicon
substrate (nonlinear) and homogenized intermetal-dielectric
(anisotropic) as in our earlier work [16]. The DMOS model
from TCAD has previously been validated over a broad range
of operating conditions by means of a finite volume simulation
and experiments [13].

1) Thermal BCs: Accurate modeling of the thermal BCs is
important in order to obtain the correct power distribution in
the active area of the device, given the strong electro-thermal
interaction. Due to the presence of the time derivative in the PDE
(1), element size and temporal step size are connected. When
using small time steps, elements in the thermal mesh must be
sufficiently small to prevent unphysical results. Furthermore, the
thermal mass of the layers below the substrate (e.g., leadframe,
PCB, etc.) must be included depending on the length of the
analysis. The longer the time duration of the power pulse, the
more layers need to be included in the model. We deal with
pulses in the range of milliseconds and heuristically found that
including die-attach and lead-frame volumes correctly captures
the heat propagation in the structure. We use approximately
25 x 10 and 5 x 10? linear volume elements for the macro and
micro model, respectively. Only one corner at the bottom of the
leadframe is kept at fixed ambient temperature T, = 25 °C,
for numerical reasons (see Fig. 4). The entire model is set to
ambient temperature as initial condition.

2) Electrical BCs: In the model (cf., Fig. 4), the measured
drain—source voltage Vpg is applied between substrate and bond
wires (ground). The voltage drop across the highly doped sub-
strate is neglected. On the source side, however, high currents
will lead to debiasing, causing a spatial inhomogeneity in Vg
and Vpgs and, hence, a laterally inhomogeneous operating point
for each integration point [30]. This is taken into account in our
method. The gate voltage Vs is read from a table of measure-
ment data. The additional layers below the substrate, required
for correctly modeling the heat propagation, have no influence
on the electrical behavior of the device. Therefore, the electrical
problem does not have to be solved in these regions, consider-
ably improving solution speed.

IV. RESULTS AND DISCUSSIONS

The primary results of the coupled simulations are the elec-
tric potential ¢(Z, t) and temperature field 7'(Z, t). From these,
subsequent results such as electrical current density, power dis-
sipation or thermal fluxes can be obtained.

A. Electro-Thermal Model Validation

At first, the DMOS model in the FE simulation (Section II-E)
and the model assumptions (Section III) have to be validated. To
this end, experimental data are required in order to compare pre-
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Fig. 7. Comparison of measured versus simulated results. The simulation is

forced to match the measured current ;Xp within a defined tolerance, to ensure
the correct power dissipation. The simulation is then validated by comparison
the output of the gate—source voltages Vgs.
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Fig. 8. Comparison of measured versus simulated results for a destruction

pulse. Device variation in the destruction current is indicated by the dashed
lines (measurement of three other samples). Operation below the TCP causes
current crowding and melt-up in the hot spot (cf., Fig. 9).

dictions of the simulation to transient electrical measurements.
Furthermore, the destruction of a device in thermal run-away
occurs at a well-known temperature 7rynaway. Therefore, for a
given pulse, agreement in destruction time and melt-up loca-
tion are ideal validation instruments. The measurement setup of
the active Zener-clamped device is shown in Fig. 5. Experiments
are performed at room temperature (25 °C). Current pulses are
supplied to the device using an external programmable current
source, set to operate the devices below the TCP. Under this
load, device failure is expected due to thermal run away in the
hottest region of the active area [27].

A comparison of measured and simulated results is shown in
Fig. 7. The simultaneous agreement of Vg and Ip is a very
good indication that both the DMOS model (¢, T) as well
as the temperature field in the device are simulated with suffi-
cient accuracy. The high temperature rise in the device for this
pulse of AThax =~ 400 °C and resulting strong electro-thermal
interaction indicate the validity of material models and model
approximations. No fitting parameters are required to obtain this
result. A set of destruction current pulses is shown in Fig. 8. Due
to manufacturing process tolerances (e.g., layer thicknesses),
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Fig. 9. Operation below the TCP at ¢ty = 1.15 ms for the destruction pulse:
The maxima of the electric current density (a) and temperature distribution
(b) of the active region coincide, shortly before run away. The nailhead positions
are indicated by dashed circles. In (c), the location of the melt-up is visible in
an contrast enhanced X-ray tomogramm by a bright crater (circled) close to the
predicted failure site (b).

destruction energies follow a probability distribution, visualized
in Fig. 8 with four destruction events.

The current-crowding phenomenon and hot-spot formation
can be observed by looking at the temporal evolution of the
current density and the temperature field in the active region of
the DMOS. Fig. 9 shows the simulated spatial inhomogeneity
of jp (Z) and T(¥) shortly before run-away occurs. As seen in
Fig. 9(a), the current density is highest in the hottest region. The
temperature distribution in Fig. 9(b) shows the cooling effect of
the nailheads and bond wires, causing the hot spot to develop
in the left section of the active region. In Fig. 9(c), an X-ray
tomograph of the device shows the melt-up location, which
confirms the predicted failure location of the simulation. We,
therefore, have gained confidence in the adequacy of the electro-
thermal coupling scheme and the transistor model applied in this
study.

B. Sensor Current and Current Ratio

With the new methodology we have the opportunity to an-
alyze the sensor operating at different biasing conditions and
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Fig. 10.  Top: The shuntresistor (Rgyune = 33 €2) reduces the local gate—source
voltage at the sensor DMOS cells. Middle: The temperature in the sensor center
is overestimated in the global model due to an insufficiently resolved sensor ge-
ometry. Bottom: Comparison of a Spice-like simulation (unidirectional thermo-
electric coupling in the sensor DMOS) and the fully coupled model with the
sensor resolved. The imposed, higher temperature causes an 11% higher sensor
current.

check the performance of the coupled, nonlinear simulation in-
cluding the nonmatching grid. In this setup, the sensor current
Iense enters the micro model through the nonmatching interface
on the drain side [cf., Fig. 6(b)]. Due to the debiasing of the
sensor by means of Rgyyn, We expect Ignse to decrease with
increasing Rgnun. However, quantifying the decrease is difficult
because of the electro-thermal interaction. A lower sensor cur-
rent reduces the local heat generation which in turn shifts the
sensor’s operating point, again affecting Iepse. The sensor is
thermally fully connected to the device by means of the non-
matching interfaces surrounding it, permitting heat exchange.
The topology of the sensor further increases the difficulty in
forecasting its local temperature. On one hand, its thermal insu-
lation from the large heat capacity on top [cf., Fig. 6(b)] could
cause elevated temperatures for high power dissipation and short
time scales (see [16]). On the other hand, with its positioning
close to the boundary of the DMOS, the cooling effect may
dominate. Since Isnse Strongly depends on the temperature, it
can be used to validate its correct thermal evolution. Initially,
the simulated current was lower than the measured value, in-
dependent on Rypyy, which can be mitigated by increasing the
conductivity of the sensor cells by 30%. Tests have been per-
formed to exclude the nonmatching interface as the source of
this mismatch. Neither jumps in electric potential or tempera-
ture on the interface nor discontinuities in the electrical current
or heat flux were observed. Since the value is independent on
Rghune > process-induced differences in the electrical character-
istics of the sensor region with respect to the DMOS or parasitic
resistances may be responsible for this discrepancy. The increase
in the conductivity is the only fitting parameter in our model.
In Fig. 10, the debiasing of the sensor DMOS is visualized
during a rectangular current pulse with R, = 33 2. The neg-
ative offset in the gate—source voltage causes proportionally less
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current ratio for three different values of the shunt resistor Rgpyn. Top: Total
current; Middle: Max/Min temperature of the DMOS and the sensor; Bottom:
Sensor current ratio in real operation and simulated isothermal case (dashed
line).

current in the sensor. The decrease in both gate—source voltages
is caused by operating the device below the TCP: As the device
heats up by more than 300K, a lower Vs is required to sus-
tain the constant current [27]. For comparison, we also include
the case of the global model, i.e., the model from the previous
section, which neither features the nonconforming mesh nor the
sensor debiasing (filled circles in the middle plot of Fig. 10).
The overestimation of the temperature originates both from effi-
cient cooling of the sensor DMOS by the metal one wire present
in the test device and the debiased sensor DMOS with reduced
heat generation. The effect of the temperature overestimation
on Igense 18 also shown in Fig. 10 (bottom), in which we turned
OFF self-heating in the sensor DMOS and set its temperature to
that obtained from global model (unidirectional thermo-electric
coupling). The reciprocal action of the decreased temperature on
the bias point of the sensor transistor is therefore ignored. This
situation resembles a Spice-like simulation fed by the tempera-
ture distribution of a global coupled electro-thermal simulation
(e.g., finite volume). Due to the operation close to the threshold
voltage, this small temperature mismatch causes an overestima-
tion of the sensor current. This exemplifies situations in which
one needs to include a fully coupled model because conven-
tional approximation techniques are limiting the accuracy of the
result.

The decrease in the sensor current g,s. With time in Fig. 10
is caused by the placement of the sensor. As shown in Fig. 9(b),
the sensor is located close to the DMOS boundary, away
from the temperature hot spot. Due to the operation below the
TCP, the current-crowding effect causes increasing temperature
difference between the DMOS hot spot and the sensor temper-
ature (middle plot in Fig. 11). As the temperature difference
widens, the current ratio shifts in favor of the main DMOS,
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Fig. 12.  The temperature maxima of the main DMOS and the debiased sensor

(Rshunt = 33 Q2) are superimposed as paths on the transistor transconductance
for the 500 ps pulse shown in Figs. 10 and 11. The divergence of the two paths
indicates the shift of the main DMOS towards run-away and higher conductance.

resulting in a lower current in the sensor branch. This shift
can be observed for all three values of Rgyn, as shown by
means of the current ratio k = Ip /Isense in Fig. 11. By com-
parison, the hypothetical case of isothermal operation (i.e., no

self-heating, T' L Tamp = 25 °C), the current ratio k£ remains
constant in time (dashed line in Fig. 11, bottom). The match in
k and its temporal evolution for three different operating points
are a good confirmation of the electrical and thermal perfor-
mance of the nonmatching grid. In Fig. 12, the change in current
ratio is visualized on top of the transistor transconductance map,
where the paths describe how the bias points move as a function
of time. The sensor path runs parallel to the contour lines of the
transconductance, therefore its conductivity does not change.
The path of the main DMOS, however, diverges into a region of
higher conductance (towards run-away). Since the total current
is fixed in the setup, the measured sensor current must decrease.

V. CONCLUSION

We have utilized advanced FE methodologies to resolve a
small, feature rich region inside a larger power DMOS and
allowed these regions to interact in a coupled electro-thermal
simulation. The novel aspects of the approach are 1) the effective
inclusion of a TCAD transistor model in the FE program as
a special nonlinear region and 2) the detailed resolution of a
pm-sized structure in the large power DMOS by means of the
Nitsche nonmatching grid technique. Good agreement is found
for the experimentally accessible test bed in a critical power
transistor operation regime (self-heating below the TCP). The
Nitsche-type mortaring technique for coupling independently
meshed subdomains at nonmatching interfaces has proved to
be very robust in this highly nonlinear setting, even for large
jumps in the material parameter (e.g., Ay = 10! for oxide-
metal interfaces).

After the validation of the global model in Section IV-A, we
showed an example of a fully coupled electro-thermal analysis
with an integrated current sensor resolved. In this case, tradi-
tional approximations result in an overestimation of simulated
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sensor current. Our methodology on the other hand, is capable of
accurately representing very local temperature inhomogeneities
or debiasing effects on a small scale in a fully coupled setting.
Availability of tools to approach this set of problems also allows
us to investigate the location or topology of the sensor, answer-
ing questions arising in device/technology design and design
optimization. We plan to combine our shape and optimization
capabilities (see, e.g., [31]) with the presented numerical simu-
lation scheme for device structure optimization. Subsequent me-
chanical simulations, in which device degradation (e.g., metal
fatigue) requires highly resolved temperature data, are a case in
point. Thermally induced strain is a major concern, particularly
for sensible regions like sensing regions.
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