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for Power Electronics
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Abstract—A fast and accurate three-dimensional thermal mod-
eling methodology based on discrete Green’s function (DGF) is
investigated innovatively for power electronics. Due to the demand
of high robustness of power electronic systems, power devices re-
quire a fast and accurate thermal prediction or monitoring method.
DGF is presented as a promising temperature prediction method,
especially when facing new challenges in the complex chip packag-
ing of power devices or the multichip layout of power modules.
A detailed simulation algorithm is developed, and comparative
simulations is conducted, demonstrating that the DGF method
reduces computation time by more than 78 % compared to the finite
element method (FEM), with the same accuracy. In a double chip
simulation, the result of DGF method closely matches the FEM’s,
demonstrating its superior accuracy in dealing with thermal cou-
pling effects compared to traditional thermal network. Finally, an
infrared thermography experiment is designed, validating the high
accuracy, which indicated by the R-squared value that is over
0.98 between the results of the DGF method and experimental
observations.

Index Terms—Discrete green’s function, heat conduction, power
devices, silicon carbide, thermal model.

I. INTRODUCTION

N RECENT years, advanced power electronics have wit-
Inessed their unique role in various fields such as power
transmission, electric vehicles, and renewable energy, which has
driven the industry to focus more on the reliability of power
electronic components. In some certain applications, such as
aircraft, hybrid vehicles, space exploration and gas extraction,
power electronic components are likely to operate under harsh
conditions with temperatures exceeding 150 °C [1]. Most engi-
neers regard power devices as the weakest component in power
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electronic systems, and temperature is widely recognized as the
primary indicator of system deterioration [2].

As semiconductor technology advances, the dissipation of
heat in power semiconductor devices increases. The inability
to effectively dissipate heat leads to issues like bond wire
failures and thermal runaway [3], [4], thus rendering thermal
management a critical concern in electronics manufacturing
[5]. Despite the high thermal conductivity of some wide band
gap semiconductor like SiC, their lower ON-state resistance and
higher breakdown voltage often result in smaller chip areas
and shorter drift regions compared to silicon. This reduction
in chip size contributes to a decreased thermal capacity and
significantly compromises its short-circuit tolerance [6], [7].
Moreover, power devices are frequently employed in multipar-
allel circuits, where thermal coupling issues arising from chip
layout contribute to challenges in predicting device temperature
parameters and heat dissipation behaviors [8], [9].

Consequently, for high power density advanced semiconduc-
tor devices, a precise temperature monitoring method is im-
perative. The most commonly used thermal modeling methods
currently include thermal network and finite element method
(FEM). Compared to thermal networks, FEM, as a three-
dimensional (3-D) model, preserves the geometric details of
the module structure. This provides FEM with a natural ad-
vantage in solving thermal coupling problems, as it can capture
the field interactions among multiple heat sources using 3-D
partial differential equations. Another advantage of FEM as a
3-D model is its ability to monitor the temperature distribution
within a single chip, which is crucial for reliability monitoring in
certain applications. In the study by Zhao et al. [10], they devel-
oped a coupled field-circuit model and used FEM to calculate
the temperature distribution of a SiC MOSFET chip, observing
large chip-level temperature difference under surge condition.
While FEM simulations yield the most accurate results, the
computational time for these simulations is excessive [11]. As a
result, FEM is not suitable for real-time thermal monitoring or
deployment in other simulation processes.

The thermal network is a compact model that simplifies the
heat transfer path from the chip to the package exterior into
a network consisting of thermal resistances (Rth) and thermal
capacitances (Cth). Due to their simplicity in topology and
computational efficiency, these methods are widely employed.
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However, thermal network models face challenges in addressing
thermal coupling, prompting the development of 3-D thermal
resistance network models. Bahman et al. [12], [13] developed a
3-D Foster thermal resistance network for insulated gate bipolar
transistor (IGBT) modules. This model extracts coupled Foster
thermal impedances using FEM, enabling accurate and fast
temperature estimation under thermal coupling conditions. K.
Gorecki and P. Gérecki [14], [15] proposed a nonlinear Cauer
thermal model for IGBT and antiparallel diode systems. Their
model constructs multibranch network topologies for heat paths,
representing the final temperature response as the sum of inter-
nal thermal responses, mutual thermal coupling responses, and
dissipation to the external environment.

While such high-dimensional models provide precise char-
acterization of thermal coupling in multichip systems, the ex-
traction of thermal coupling impedance parameters remains a
challenge. Heng et al. [16] introduced a 3-D coupled Cauer
model for power modules based on heat flux. Wang et al.
[17] proposed a method to obtain continuous thermal spectrum
through deconvolution based on structural functions. These ad-
vancements enhance the physical interpretability of 3-D thermal
networks and reduce modeling costs to some extent. Moreover,
exploring the ability to represent temperature distribution within
chips is another direction for networks. In [16] and [18], multi-
ple temperature points within chips were introduced, achieving
coupled multibranch thermal networks for chip-level modeling.
Nevertheless, whether modeling multichip thermal coupling
or chip-level multipoint coupling, the inevitable increase in
branches and RC parameters can reduce the flexibility of these
models.

Finite difference method (FDM) is another approach, which
has high-dimensional capability. Unlike FEM, FDM discretizes
the continuous 3-D body into multiple small volume element
port networks [19], [20]. Each small volume element contains
all thermal components, such as thermal resistance, heat sources,
and thermal capacitance. The heat conduction behavior between
adjacent volume elements is restricted by energy balance. How-
ever, similar to FEM, the drawback of FDM lies in the significant
computational time required for 3-D operations [13].

The Green’s function method is an analytical approach, and
its temperature calculation results are based on the solution
of already solved boundary problems, leading to a significant
reduction in computation time. Zhan and Sapatnekar [21], using
Green’s functions, established an ON-chip distributed multiheat
source temperature analysis model for multilayer substrate struc-
tures. They accelerated the calculation using discrete cosine
transform, significantly improving the algorithm’s efficiency by
several orders of magnitude. Maggioni et al. [22] and Sodan
et al. [23], [24] employed a convolution-based Green’s function
temperature response calculation method. Based on convolution,
this method directly establishes a responsive mapping from the
power map to the temperature distribution, making it highly
suitable for real-time chip temperature monitoring due to its
efficiency and convenience.

Even though Green’s function methods provide fast and sim-
ple solutions, the fundamental challenge lies in the difficulty
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of obtaining the Green’s function for a given system [25].
A promising approach is to combine the advantages of FDM
and Green’s function methods, meaning to use the numerical
calculation method of FDM to obtain Green’s functions that are
challenging to solve analytically. The result of this idea is the
discrete Green’s function (DGF). DGF stem from spectral graph
theory [26]. It is a matrix obtained by discretizing the Laplace
operator in the heat conduction equation and applying the theory
of Green’s functions. The DGF method has been applied in
thermal models in some nonelectronic fields. In the work of
Cole et al. [27], [28], they used the DGF method to simulate the
thermal effects in additive manufacturing processes, obtaining
results that match experimental observations.

Building upon the foundation laid by the aforementioned
research, this article proposes a new thermal model based on
DGF suitable for power electronics. The following highlights
about the proposed DGF method is presented.

1) A pseudo-Laplacian matrix originated from the Laplacian
matrix in the DGF method is introduced, enabling DGF to
be applied to the multilayer complex packaging structures
of power electronic devices and modules. The matrix
incorporates all geometric details of the 3-D structure.

2) A fast algorithm for computing the power-to-temperature
response based on DGF is developed. This algorithm is
validated through FEM simulations, demonstrating the
high accuracy and speed of the DGF method, as well as
its ability to characterize nonuniform temperature distri-
butions on the chip.

3) By employing real physical parameters for modeling, the
DGF method exhibits advantages over thermal network
methods in addressing thermal coupling problems. It is
entirely independent of FEM for model development and
requires minimal parameter extraction during experimen-
tal validation.

The rest of this article is organized as follows. Section II
specifies the principles of DGF. The construction method of
pseudo-Laplacian matrix and the simulation algorithm is also in-
troduced in this section. Section III conducts several simulations
on virtual structures. These simulations are supposed to verify
the accuracy and speed of DGF method. Comparisons among
methods of DGF, FEM, and Thermal Network are also carried
out and the thermal coupling effect is addressed. Section IV
carries out an infrared thermography experiment for validation
purpose. The high consistency between the proposed model and
the experiment result foreshadows a promising application for
power electronics. Finally, Section V concludes this article.

II. MODELING AND ALGORITHM OF DGF

The DGF method follows the idea of Green’s Function. In
this section, the theory and principles of DGF will be illus-
trated. Section II-A reviews the DGF theory in heat conduction.
Section III-B provides the approaches to construct pseudo-
Laplacian matrices, which fundamentally established the DGF
based thermal model for power devices. Section III-C illustrated
the simulation algorithm.
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A. Reviews of DGF

The method of DGF conforms the principles of the original
Green’s Function method in partial differential equation, which
obtains the solution by summing the responses of all effects.

The considered heat conduction equation takes the form of a
partial differential equation as follows:

oT (r,t) q(rt)
ot c-p
where D represents the thermal diffusivity, c is the specific heat
capacity, and p is the mass density. 7" denotes the temperature
distribution in time and space, and q is the heat generation term.
In addition to (1) describing heat conduction behavior, boundary
conditions (BC) and initial conditions (IC) in the form of (2) and
(3) are necessary to obtain the temperature distribution at any
given time point in space
oT

BC: k% + hT = p; (ri,t) (on Boundry i) (2)

IC: T'(r,t) |,_o=1To (r). 3)

_ DAT (rt) = (1)

For the boundary conditions (2), k represents the thermal
conductivity within the domain, and h; represents the heat
transfer coefficient at the boundary.

The Green’s function method involves solving the corre-
sponding Green’s function problems (4)—(6) to obtain the respec-
tive Green’s functions. Subsequently, the temperature response
is obtained by taking the inner product of the Green’s function
with specific effect terms

(5-08)6@trn = s0-rt-n) @

ot
BC: kgG + h;G = 0 (on Boundry 7) Q)
T
IC: G(r,t;r',7) |, = 0. (6)

Once the Green'’s function is solved, substituting each of these
solutions into (7) allows for the calculation of the corresponding
temperature responses [29]

T(r,t) =T; (r,t)+Ty(r,t)+ Ty (r,t)

Ti (rt) = [y Gl,—-To (') dr'

T, (r,t) = ﬁ foth Jy G-q(r',7)dr’ O
Ty (r,t) = 55 i Jydr Js G- i (ri,7) dr”’

where Tj, T, and T}, represent the temperature response of IC,
heat generation, and BC, respectively.

However, such Green’s functions face the challenge of trunca-
tion errors, and their series form undoubtedly adds a significant
computational budget. Moreover, analytic Green’s functions can
hardly be obtained for multilayered thermal conduction systems.
In response to such challenges, DGF was proposed.

DGF method discretizes the spatial heat conduction system
into undirected graph based on spectral graph theory. The spatial
discretization leads to the discretization of the Laplace operator.
Let T represent a column vector of temperature defined on all
n nodes in the undirected graph, then the discretized Laplace
operator can be transformed into a Laplacian matrix L. When L
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is multiplied by 7', it yields an n-dimensional column vector, as
expressed in

LT = vector TiZwij — ZwijTj,i =1,2,...,n
J#Fi J#i

(®)

In (8), the elements of the column vector are the discretized

form of second derivatives at each node. In spectral graph theory,

Laplacian matrix L can be represented by adjacency matrix A

and degree matrix D. They are defined as in (9) and (10) and the
Laplace matrix can be obtained through (11)

0 1w Wiy
A= |wn 0 )
Wn—-1n
Wn1 Wn n-1 0

D (10)

diag Zwijvi =1,2,....n
JF#i
D — A.

L = (1)

By substituting the Laplace matrix into the heat conduction
equation, the focused heat conduction equation transforms into
a matrix differential (12). The solution to (12) is given by
(13), which is a solution with a matrix exponential, where T’
represents the column vector composed of the initial temperature
conditions

oT
& = LT (12)
T (t) =exp(—Lt) Ty. (13)

Comparing (13) with the IC response by Green’s functions in
(7), the expression (14) for DGFs can be obtained [28]. Here, ¢
and A represent the eigenvector matrix and the diagonal matrix
of eigenvalues of L, respectively, as follows:

DGF (t;7) = ¢exp (—A(t—1)) ¢ *. (14)

Now, the DGF has an explicit solution. By substituting (14)
into the (7) in discretized form, the corresponding temperature
response can be obtained.

However, the construction of the DGF mentioned above has
not addressed two issues. One is how to determine the weight
values w;; in the Laplace matrix (8), and the other is how to
determine the DGF under different boundary conditions repre-
sented by (2). These two issues will be addressed in the following
section.

B. Pseudo-Laplacian Matrix Construction

Although the establishment of DGFs in the previous section
may not seem to address the issue of multilayered structures, it
can be adapted by making certain modifications to the Laplace
matrix. Before discussing that, let’s focus on the finite difference
form of heat conduction, i.e., energy balance, to determine
the weights of the Laplace matrix. Fig. 1 illustrates a simple
example of heat conduction in a four-node undirected graph.
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dx; dx; dx;
s - -
i
dy;
il . dv; .
T\ ji Wi J2 '/
o
Boundary Heat|
dyiz l/ Convection
%)
Heterogeneous
layers edge
Fig. 1. Heat conduction in a four nodes undirected graph under differential

form.

It consists of a heterogeneous multilayer structure composed
of two materials denoted by ¢ and j,using h to represent the
heat transfer coefficient. Additionally, it includes an external
convective heat transfer boundary. The divided volume elements
of two materials have different lengths in orthogonal directions,
denoted horizontally by dx; and dx;, and vertically by dy; and
dy;. This example almost covers all scenarios of heat exchange
between nodes when discretizing spatial points based on the
cartesian grid.

The heat conduction behavior conforms to two laws: Fourier’s
Law and Newton’s Law of Cooling, expressed by (15) and (16),
respectively, where () represents heat and A. represents the
contact area. Fourier’s Law can describe the heat conduction
behavior between different spatial points within the same mate-
rial, while Newton’s Law of Cooling represents the heat transfer
behavior between two different materials. Based on these two
laws, the energy balance equations for each node in Fig. 1 can
be discretized

Fourier’s law : Q = — AkVT
Newton’s law of cooling : @Q = A.h (To —T1)

15)
(16)

Energy balance requires that the rate of heat storage at each
node is equal to the rate of heat inflow minus the rate of heat
outflow. For the energy balance at nodes ¢; and j1, the following
equations are satisfied:

0T Tio — T
Piciwd%d Yi1 = kiwdﬂfi + h (T — Ti) dya
(17)
oT;
PjCjTZldffjdyj
Tio—T,
=k; T2 =Tp) jzx. jl)dyj‘Fh(Tz‘ —Tj1) dya+h (Tiz — Tj1) dyia.
j

(18)

For the energy balance at jo, (19) is satisfied. Note that the
last term on the right side of (19) represents heat exchange at
the boundary, which is the discretized form of the boundary
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Fig. 2. Matrix block structure of the adjacency matrix of a bilayer structure.

condition for Green’s functions (5)
(Tj — Tjs)

0T
piCj 78; dzjdy; =k I
J

dyj - hboundaryTdeyj'
(19)
By comparing (17), (18), and (19) with (8) and (12), the
following weight values can be obtained:

D, D,
Wili2 = Wi2i1 = a2 ; Witj2 = Wigj1 = dfzJQ (20)
i J
dy;1 h h
= : g = — 21
BTy ey’ T picadas .

An adjacency matrix in block matrix manner may be helpful to
understand how these weight values are arranged, as it is showed
in Fig. 2. The Laplacian matrix, established based on the heat
conduction equation, is referred to as a pseudo-Laplacian matrix.

Equations (20) and (21) can be written as (22) that relates
the weights to the thermal network. Here, Rth;; represents the
thermal resistance between nodes 7 and j, and Cth; represents
the heat capacity at node ¢

1

"9 = Rth,;Cth;” @2)
Equation (19) also includes a boundary convective term. This
term does not have the same form of (8), so it does not affect the
adjacency matrix A but is directly added to the degree matrix
D. Let E; represents the boundary condition-added weight for a
node ¢ located on the boundary. Its expression is given by (23),
where dz; is the width of the discrete volume element at node ¢
in the direction perpendicular to the boundary

hboundary

By = [tboundary
Yo da

(23)
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Ultimately, the elements L;; of the pseudo-Laplace matrix
have the following form:

1 . . .
— b, oy b = j, adjacent
1

k#i b Cth, T Ei,i=
0, Otherwise.

Lij= (24)

C. Applied Algorithm for Simulation

Once the pseudo-Laplacian matrix from (24) is constructed,
performing its eigenvalue decomposition to obtain the eigen-
vector matrix ¢ and the diagonal matrix of eigenvalues A, then
substituting them into (14) yields the DGF for the thermal
conduction system. In the discrete case, the IC response 7; and
the heat generation response 7} in (7) becomes

= DGF (;0) T, (25)

¢
/ DGF (t;7) g (1) dr (26)
0

where g is a column vector related to internal heat generation,
defined as

g = vector{ ai L= 27)

Cipi

The bolded symbols Ty, T';, and Ty represent column vectors
of spatial discretized temperature distribution. For systems with
non-constant boundary conditions, the boundary response T’y
has the same form as (26), considering g to be nonzero only at
the boundary.

Using (25) and (26), the temperature responses at any given
time under specific power dissipation can be computed by
solving the time integral. When the power dissipation value is
time-dependent, linear interpolation can be performed between
discrete sampled power dissipation points before segmenting
the integral. Assuming at ¢,, and ¢,, 41, tWo consecutive sampled
power dissipation points, within a time interval ¢g, are denoted
as g,, and g,, , ;. After linear interpolation, the heat generation
response T'g within this sampling interval is given by

ts _
T, = / DGE (t5;7) <gn n WT) dr.  (28)
0
This equation represents the temperature increasement caused
by internal heat generation during the period between ¢,, and
tn+1. Likewise, the former temperature distribution undergoes
the same diffusion process. The temperature caused by this
process at t,,11 can be deem as the IC response of temperature

at t,,, which is given by

T; = DGF (t5;0) Th, (29)

where T,, represents the temperature vector at ¢,,. The integral
in (28) can be solved, and the final temperature response is
expressed as follows:

T;=po Ty

30
{Tg=p1 g> — (p1+1p2) g1 G0
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. DGF method
Temperature distribution
T, Construction of
' undirected graph
Temperature response Calculation of Laplacian matrix
and eigen decomposition
Initial condition response « '
Ti .
! Calculation of py, p; and
+ P2 matrix
Heat generation response -
T, Power map sampling

Power dissipation

’ extraction
Z

Calculation of vector g

Temperature distribution
Tn +1

Fig. 3. Steps of temperature simulation algorithm based on DGF method.

where pg, p1, and po are all n X n matrices, defined as follows
(I represents the identity matrix):

po= dexp(—Atg)o!
pr=0A "¢+ o A fexp (A ts) — It
Py = AT [exp (—A tg) — I o L.

(31)

The temperature response 1,1 at the next time point is the
sum of the IC response and the heat generation response, as
represented by T'; and T'g in (30). If the sampling interval £ g is
constant, the matrices in (31) remain constant, eliminating the
need to repeatedly solve integrals and matrix inversions each
time the new temperature response is computed.

The complete temperature distribution simulation algorithm
based on DGF is developed, as illustrated in Fig. 3. The process
is outlined as follows: first, based on the theory of DGF, a
corresponding undirected graph of the system is established,
which is then transformed into a pseudo-Laplacian matrix for
multilayer structures. Subsequently, the matrix undergoes eigen
decomposition to obtain the DGF. For the discrete sampling
sequence of power dissipation signals, linear interpolation can be
applied between the points before computing the inner product
with the DGF. The result of the integral turns out to be the
product of n-order matrices pg, p1, and po from (31) with
the corresponding column vectors T',, g, or g,. Simulation
proceeds sequentially, where the new temperature distribution
T, +1 isobtained by summing the IC response T; of the previous
temperature distribution 7',, with the heat generation response
Ty of the power dissipation, computed at each time point
using (30).

III. SIMULATIONS AND VERIFICATIONS

The accuracy of the DGF method has been validated in some
other works [27], [28]. However, the modified DGF method
proposed in this article to address multilayered heterogeneous
structures (i.e., power device and module structures) still needs
validation. In this section, accuracy validation will be carried
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TABLE I
VALUES OF PHYSICAL PARAMETERS (@300K)

Coefticient of Thermal Specific Heat

I\/{at;:er;al Conductivity Capacity p]?:/lcs:ﬁl};)

Y k (W/(em - K)) c(/(@g-K)

4H-SiC 3.7 0.69 321
Solder 0.5 0.15 9.0

Copper 401 0.386 8.96
AIN 3.21 1.0 3.26

out using virtual structure under multiple operating condition.
Section III-A constructed a three-layer structure, which simu-
lates the TO packaging structure of SiC devices. Section III-B
compared the simulation results of DGF method and FEM,
highlighting the remarkable performance of DGF method. Sec-
tion III-C provides a double chip structure, which simulates a
power module under DBC packaging. Physical parameters used
in these sections are given in Table I and are considered to be
temperature irrelevant due to the limitation of DGF method.

A. Construction of a SiC Power Device

A virtual 3-D structure with physical parameters in Table I, as
depicted in Fig. 4, will be constructed to validate the proposed
DGF method. This structure is supposed to simulate the heat dis-
sipation of a SiC power device under TO packaging, excluding
composition such as encapsulation, bonding wires, and epoxy
resin. The structure is indicated in Fig. 4(a). The structure is
discretized into undirected graph, which red, green, blue nodes
refers to copper, solder, and SiC chip volume elements, respec-
tively. The nodes within the same material layer of the undirected
graph are arranged equidistantly in orthogonal directions. For
the undirected graph shown in Fig. 4(a), the SiC chip consists of
10 x 10 x 3 nodes, the solder layer consists of 10 x 10 x 2
nodes, and the copper layer consists of 10 x 10 x 4 nodes. Within
the same material layer, all nodes are connected to their nearest
neighbors in six orthogonal directions, forming the adjacency
matrix. The corresponding weight w;1 ;2 is calculated using (20).
In Fig. 4(c), the cross-sectional view of the structure illustrates
how edges between heterogeneous layers are set, conforming the
principles of the pseudo-Laplacian matrix. For adjacent nodes
at the interface between two different material layers, such as
the solder layer and the copper layer in Fig. 4(b), the adjacency
matrix elements are constructed, as illustrated in Fig. 4(c). In the
undirected graph construction shown in Fig. 4(c), ¢ represents the
denser nodes of the solder layer, while j represents the less dense
nodes of the copper layer. Whether a node ¢ in the upper layer
connects to anode j in the lower layer with a weight w;; depends
on whether node i lies within the volumetric range of node j ’s
volume element. The corresponding weight is calculated using
(21). The interlayer heat transfer is set to be ideal. In that case,
the expression for the heat transfer coefficient h;; is given by

S

1
a; dj.
TR

o
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Unit: cm

SiC Chip
S S e

502
5 0.1
=70
1 1
”/1'0'11; 0 0 \Jét\%‘“
(@)
03r Unit: cm
%:002 ¢ o Ty & L L S 9
Z20.1f
O . 1 1 L
0 0.2 0.4 0.6 0.8 1
Length
(b)
. .
Solder layer g PY ¢ 2‘ ° « ® *
° ° .. ® °
ilj

T-

V

Copper layer  volume element width

(©)

- __-__;f___m___ Z -
J

Fig. 4. (a) Undirected graph of a single chip three-layer structure. (b) Cross-
sectional view. (c) Schematic view of adjacent nodes connection between solder
layer and copper layer.

In (32), 7 and j denote the two different contacted materials,
and d represents the distance from the node at the heterogenous
boundary to the boundary. Convective heat exchange between
the bottom of the copper substrate and the external environment
was characterized by a convective heat transfer coefficient h., =
0.05 W/(cm? - K), while any other surfaces are considered to
be thermal insulated.

B. Simulations and Comparisons of the Propose Method

Once the construction of the undirected graph was complete,
the program would undergo simulation steps of obtaining the
pseudo-Laplacian matrix and the corresponding p matrices,
according to Fig. 3. The programs are coded using MATLAB.
The 4H-SiC layer is designated as the uniform power dissi-
pation layer and three common power dissipation signals will
be conducted on it: square wave, high frequency pulse wave,
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Fig. 5. (a) Response of temperature increasement under square wave power

dissipation. (b) Temperature response extended to thermal steady state.

and sinusoidal wave. The accuracy of the DGF method will
be verified for all scenarios, with the tested point located at the
center of the chip surface on the top. Comparative validation will
be achieved through a commercial FEM simulation software —
COMSOL Multiphysics, which is widely accepted due to its
high accuracy.

In the FEM simulation, the physical structure and the config-
uration of power dissipation are constructed exactly the same
with those in the DGF method. The relative tolerance and the
time step of the FEM simulation were adjusted to obtain an
acceptable result curve. The computed results from the DGF
method would be compared with those from COMSOL by the
value of R-squared (Coefficient of determination). R-squared
values are calculated

R2 = 1_M_
Zi(yi_?j)

Here, y; and f; refer to the results of COMSOL and DGF,
respectively. g refers to the mean value of y;.

Square wave power dissipation signals, as Fig. 5(a) shows, are
common in inverters and dc—dc circuits. For DGF simulation,
since the steps of square waves are steep, sampling intervals
ts should be small to achieve a required accuracy. In this

(33)
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20 T r T
—DGF Result
------ FEM Result
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Fig. 6. Response of temperature increasement under sinusoidal wave power
dissipation. (The red dot indicates the point where the temperature distribution
of Fig. 9 is extracted).

simulation, sampling interval tg is set to be 1 ms. For FEM
simulation, a relative tolerance of 0.01 was configured to obtain
a proper solution, and the time step is 10 ms, which means the
time steps DGF calculated are ten times of FEM.

Fig. 6 illustrated the comparison of computational time be-
tween DGF and FEM at about the same node numbers, which
are 735 for DGF and 900 for FEM. Despite the larger quantity
of time steps, DGF still shows tremendous reduction on time
consumption. In Fig. 6, the blue and red bar represent the
computational time of DGF and FEM, respectively, and the blue
and red line on the top represent the amount of time steps. In
the case of square wave, the computational time of DGF was
reduced to less than a quarter compared to FEM. While the
R square still maintained at a high value of 0.986, witnessing
no degeneracy of accuracy. Fig. 5(b) shows the temperature
response extended to thermal steady state. Though the system
requires approximately 50 s to reach the steady state, the overall
R? value remains at a very high value. The deviation of the DGF
results from the steady-state temperature response has increased
slightly compared to the first second of the simulation, which is
approximately 0.2K.

Such profound improvement was also observed in the cases
of high frequency pulse wave and sinusoidal wave. Both of these
cases are also aiming to simulate the power dissipation of real
circuits such as pulse-width modulation (PWM) and rectifiers.

The result of the pulse wave with a high frequency of 1 kHz is
shownin Fig. 7. Despite the unchanged peak value and duty cycle
of 50% compared with the former square wave, greatly increased
frequency yields a rapidly changed temperature response, which
leads to a higher demand for accuracy. Since then, FEM simula-
tion needs to be setting in a quite low relative tolerance of 0.0001
to reach the expected accuracy. As for DGF simulation, only the
sampling interval needs to be adjusted. The ¢g of 0.01 ms was
used to cope with the increased frequency, which is also ten time
smaller than FEM. However, as Fig. 6 showed, DGF remains a
much lower computational time compared to FEM, while still
maintain high consistency with R square value of 0.997.

In the sinusoidal wave case, the high efficiency of DGF is
revealed more obviously, as Fig. 8 showed. Since the sinusoidal
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wave has no “sharp” or “steep” wave change, there is no reason
to increase the amount of time steps. On the other hand, FEM
still need to maintain a low relative tolerance of 0.0001 due to
the oscillating wave forms. Therefore, the computational time
of the DGF method is orders of magnitude lower than FEM and
still by the way, the R squared value of 0.9985 proved that high
accuracy is preserved. Additionally, increasing the number of
discrete nodes in the DGF method leads to even higher accuracy,
indicating that the results obtained by the DGF method converge
to the exact solution of the real physical model.

The extraction of the chip surface temperature distribution
under sinusoidal power waveform is presented in Fig. 9. The
red dot in Fig. 8 indicates where the extractin g point locates. In
this figure, the data extracted along a surface slice line parallel to
the chip edges are represented by solid lines (FEM results) and
dots (DGF results). As shown, while there is a slight deviation
of no more than 0.05K at the chip edges, the DGF results align
well with FEM in the central regions, demonstrating the DGF
method’s capability to accurately capture nonuniform tempera-
ture distributions on the chip surface.

E .
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(b)

He

0

Fig. 10.

view.

(a) Undirected graph of the double chip structure. (b) Cross-sectional

C. Simulation of Double Chip Structure With Thermal
Coupling

In power modules, like bridge or six-pack, chips may be
bonded on one single substrate, which caused thermal coupling
effect. Commonly used thermal network can hardly characterize
this kind of effect, while DGF method has the capability as this
subsection will prove.

The double chip structure was constructed as Fig. 10 showed.
This structure is intended to simulate a micro part of a power
module under DBC packaging. In Fig. 10, two SiC chips were
soldered on two different copper layers as the upper copper
of the DBC structure. These copper layers were bonded on
the same ceramic layer, which consists of AIN. Interlayer heat
transfer was set to be ideal, conforming (32). The bottom of
the ceramic layer is exposed to a large convective heat transfer
coefficient he, = 1.0 W/(cm? - K), since the ceramic layer
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TABLE I
PARAMETERS OF THE CAUER MODEL IN FIG. 11
Number Thermal Resistance ~ Thermal Capacitance
R (K/W) Cep, (mJ/K)
1.1 and 1.2 0.162 1.526
2.1and 2.2 0.600 0.304
3.1and 3.2 0.224 9.527
4 0.333 104.2
ext 1.389 None
Chip 2 Solder 2 Copper 2 AIN ceramic 2
1 J
Zthl 2 Zmz 2
Paisa " Pyiss? Pissi Pissi
= Zni2 = Zm2
Pdnssl
= = ZCthl 1 = thhz 1 = thh} 1 = thh4 1
Chip 1 Solder 1 Copper 1 AIN ceramic 1
Fig. 12.  Foster heat matrix model constructed for the double chip structure.

would practically be bonded on a thick copper substrate with
heat sink.

A Cauer thermal network is constructed as Fig. 11 shows.
It was supposed to verity its failure of taking thermal coupling
effect into account, compared with DGF and FEM results. The
parameters of the adopted Cauer thermal network are presented
in Table II. These Ry, and Cy, parameters are determined using
theoretical calculations and global optimizations. The upper and
lower bound are defined considering the larger and smaller
contact area of each layer with an additional £20% margin
applied, before the global optimization finding the maximum
R? value to determine the parameters’ value. The Cauer model
configuration guaranteed its highest accuracy under single chip
scenario.

Besides, we adopted Foster heat matrix model as a frequently
used compact thermal model dealing with thermal coupling
effect. The main reference for this approach is presented by
Bahman et al. [12]. The constructed Foster model is presented
in Fig. 12. This model introduces power inputs representing ther-
mal coupling into the coupling thermal impedance Zy,, based
on the physical layers of the structure. Each thermal impedance
Zn and coupling thermal impedance Z¢, is a second-order
Foster model. The parameters for Zs}, and Z¢;, were determined
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Fig. 13.  Temperature response of four methods when chip 1 was turned ON
and chip 2 was turned OFF.

TABLE III
R-SQUARED VALUES FOR THE THREE METHODS COMPARED TO FEM

Model Type Chip 1 Chip 2
DGF 0.9988 0.9994

Foster Matrix Model 0.9952 0.9968
Cauer Model 0.4970 0.6626

via FEM simulations by extracting transient thermal impedance
data from specific points in each layer and fitting these results
to obtain the resistance and capacitance values.

The curves in Fig. 13 indicates the temperature responses
of four different methods, under the single chip being turned
ON scenario. Cauer model under this scenario was optimized
and managed to obtain the result consistent with FEM. Foster
matrix model under this scenario extracted thermal impedance
parameters from FEM result. After that, the adopted models of
these four methods underwent the double chip scenario, remain-
ing their parameters unchanged. When square wave power was
alternately operated on the two chips, as Fig. 14 shows, the tem-
perature response of DGF and Foster matrix model are consistent
with that of FEM, but the response of Cauer model deviated
distinctly since the second chip was turned ON. From Table III,
it can be statistically quantified that the DGF has the highest
R squared values among the three methods. Fig. 14(b) shows
that the DGF method best simulates the temperature response
during the turn OFF period. It clearly illustrated that DGF method
perfectly expressed the effect of thermal coupling. Besides, by
comparing with the Foster matrix method, which relies on FEM
simulations to extract thermal impedance parameters, the DGF
method is entirely independent of FEM. All parameters used in
the DGF method have clear physical significance, avoiding the
complexity of parameter extraction.

Above all, the simulations arranged in this article demon-
strated that the DGF method can not only be faster to capture an
accurate result than FEM, but also be distinguished in dealing
with complex multichip scenarios, which theoretically means
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Fig. 14. Temperature response of four methods when both chips are turned
ON. (a) Temperature response of chip 1. (b) Temperature response of chip 2.

that DGF method is capable of power electronic thermal predic-
tion application.

IV. EXPERIMENTAL VALIDATION

To validate the feasibility and accuracy of the DGF method
in practical applications, a transient temperature test experiment
was designed for a silicon carbide MOSFET. The experiment em-
ployed a commercial 1200 V 160 m§2 SiC VDMOS. An infrared
thermography (IRT) microscope MAG-F7 [see Fig. 15(a)] was
used to monitor the variation of temperature distribution as the
chip self-heated to thermal steady-state under specific power
input.

The tested chip is a discrete device under TO-247 packaging.
Infrared thermography requires the removal of the external
packaging case and internal encapsulation of the tested sample
using lasers, exposing the SiC VDMOS die. The sample after
laser decapsulation is depicted in Fig. 15(b). The exposed device
sample was placed on the specimen stage with thermal grease,
as Fig. 15(b) shows, where the specimen stage can control the
temperature and maintain a constant temperature during the test.
The vertical layered structure of the device during the experiment
has been illustrated in Fig. 16(a). The heat flow path extends
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Fig. 15. Equipment setups for the infrared Thermography measurement ex-
periment. (a) Overall view of the setups. (b) Device under test was placed on
the specimen stage with thermal grease.

Al Metal Layer

SiC VDMOS Die
Solder Paste

Copper Leadframe

Specimen Stage
@

Fig. 16. (a) Vertical structure of the device in the IRT measurement.
(b) Corresponding undirected graph set up for experiment validation.

from the die downward to the constant temperature specimen
stage, with the remaining unmarked areas representing air. Since
the heat transfer coefficient between solids and air is very low,
it can be practically neglected compared to the well-contacted
specimen stage. Therefore, in the DGF modeling, all boundaries
except the bottom of the copper substrate can be considered as
thermal insulated. Reliable temperature measurement in thermal
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Surface Radiance of the SiC VDMOS chip at 70 °C.

TABLE IV
VALUES OF PHYSICAL PARAMETERS (@70 °C)

Coefficient of Specific Heat

. Thermal . Density
Material types Conductivity c (C]jréac.lz) p (g/cm?)
Kk (W/(cm - K)) 8- K)
4H-SiC
(n-Type) 32 0.75 3.21
Solder
(SAC305) 0.58 0.232 7.4
Copper 3.96 0.392 8.96
Aluminum 2.40 0.92 2.7

imaging requires a certain surface emissivity of the sample.
At lower temperatures, the surface emissivity of the sample is
very low, being less than 0.1 at room temperature. Therefore, in
this experiment, the specimen stage is temperature-controlled
to maintain the chip’s initial state at a constant temperature
of 70 °C to meet the required surface emissivity. The surface
emissivity of the chip at 70 °C is depicted in Fig. 17. The
blue area represents the low-emissivity metal cover layer, while
the purple area corresponds to the uncovered high-emissivity
SiC semiconductor. Inaccurate temperature measurements may
result from excessively low emissivity. Therefore, sampling
points need to avoid these blue areas, and are positioned at the
termination area as Fig. 17 marked. The region outlined by the
red lines indicates the cell region beneath the metal layer. This
region is where the chip internally generates heat.

Fig. 16(b) depicts the undirected graph established for the
sample structure. The physical parameters utilized in the model
with the DGF method are presented in Table IV, while the
structural parameters are detailed in Table V. Heat transfer
between layers of heterogeneous materials is assumed to be
ideal. As most of the epoxy resin encapsulation is removed from
the sample during the experiment, and epoxy resin possesses a
relatively low thermal conductivity and specific heat capacity,
the model considers the negligible impact of epoxy resin.
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TABLE V
MODEL PARAMETERS OF THE DEVICE

Parameter Value Unit
Length 1.4 cm
Copper leadframe Width 1.6 cm
Thickness 0.2 cm
Length 0.24 cm
SiC die Width 0.24 cm
Thickness 350 um
Solder thickness 75 wm
Al metal layer thickness 150 pm
Heating Area 0.0346 cm?
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20F .
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wn
> ]
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2
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Fig. 18. RMSE between the DGF model and the experimental results under

different values of heg.

The copper leadframe was in contact with the specimen stage
through a manually applied layer of thermal grease. However,
owing to the unknown thickness of the thermal grease layer, it
is not modeled. Besides, since the grease is manually applied,
there might be voids and bubbles within the layer, which strongly
effected the thermal conductivity. As a result, the heat transfer
coefficient h., cannot be theoretically calculated. Instead, its
value was determined by fitting the DGF model to experimental
data obtained from infrared thermography measurements under
operating conditions of Vgs = 8 V and Vds = 3 V. As shown in
Fig. 18, the root-mean-square error (RMSE) between the DGF
model and the experimental results was evaluated using (34) for
different values of h.,

RMSE = (34)

Here, y; and f; refer to the results of experiment and DGF,
respectively. The value of h., corresponding to the minimum
RMSE, 1.8 W/(cm?K), was selected for the model.

The IRT experiment employed two dc voltage source. The first
one provides a constant drain-source voltage to the VDMOS.
The other one was applied to the gate-to-source to control the
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Comparisons between experimental and DGF-simulated results. The upper graphs represent the temperature response of two points on the SiC chip and

Ipg are expressed by gray curves. The lower images are the IRT outputs at specific time marked in the upper graphs by the dashed lines. Applied voltages: (a)

Vps =3V,(b)Vps = 4V,(c)Vps = 5V.

switching process. The sample was placed on the stage under
the initial temperature of 70 °C. Upon applying a gate-to-source
voltage of 8 V, the VDMOS transitioned from the OFF-state to the
ON-state, resulting in a rapid increase in drain current to a certain
level, as depicted by the Ipg curve in Fig. 19 and generated
power on the chip. The dissipated power was considered uni-
formly distributed over the cell area of the VDMOS, as indicated
by the red frame in Fig. 17, which is mapped into the model
according to the measurement data in simulation. It should be
noted that the Ipg curve in Fig. 19 was not directly measured
from the experiment but obtained by Gaussian filtering of the
experimental measurements. The chip, under this power dissi-
pation, started from 70 °C and gradually rose to a steady-state
temperature, then transitioned from the ON-state to the OFF-state,
cooling down from the higher temperature to 70 °C. The entire
process is simulated using the DGF method.

Three different conditions of applied voltages are tested and
simulated and Fig. 19 shows the results. In Fig. 19, the up-
per graph represents the temperature responses under different
drain-source voltages which are 3 V, 4 V, and 5 V, respectively.
The lower 3 images are the corresponding IRT images, with the
specific test point marked on it. Great consistency is revealed
between the experimental and simulated results. R-square values
are all higher than 0.98. This outcome proved that DGF method is
capable to achieve a desirable accuracy in practical temperature
monitoring.

V. CONCLUSION

In this article, a new thermal model based on DGF is presented
as a high speed, high accuracy, and flexible 3-D modeling

method. This model discretizes the physical structure of a device
or module into an undirected graph, calculates the corresponding
DGFs by extracting the Laplacian matrix of the graph, and
uses a fast matrix algorithm to obtain temperature responses.
To address the multilayer packaging structures in power devices
and chips, this article introduces the pseudo-Laplacian matrix,
improving the DGF method to handle structures with multiple
layers of different materials. In addition, a detailed algorithm
for implementing the DGF method is provided. The proposed
algorithm simplifies the traditional integral-based DGF ap-
proach into pure matrix multiplication, significantly enhanc-
ing computational efficiency. Validation of the DGF method’s
accuracy and speed is conducted using a simulated TO-packaged
chip structure. Comparisons with FEM simulations demonstrate
that the proposed DGF achieves high accuracy while reducing
computation time by 78%. The simulation also illustrates the
DGF method’s capability to represent nonuniform temperature
distributions on the chip. Furthermore, the article explores the
DGF method’s ability to address multichip thermal coupling
problems. A simulated module structure containing two chips is
analyzed, comparing the results of DGF, Cauer thermal network,
and Foster matrix thermal network models. The proposed DGF
method shows superior accuracy and highlights the advantage
that it does not require parameter extraction, ensuring the phys-
ical realism of its modeling parameters. Finally, this article
presents an experiment designed to test the time-varying tem-
perature distribution of a SiC VDMOS using infrared thermog-
raphy, validating the feasibility and accuracy of the DGF method
in practical applications. The experiment includes temperature
recordings at two different locations under three operating
conditions, demonstrating a high level of consistency between



8048

the DGF results and experimental outcomes. In the authors’
further research, nonlinear models will be explored to achieve
high accuracy across a wide temperature range under extreme
chip operating conditions. Additionally, to extend the method
to large circuits, studies will focus on reducing the number of
nodes and computational budget by investigating nonorthogonal
undirected graphs.
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