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Featured Application

The proposed computational framework supports physics-informed comparison of
junction-temperature observables, cooling-boundary sensitivity analysis, and qualitative
thermomechanical-risk screening for high-power-density IGBT converters.

Abstract

Insulated-gate bipolar transistor (IGBT) modules exhibit thermal behavior governed by
interacting mechanisms spanning carrier transport, chip-scale diffusion, multilayer heat
spreading, coolant convection, and thermomechanical response. This study presents an
energy-consistent computational framework whose novelty lies not in the individual
solvers, but in the explicit cross-scale energy interfaces, multirate synchronization, and
observation operators that distinguish local-maximum, area-averaged, current-weighted,
and sensor-related junction temperatures. Published first-principles and transport data
for bulk silicon are used as reference-calibrated priors; the calculations implemented here
comprise terminal-loss evaluation, prescribed energy-normalized spatial sources, analytical
and two-dimensional diffusion reconstructions, three-dimensional finite-element thermal
analysis, and a reduced-order Cauer network. For an 80 µm silicon chip at 400 K, the Fourier
diffusion time is 0.12 ms, whereas the convention δT = 2

√
(αt) reaches the chip thickness

at 0.030 ms; these values represent different diffusion criteria. In an illustrative boundary-
sensitivity case, increasing h from 650 to 2000 W m−2 K−1 lowers the modeled maximum
temperature from 132.1 to 99.6 ◦C without eliminating the central hotspot. The chip-side
and cold-side cross-model differences are 1.28–2.98% and 9.54–12.56%, respectively, when
terminal boundaries differ, while temperature-dependent loss raises the lumped Cauer
peak by approximately 11 K. Mesh, time-step, and energy checks verify the numerical
implementation, and cross-model comparisons assess consistency.

Keywords: IGBT; multiscale modeling; carrier dynamics; transient thermal diffusion; heat
spreading; finite-element analysis; conjugate heat transfer; Cauer thermal network

1. Introduction
Insulated-gate bipolar transistors (IGBTs) remain key switching devices in high-power

motor drives, rail traction, renewable-energy conversion, and high-voltage power condition-
ing because they combine MOS-gate controllability with bipolar conductivity modulation.
Increasing switching frequency, current density, and packaging compactness, however,
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produces large average losses, short-duration heat-flux peaks, and repeated thermal cy-
cling. Heat generation is spatially and temporally nonuniform because conduction, turn-on
and turn-off overlap, stored-charge extraction, free-wheeling-diode reverse recovery, and
high-field events occur in different regions and on different time scales. The resulting
junction-temperature level, temperature swing, and temperature gradient jointly affect
electrical performance, protection margin, and package reliability. Recent reviews there-
fore identify junction-temperature acquisition, loss-to-temperature conversion, aging and
lifetime prediction, and multiphysics thermal management as a coupled research problem
rather than independent design tasks [1–3].

Current IGBT junction-temperature research can be grouped into direct measurement,
temperature-sensitive electrical-parameter (TSEP) estimation, physics-based thermal mod-
eling, and data-driven prediction. Direct optical or embedded-sensor methods provide
valuable calibration and chip-level validation but are generally limited by packaging ac-
cess, electrical isolation, bandwidth, or invasiveness. TSEP methods infer temperature
from quantities such as the on-state collector–emitter voltage, switching-transition features,
threshold-related signals, or the high-frequency response of an auxiliary component. They
are attractive for online use, yet their accuracy depends on prior calibration, operating
current, switching blanking, device aging, and the distinction between local-maximum
and current-weighted mean temperature [4–6]. Chip-level and multi-condition meth-
ods have improved hotspot observability and adaptability under traction-inverter and
double-sided-cooling conditions [7–9]. In parallel, Foster and Cauer networks, structure
functions, thermal-impedance matrices, and compact multichip models remain the prin-
cipal physics-based approaches. Recent studies have reduced online computational cost,
compared Cauer-parameter extraction routes, included temperature-dependent material
properties, and coupled neighboring chips through off-diagonal thermal paths [10–12].
Machine-learning models can further approximate nonlinear temperature maps, but their
extrapolation and physical interpretability remain dependent on the coverage and quality
of training data [13].

Research on IGBT loss and lifetime is increasingly organized as a mechanism chain
from electrical loading to damage accumulation. Conduction loss is governed by the
temperature- and current-dependent on-state voltage, whereas turn-on, turn-off, and
reverse-recovery losses arise from voltage–current overlap, parasitic commutation, and
the buildup or removal of stored charge. Modern loss models therefore use measured
switching-energy surfaces or dynamic carrier-aware descriptions and feed the calculated
loss back through the thermal model because rising temperature modifies mobility, lifetime,
resistance, and switching energy [2,14]. Lifetime assessment then maps a mission profile to
loss, junction-temperature history, cycle counting, and cumulative damage. The dominant
package mechanisms are thermomechanical fatigue and creep caused by coefficient-of-
thermal-expansion mismatch: bond-wire heel cracking or lift-off increases electrical resis-
tance and current crowding, while die-attach and substrate-solder cracks, void evolution,
and delamination increase thermal resistance and reduce the effective heat-transfer area.
Aging-aware thermal control, recalibrated power-cycling lifetime models, high-gradient
solder-fatigue studies, and electrothermal–mechanical simulations have improved the rep-
resentation of these processes [15–21]. Nevertheless, many lifetime calculations still treat
the temperature history as a prescribed input and do not close the feedback loop through
which damage redistributes current and heat flow.

At the microscopic scale, IGBT heat generation is the irreversible transfer of carrier
energy to the lattice. Electrons and holes accelerated by the local electric field lose mo-
mentum and energy through electron–phonon, impurity, defect, and interface scattering;
recombination and high-field processes add further localized energy release. The same
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scattering physics determines mobility and carrier relaxation time and therefore changes
both conduction loss and stored-charge dynamics. After energy enters the lattice, phonons
are the principal heat carriers in crystalline silicon, and thermal conductivity follows from
phonon heat capacity, group velocity, and scattering lifetime. Recent first-principles and
Boltzmann-transport studies have improved phonon-limited carrier mobility and phonon-
scattering-rate calculations, while spatially resolved measurements have quantified the
strong reduction in silicon thermal conductivity produced by implantation damage and
subsurface disorder [22–24]. These advances provide material functions and trends relevant
to IGBT chips, but they are seldom transferred into device-scale dynamic heat sources and
package-level thermal networks. Consequently, microscopic variables are often discussed
qualitatively while continuum simulations continue to use constant conductivity, mobility,
or uniformly distributed loss.

At the chip, package, and cooling scales, recent work has progressed from one-
dimensional junction-to-case paths to temperature-dependent networks, three-dimensional
heat spreading, multichip coupling, void-aware interfaces, and conjugate heat transfer
models. Thermal-network studies show that mutual heating through shared DBC copper,
ceramic, baseplate, and cooling structures requires coupling resistances or impedance ma-
trices rather than independent Foster branches [11,12,25,26]. Heat-flow and finite-element
models have also demonstrated that solder voids and interface degradation alter both the
magnitude and spatial distribution of thermal resistance [27]. For inverter-level design,
finite-element and flow-solid coupling analyses connect chip loss to package spreading,
coolant-temperature rise, local convective coefficient, and pressure drop [3,28,29]. Recent
pin-fin and microchannel studies further emphasize that cooling performance is spatially
nonuniform and that reducing mean temperature alone does not necessarily eliminate
central-chip hotspots or interphase thermal coupling [30,31]. However, the temperature
observable supplied by these models is not always stated explicitly, and material, carrier,
package, coolant, and damage models often exchange parameters without a common
energy-consistent interface.

The literature thus provides mature tools at individual scales, but the interfaces
among them often remain implicit. Three gaps are particularly relevant. First, local-
maximum, area-averaged, current-weighted, and sensor-proximal junction temperatures
are frequently compared without a common observation operator. Second, electrical energy
is often transferred to continuum thermal models as a uniform source even when the pulse
duration is shorter than the relevant diffusion time. Third, package damage is commonly
evaluated after the thermal calculation rather than represented as a state that may alter
electrical and thermal contact impedances. The unresolved problem is therefore not the
absence of individual electrothermal or multiphysics solvers, but the absence of an energy-
consistent and observable-consistent route for transferring their outputs across unequal
time and length scales.

This study addresses these gaps through a hierarchical computational architecture
linking first-principles-informed material descriptors, carrier-based loss mechanisms,
chip diffusion, layered-package spreading, prescribed nonuniform cold-plate boundaries,
thermomechanical-risk proxies, and reduced-order estimation. The contribution is the
interface architecture rather than a claim that temperature-dependent properties, Cauer
networks, finite-element analysis, or conjugate heat transfer are individually new. Specif-
ically, the framework (i) conserves terminal loss when mapping it to spatial heat-source
weights; (ii) preserves distinct observation operators for Tj,max, Tj,avg, Tj,J, and sensor-
related temperatures; (iii) reconciles fast chip diffusion with slower package and cooling
states through multirate exchange; (iv) separates numerical verification, cross-model com-
parison, and experimental validation; and (v) uses electrothermal loop gain to identify
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when sequential transfer is insufficient. These interfaces provide additional predictive
discrimination between a true local hotspot, a lumped chip state, a boundary-condition
mismatch, and a sensor-filtered temperature. The calculations implemented in this work
are identified explicitly in Sections 3, 6 and 7; published atomic-scale data and the full
two-way CFD and calibrated damage/lifetime components are retained as framework
inputs or future extensions rather than presented as a completed first-principles-to-module
simulation chain.

2. Physical Hierarchy of the Multiscale Thermal Problem
Figure 1 presents the heat-generation and heat-transfer routes across the physical

scales of an IGBT module, dividing the problem into atomic/electronic, carrier/device,
chip/package, and cooling/system levels. Blue arrows denote the upward transfer of
parameters and energy: microscopic band structure and scattering determine mobility and
thermal conductivity; carrier motion generates spatial heat sources; the chip and package
convert these sources into junction temperature and heat flow; and system boundaries
determine the long-term thermal balance. Red arrows denote state feedback: temperature,
strain, and defects modify material functions, whereas thermomechanical damage increases
contact resistance and reduces the effective conducting cross-section, eventually producing
current crowding and secondary hotspots. The multiscale problem is therefore not a series
connection of four independent models, but a closed loop with scale-dependent time
constants, spatial averaging operators, and feedback directions.

Figure 1. Multiscale hierarchy of heat generation and heat transfer in an IGBT module.

At the atomic scale, heat generation fundamentally arises from carrier scattering by
the periodic lattice, impurities, and defects, followed by energy transfer to the phonon
system. This scale does not directly output module thermal resistance; instead, it provides
Eg, m*, εr, µ, and κ as functions of temperature, doping, and strain. At the carrier scale,
the external terminal excitation is decomposed into channel electron injection, bipolar
conductivity modulation in the drift region, recombination, impact ionization, and contact-
region Joule dissipation, yielding q(x,y,z,t). Within the chip, this heat source first diffuses
through the thickness and remains laterally nonuniform because of cell density, termination
electric fields, and current crowding beneath bond-wire feet. In the package, heat spreads
from the small chip area into larger copper layers. Highly conductive copper promotes
lateral temperature equalization, whereas low-conductivity Al2O3 and solder interfaces
support the principal temperature gradients. Multiple IGBTs and freewheeling diodes
share the DBC, baseplate, and cold plate; hence both through-thickness and lateral coupling
resistances are present. At system scale, heat crosses the thermal interface material into
the cold plate and is removed by convection. Flow distribution, inlet temperature, and
channel pressure drop make h(x,t) and Tf(x,t) spatially varying boundary fields. Short-time
peaks are governed primarily by local heat-source density and the effective heat capacity of
silicon; intermediate temperature swings by solder/DBC capacitance and spreading; and
long-time mean temperature by the baseplate, interface material, and cold-plate boundary.
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An asynchronous multirate solution is therefore adopted. Material response surfaces
are updated offline; circuit/device models compute loss using ns-microsecond steps; the
thermal model receives cycle-averaged heat sources at microsecond-to-0.1 s intervals; and
fluid and damage variables are updated at slower macro time steps. Strong inner iterations
within a macro step are invoked only when the temperature-loss loop gain approaches unity
or when local avalanche or damage causes substantial current redistribution. This strategy
preserves the dominant physics at each scale without imposing the switching frequency
on the complete cold-plate mesh. Table 1 summarizes the key scales, state variables, and
transfer interfaces. Importantly, the temperatures predicted or measured at different scales
do not have identical spatial statistics. A device model generally requires instantaneous
local junction-temperature feedback; infrared thermography is closer to the maximum
surface temperature; a TSEP method often yields a current-weighted or area-averaged
junction temperature; and an NTC network reflects the low-frequency temperature near
the baseplate. Cross-scale comparisons must therefore define the spatial weighting and
temporal bandwidth of the temperature observable before numerical agreement can be
interpreted physically.

Table 1. Scales, state variables, and transfer interfaces of the IGBT thermal problem.

Transfer to the Next
Scale

Heat-Generation/
Transfer Characteristics Governing Equations Length/Time Scale

Eg, m*, µ, τ, κ, defect
levels

Electron–phonon and defect
scattering; no macroscopic

temperature field

Kohn–Sham, DFPT,
electron/phonon BTE 0.1–10 nm; fs–ps Atomic/electronic

q(x,y,z,t), Pcond,
Eon/off /rr

J·E, recombination,
avalanche, tail current, and

reverse recovery

Poisson, continuity,
drift-diffusion/bipolar

transport

0.1 micrometer-cm;
ns–ms Carrier/device

Tj,max, Tj,avg, Tj,J,
Tj,sens, ∇T, Zth,ij

Early local diffusion,
interlayer storage, lateral

spreading, and
multichip coupling

Nonlinear heat
conduction, contact

resistance, 3-D
FE/Cauer

0.1 mm–0.1 m;
microseconds–10 s Chip/package

h(x,t), Tf, σ, D, life
consumption

Conjugate heat transfer, flow
distribution, coolant heating,

and thermal fatigue

Navier–Stokes, energy,
thermoelastoplasticity,

and damage
cm–m; 0.1 s–h Cooling/system

Four temperature observables are used consistently throughout this paper. Tj,max is
the instantaneous maximum within the active junction region; Tj,avg is the uniform-area
mean over that region; Tj,J is weighted by the local current density and approximates the
quantity sensed by many temperature-sensitive electrical-parameter methods; and Tj,sens

denotes the output of a specified sensor transfer function, including its spatial location
and bandwidth. A baseplate negative-temperature-coefficient thermistor reading, TNTC, is
therefore a sensor-proximal package temperature rather than a junction temperature. The
unqualified symbol Tj is retained only for schematic or lumped reduced-order states whose
weighting is stated in the accompanying text.

3. From First-Principles-Informed Parameters to Carrier Heat Generation
3.1. Atomic-Scale Material Parameters

At the atomic scale, this study uses published density functional theory, density-
functional perturbation theory, and Boltzmann-transport results as external material priors
rather than performing a new device-specific electronic-structure calculation. The tempera-
ture trends for band structure, phonon-limited mobility, scattering, and bulk-silicon thermal
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conductivity are synthesized from Refs. [22–24] and interpolated with the representative
values in Table 2. Equations (1)–(4) define the physical provenance of these quantities and
the interfaces required for a future device-specific calculation; they are not presented as the
settings of an independently executed DFT/DFPT workflow. Accordingly, no exchange-
correlation functional, pseudopotential, plane-wave cutoff, k-point mesh, q-point mesh, or
supercell convergence result is claimed for the present study. Reproducibility of the calcula-
tions actually implemented here is instead specified by the material values in Tables 2 and 3,
the governing equations, the energy normalization in Section 3.2, and the mesh, time-step,
boundary, and convergence criteria in Section 6. This distinction is necessary because ideal
bulk-silicon priors cannot represent heavy doping, Si/SiO2 interfaces, metallization stress,
irradiation damage, or process-induced defects without device-specific calibration [22–24].[︂

−h̄2∇2/(2me) + Vext + VH [n] + Vxc[n]
]︂
ψnk = εnkψnk (1)

Eg(T) = Eg(0)− αV T2/(T + βV) (2)

καβ(T) = V−1Σqv · Cqv(T)vqv, αvqv, βτqv(T) (3)

µn, p(T, N, ε) = q
⟨︂

τe − ph v2
⟩︂

/(3kB T) · FN(N)FE(E)Fε(ε) (4)

Table 2. Device-level mapping of atomic-scale and bulk-material parameters [22–24].

Upscaling Role and Limitation Representative Value/Temperature
Range Parameter

Intrinsic concentration, leakage, and junction potential;
Varshni relation or HSE/GW correction

1.124 eV at 300 K; approximately
1.097 eV at 400 K Bandgap Eg

Poisson equation and junction capacitance; calibrate
high-field/frequency dependence as needed 11.7 (Si, near room temperature) Relative permittivity εr

Mobility, density of states, and diffusivity; distinguish
conductivity and DOS masses

mc approximately 0.26 m0; DOS mass
approximately 1.08 m0

Electron effective mass

Valence-band transport; recalibrate under heavy
doping and strain

Heavy/light holes approximately
0.49/0.16 m0

Hole effective mass

Prior for lightly doped bulk Si only; device regions
require doping-, field-, and

temperature-dependent corrections

µn approximately 1350, µp

approximately 480 cm2/(V s) at
300 K

Low-field mobility

Transient chip diffusion; interpolate the supplied
material-property data 148 at 300 K; 98.9 W/(m K) at 400 K Lattice thermal

conductivity κsi

Thermal diffusivity α = κ/(ρcp); determines
penetration length

ρ = 2330 kg/m3;
cp = 705–794 J/(kg K)

Density/specific heat

Cannot be obtained from an ideal cell alone; calibrate
using double-pulse, lifetime, or defect measurements

τHL, SRH level, and capture
cross-section

Lifetime/defect
parameters

Figure 2 is calculated from reference-calibrated temperature-dependent functions
synthesized from Refs. [22–24] and the bulk-silicon priors in Table 2; Figure 3 maps the
corresponding first-principles-informed electronic and phonon descriptors to the contin-
uum variables used in this work. Between 300 and 450 K, the Si bandgap, electron mobility,
and thermal conductivity decrease, whereas specific heat increases. The consequences
are not monotonic: reduced mobility raises channel and drift-region resistance, bandgap
narrowing increases intrinsic carrier concentration and alters recombination, and carrier
lifetime together with high-level injected charge controls the tail current. The temperature
coefficient of loss therefore varies with current density and device structure and cannot be
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represented by a single constant αP. The lattice vibrations in Figure 3 represent phonon
heat carriers, whereas the electron and hole arrows depict nonequilibrium transport driven
by an external field. Band curvature controls effective mass; electron–phonon matrix ele-
ments and available phase space control scattering lifetime; and phonon group velocity
and lifetime jointly determine κ. The resulting T-N-ε functions are reference-calibrated
response surfaces, not unconditional material constants or direct measurements of the
specific IGBT chip.

Table 3. Layered material model of the IGBT module.

ρ (kg m−3) cp: 300–400 K κ: 300–400 K Thickness (mm) Material Component

2330 705–794 148–98.9 0.08 Si IGBT/FRD chip

7310 235 54.8 0.08 SnCu Die attach

8933 384–397 401–393 0.30 Cu Upper DBC copper

3750 800 24–20 0.32 Al2O3 DBC ceramic

8933 384–397 401–393 0.30 Cu Lower DBC copper

7220 235 52.7 0.25 Sn–Sb DBC solder

8933 384–397 401–393 3.0 * Cu Baseplate

2640 880 96.2 As modeled ADC12 Heatsink/cold plate

* The baseplate thickness was set to 3.0 mm in the numerical model.

Figure 2. Temperature–function interfaces from first-principles outputs to the device and ther-
mal models.

The effective masses and mobilities in Table 2 are reference-calibrated priors for bulk
silicon rather than direct measurements or new device-specific first-principles outputs. The
implemented thermal calculations use the thermal conductivity and specific heat listed
in the material-property tables. At 400 K, for example, α = κ/(ρcp) = 98.9/(2330 × 794) ≈
5.34 × 10−5 m2/s. This value is used consistently in the chip-diffusion calculations below;
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compared with 300 K, the lower diffusivity reduces penetration depth for the same pulse
duration and increases the near-surface temperature rise.

Figure 3. Atomic-scale lattice and phonon processes and their upscaling to device-level material functions.

Using the carrier-energy and phonon-transport relations summarized in Refs. [14,21–24]
together with the sample parameters in Tables 2 and 3, Figure 4 shows how the macroscopic
heat source used in a chip or package model is an upscaled consequence of microscopic
nonequilibrium processes. In the conducting state, electrons injected through the MOS
channel and holes injected from the collector drift and diffuse through the device under the
local electric field. Their motion is repeatedly interrupted by electron–phonon, impurity,
defect, and interface scattering. The field therefore performs irreversible work at the rate
J·E, while carrier recombination and avalanche multiplication add localized source terms
when the corresponding operating conditions are reached. During switching, creation
and removal of stored plasma in the lightly doped drift region change both the spatial
distribution and duration of heat generation. These microscopic events are not solved
separately in the present thermal finite-element model; instead, they are volume- or surface-
averaged into

·
q(x,y,z,t), with the averaging interval kept short relative to the relevant

electrical transient and the integral constrained to equal the terminal loss.

Figure 4. Micro-to-macro relationship among carrier motion, phonon transport, irreversible heat
generation, package heat flow, and thermal feedback in an IGBT chip.
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The principal heat carriers in crystalline silicon are phonons. Once carrier energy is
transferred to the lattice, the temperature field evolves according to phonon heat capacity,
group velocity, and scattering lifetime, which together determine thermal conductivity
and diffusivity. At the chip scale, the nonuniform source first establishes a steep near-
junction gradient. The activated thermal mass then expands with diffusion length, while
heat crosses the die attach, DBC copper, ceramic, baseplate, thermal interface material,
and cold plate. Each layer spatially filters the original source: copper promotes lateral
spreading, the ceramic produces a larger through-thickness drop, and imperfect interfaces
add contact resistance. The resulting junction-temperature observables and associated
temperature rises are therefore macroscopic state variables that retain information about
microscopic loss, material functions, and package time constants. A single steady resistance
cannot reproduce this chain when switching period, diffusion time, and coolant time scale
are comparable.

The return arrow in Figure 4 is equally important. Rising temperature increases lattice
vibration, shortens phonon and carrier relaxation times, reduces mobility and thermal
conductivity, and modifies carrier lifetime. These changes alter conduction voltage, switch-
ing energy, tail-current duration, and thermal resistance, thereby feeding back into

·
q and

the selected junction-temperature state. Strain, vacancies, interface traps, metallization
degradation, and contact-area loss can further strengthen the loop by promoting current
crowding or interfacial temperature jumps. In a crystalline-silicon IGBT, ordinary heat
generation should not be interpreted as bulk ionic conduction of the type encountered
in electrochemical cells. Ion or atom migration is instead most relevant as a slow aging
variable associated with mobile contamination, vacancy transport, electromigration, and
interface evolution. Consequently, a defensible multiscale model passes temperature-,
field-, and damage-dependent response surfaces upward, then returns the calculated ther-
mal and mechanical state to the microscopic or reduced-order material descriptions. This
closed-loop interpretation provides the physical basis for the temperature and resistance
trends introduced in the following sections.

3.2. Carrier Transport and Spatial Heat Sources

During IGBT conduction, the MOS channel injects electrons into the lightly doped
n-type drift region while the p+ collector injects holes, producing conductivity modulation
under high-level injection. Electrostatic potential and carrier densities are jointly con-
strained by Poisson’s equation and the continuity equations. The buildup and removal of
the bipolar plasma in the drift region have finite time constants and cannot be replaced by a
sequence of steady-state charge distributions. The potential and carrier fields satisfy [14,21]:

∇·(ε∇φ) = −q
(︁

p − n + N+
D − N−

A
)︁

(5)

∂n/∂t = q−1∇ · Jn + G − R ; ∂p/∂t = −q−1∇ · Jp + G − R (6)

Jn = qµn nE + qDn∇n ; Jp = qµp pE − qDp∇p (7)

∂∆p/∂t = Da∂2∆p/∂x2 − ∆p/τH L + Gin j(x, t) (8)

Equation (8) reveals the physical origin of the turn-off tail current. Gate turn-off
interrupts the MOS channel but cannot instantaneously remove charge stored in the drift
region. The carriers decay through recombination and extraction, causing current and
voltage to overlap for a finite interval and generating substantial Eoff and local J·E dissipa-
tion. Increasing temperature reduces mobility and changes lifetime and intrinsic carrier
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concentration. The competing decrease in threshold voltage and increase in drift-region
resistance make the temperature coefficient of VCE(sat) dependent on current density.

·
q = J·E +

·
qrec +

·
qav +

·
qcontact −∇ · (ΠJ) (9)

VCE IC + VGE IG =
∫︂
Ω

·
qdΩ + dW f ield/dt + dWcharge/dt + Preturn (10)

Ploss = D VCE(sat)IC + fs

(︂
Eon + Eo f f + Err

)︂
+ Pgate + Pleak (11)

Under high-level injection, the drift region may be further described by the ambipolar
diffusion equation ∂∆p/∂t = Da∂2∆p/∂x2 − ∆p/τHL. At turn-off, voltage recovers faster
than stored charge is extracted, creating a loss interval in which high VCE coexists with
tail current. Diode reverse recovery likewise generates localized high electric fields and
recombination heat. The dynamic heat source must therefore represent irreversible dissipa-
tion rather than simply treating the full terminal product VCEIC as heat. Equations (9)–(11)
provide a single-counting formulation for the dynamic heat source and energy.

In the parameterized calculations reported in Sections 6 and 7, the spatial heat source
is not exported from a full technology computer-aided-design device simulation. Total
IGBT and diode powers are obtained from the terminal conduction, switching, and reverse-
recovery loss relations, and these time-dependent powers are assigned to prescribed,
energy-normalized spatial weighting functions tied to the chip footprints and local source
scenarios. The normalization ensures that the volume integral of

·
q equals the corresponding

device loss at each coupling step. The J·E, recombination, and avalanche terms above
provide the physical basis and a route for future device-level coupling; the finite-element
and equivalent-field cases in this study use prescribed equivalent distributions.

Figure 5 combines the carrier relations in Refs. [14,21] with normalized switching states
for the sample IGBT. The left side shows counterflowing electron and hole injection and a
J·E hotspot in the drift region; the right side shows that different heat-source components
dominate during turn-on, steady conduction, and turn-off. When the gate voltage forms
the MOS channel, electrons travel from the emitter into the lightly doped n-type drift
region, while the p+ collector simultaneously injects holes. The drift region therefore
contains both carrier types moving in opposite directions under the electric field. Injection
of a large minority-carrier population increases the effective carrier concentration and
lowers on-state resistance through conductivity modulation. This mechanism enables a
low on-state voltage while retaining high blocking capability, but it also leaves substantial
nonequilibrium charge in the drift region. QB(t) denotes the time-varying stored charge,
approximated by Equation (12).

QB(t) = q
∫︂

Ωdri f t

[∆n(r, t) + ∆p(r, t)]dΩ, (12)

where q is the elementary charge, ∆n and ∆p are the excess electron and hole concentrations,
respectively, and Ωdrift is the drift-region volume.

After turn-off, the MOS channel can disappear rapidly, but the stored charge in the
drift region must decay gradually through carrier extraction, recombination, and transport
to the external electrodes. The collector current therefore does not fall immediately to zero
but develops a finite-duration tail. QB(t) is consequently the central state variable governing
tail-current magnitude and duration and the turn-off energy Eoff. Volumetric heating within
the device includes carrier Joule dissipation J·E, electron–hole recombination heat, and
avalanche heating under high electric field. The right panel plots normalized collector
current, collector–emitter voltage, instantaneous power loss, and stored charge through the
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switching transient. At the start of turn-off, VCE rises rapidly while IC remains appreciable,
so their overlap drives Ploss = VCEIC to a peak. During the tail interval, the voltage is close
to the dc-link voltage, but residual charge sustains a smaller current and continued loss.
The amount and decay rate of stored drift-region charge thus control tail duration, turn-off
energy, and transient junction-temperature rise. IGBT turn-off is inherently a multiphysics
process coupling carrier transport, electric-field evolution, circuit response, and thermal
effects. Stored charge is the bridge between internal carrier dynamics and external voltage,
current, and heat-loss characteristics; tail current is its direct terminal manifestation and
ultimately governs turn-off loss, transient temperature fluctuation, and thermal reliability.

Figure 5. Carrier injection, drift-region conductivity modulation, local dissipation, and formation of
the IGBT turn-off tail current.

4. Chip Structure, Package Heat Transfer, and System Cooling
4.1. Non-Quasi-Static Thermal Diffusion Within the Chip

The chip-temperature field satisfies the transient energy equation with temperature-
dependent properties and a spatially varying heat source. Here, non-quasi-static does not
imply failure of Fourier’s law; it means that the heat-source variation time is comparable
to the internal diffusion time, so the temperature field cannot reach steady state at every
electrical instant. For characteristic length Lc, the diffusion time is tau_d = Lc

2/alpha and
the Fourier number is Fo = αt/Lc

2. The storage term partial T/∂t can be neglected only
when Fo is much greater than unity, and the heat-source frequency is far below 1/τd [1,3,12].

ρ(T)cp(T)∂T/∂t = ∇ · [κ(T)∇T] +
·
q(x, y, z, t) (13)

Fo = αt/L2
c ; τd = L2

c /α; quasi − static only i f Fo ≫ 1 (14)

δT(t) = 2
√︂
(αt) ;∆T(r, t) =

∫︂ t

0

∫︂
Ω

G(r − r′, t − τ)
·
q(r′, τ)dΩdτ (15)

At 400 K, the thermal diffusivity of Si is α ≈ 5.34 × 10−5 m2/s. For an 80 µm chip
thickness, the Fourier diffusion time τd = Lc

2/α is 1.20 × 10−4 s, or 0.12 ms, corresponding
to Fo = 1. Equation (15) uses the alternative characteristic penetration length δT = 2

√
(αt);

setting δT = L gives t = L2/(4α) = 3.0 × 10−5 s, or 0.030 ms. The two values are therefore
consistent but represent different criteria: τd is the order-one Fourier equilibration time,
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whereas δT = L marks penetration of the selected diffusion-length envelope across the
thickness. For a 2–5 mm lateral cell or active-area scale, τd is approximately 0.075–0.47 s.
When short-circuit, avalanche, or switching energy is deposited within 1–100 µs, the
through-thickness Fourier number spans approximately 0.008–0.83 and is even smaller
laterally. Heat consequently remains concentrated in the active region and near-surface
layer during the earliest stage, making Tj,max sensitive to the prescribed spatial source; even
after through-thickness penetration, the lateral hotspot remains non-quasi-static.

Figure 6 is a normalized multiscale calculation based on the temperature-dependent
silicon data in Refs. [22–24], the carrier-loss trends in Ref. [14], and the sample thermal
parameters in Tables 2 and 3. It relates transient heat generation, cross-scale diffusion, and
temperature response at the material, chip, device, and package/system levels. Power-
device thermal behavior cannot be described as simple steady conduction; it is influenced
jointly by temperature-dependent material parameters, dynamic loss fluctuations, evolving
diffusion length, and multiple package time constants. The upper-left panel shows thermal
conductivity κ and normalized carrier mobility µ/µ300 versus temperature. From 300 to
450 K, κ decreases from about 148 to 87 W m−1 K−1, while normalized mobility falls from
1.0 to about 0.4. Higher temperature intensifies lattice vibration and phonon scattering,
shortening carrier mean free paths and reducing phonon transport efficiency. Lower
thermal conductivity raises chip conduction resistance, whereas reduced mobility changes
conduction characteristics and loss parameters. Constant-property analysis at high junction
temperature may therefore underestimate temperature rise and local heat concentration
within this computational model.

Figure 6. Cross-scale temporal response of material functions, dynamic heat sources, thermal
diffusion length, and package thermal memory.

https://doi.org/10.3390/app16189348

https://doi.org/10.3390/app16189348


Appl. Sci. 2026, 16, 9348 13 of 30

The upper-right panel illustrates the time evolution of the non-steady heat source
at device level. The normalized volumetric source is initially near zero, rises rapidly
to approximately six during the first transient, and decays to a quasi-steady level near
two. During the second transient, it rises again to about 6.5 before decaying to zero. The
waveform combines sustained conduction loss with transient switching loss. The quasi-
steady plateau corresponds mainly to continuous conduction, whereas the peaks represent
high instantaneous power caused by voltage–current overlap during turn-on, turn-off, or
abrupt load changes. Although brief, these high-power-density peaks readily form local
hotspots in the active region and influence the subsequent junction-temperature trajectory.

The lower-left panel uses the characteristic penetration length δT = 2
√

(αt) from
Equation (15) to describe the expansion of the thermally affected region. With α = 5.34 ×
10−5 m2/s at 400 K, δT reaches the 80 µm chip thickness at approximately 3.0 × 10−5 s.
This penetration criterion is one-quarter of the Fourier time τd = L2/α = 1.20 × 10−4 s
because the definitions differ by the factor of four stated explicitly above; it should not be
interpreted as complete thermal equilibration. Below 0.030 ms, heat remains confined to
the near-surface or local active region. At longer times, heat increasingly enters the die
attach, copper cladding, ceramic, and baseplate, and interfacial resistance and package
properties become dominant. Short-time models should therefore resolve nonuniform chip
temperature, whereas longer-time analysis requires the multilayer package and external
cooling boundary.

The lower-right panel shows the dynamic lumped junction-temperature state Tj,avg

and the case temperature Tc under periodic power excitation. During an approximately 2 s
loading interval, Tj,avg rises rapidly from about 45 to 130 ◦C, whereas Tc increases slowly to
only about 66 ◦C. After the heat source is removed, Tj,avg falls rapidly, but Tc cools more
gradually. Repeated loading leads to stable periodic oscillations. The faster response and
larger swing of Tj,avg indicate small thermal time constants in the chip and nearby materials,
whereas the smoother Tc trajectory reflects the larger effective heat capacity and longer
time constants of the package, baseplate, and cooling structure. The substantial difference
between their peaks confirms that case temperature alone cannot represent the transient
chip state under rapidly varying operation.

In summary, the multiscale sequence proceeds from dynamic electrical loss to a local
chip heat source, growth of the diffusion scale, interlayer package transfer, and dynamic
junction- and case-temperature responses. Junction-temperature changes feed back through
temperature-dependent thermal conductivity, carrier mobility, and related parameters to
alter both loss and heat-transfer capability. Physically consistent computation under fast
switching, periodic loads, and complex duty cycles therefore requires energy-normalized
dynamic sources, temperature-dependent properties, chip-scale diffusion, and a package
thermal network with multiple time constants; quantitative predictive accuracy still requires
matched experimental validation.

Figure 7 is a normalized sensitivity calculation, not a direct measurement of a device-
specific microscopic state. In the left panel, v*d = vd/vd,ref , where vd,ref is the reference
drift speed at the baseline material state. The applied-current demand is kept conceptually
fixed. Because J = qnvd and, in the low-field limit, vd = µE, a reduction in effective drift
speed or mobility requires a larger field, carrier density, or conducting area to maintain the
same current; the associated J·E dissipation and on-state voltage therefore increase. The
normalized parameter levels are selected to span the reference-calibrated mobility trends in
Refs. [14,22–24], not to reproduce a measured sample. The plotted Tj,avg curves are lumped,
area-averaged first-order thermal responses rather than local hotspot temperatures. Their
separation grows with time because the electrical penalty changes the asymptotic heat
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input, while the small oscillation represents periodic electrical excitation before slower
package states have equilibrated.

Figure 7. Junction-temperature and temperature-rise sensitivity to normalized carrier drift speed and
an ion-migration/defect index.

The right panel introduces Mion as a bounded screening index normalized to [0, 1],
where zero denotes the baseline resistance state, and one denotes the upper parameterized
perturbation used in the calculation. It is not a measured ion concentration, a damage
fraction, or evidence that ions carry the principal device current. Instead, it groups slow
processes activated by temperature and electric field, including motion of mobile impuri-
ties or charged defects, vacancy redistribution, metal-atom electromigration, interface-trap
growth, and loss of effective contact area [15,18–21]. Increasing Mion is represented by pre-
scribed simultaneous growth of electrical resistance and interfacial thermal resistance. The
resulting ∆Tj,avg curves therefore quantify model sensitivity to the assumed perturbation
only; physical calibration requires impedance, power-cycling, or interface measurements
for the same package.

The curves also illustrate the positive feedback that must be retained in junction-
temperature prediction. As Tj,avg rises, mobility and thermal conductivity decrease, increas-
ing loss and chip thermal resistance. Higher temperature simultaneously accelerates defect
kinetics and migration-like aging processes, which can raise contact resistance further.
A model that prescribes constant power and constant material properties will therefore
underpredict both the peak and the accumulated mean temperature when this feedback
is strong.

4.2. Layered Packaging and the Heat-Spreading Angle

Figure 8 shows the macroscopic heat-transfer path from chip to cold plate. Heat first
enters the SnCu die attach and upper DBC copper. Because copper has high kappa, it
spreads heat rapidly in the lateral direction. By contrast, the thermal conductivity (κ) of
Al2O3 is only approximately 20–24 W/(m·K), producing marked heat-flow refraction and
temperature gradients at its interfaces. The lower copper and baseplate spread the heat
again before it crosses the thermal interface material into the cold plate. Solder voids,
interfacial roughness, and aging can be represented by a contact resistance R_tc or an
equivalent thin layer. In a multichip module, a single vertical path cannot describe mutual
heating in the shared copper and baseplate; off-diagonal coupling terms must be retained.
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Figure 8. Layered IGBT package, heat-spreading angle, interfacial thermal resistance, and cold-plate
boundary [25–27].

For a rectangular heat source of initial dimensions a × b and a local spreading angle
θi in layer i, the effective area at depth z is Ai(z) = [ai + 2z tanθi][bi + 2z tanθi]. If κi is
approximately uniform, the thermal resistance and capacitance are given by Equation (16).
For ai not equal to bi, integration gives the closed form in Equation (16); for ai = bi, it
reduces to Rth,i = Li/[κi × ai(a_i + 2Li tan(θi))]. The thermal capacitance follows directly
from integration of the spreading volume and retains terms in L, L2, and L3 [25–27].

Rth, i =
∫︂ L

0
dz/[κi(T)Ai(z)] ;Cth, i =

∫︂ L

0
ρi ci(T)Ai(z)dz (16)

Rth, i = {ln[bi(ai + 2Litanθi)/(ai(bi + 2Litanθi))]}/{2κi tanθi(bi − ai)} (17)

Cth, i = ρici

[︂
aibiLi + (ai + bi)tanθi Li2 + (4/3)tan2θi Li3

]︂
(18)

A fixed angle is valid only when the source is much smaller than the supporting
layer, the conductivities of adjacent layers are comparable, and the spreading front has
not reached a boundary. This study instead determines θeff from the three-dimensional
heat-flux field. On each depth plane, the cumulative normal heat flow is evaluated; the
equivalent radius r95(z) enclosing 95% of the total flow is identified; and the layerwise angle
is obtained from θeff(z) = arctan{[r95(z) − r0]/z}. This definition automatically captures heat-
flow contraction in the ceramic, truncation at module boundaries, and overlap between
neighboring chip heat flows.

θe f f (z) = arctan{[r95(z)− r0]/z};
∫︂
{A(r95)}q′′ndA = 0.95

∫︂
A q′′n dA (19)

∆T(s) = Zth(s)P(s), Zth, ij ̸= 0 (i ̸= j) f or lateral chip coupling (20)

Figure 9 translates the reference-calibrated scattering trends in Refs. [22–24] into
two quantities used by the package model. Within the relaxation-time approximation,
κ ≈ (1/3)Cphvg

2τph. Temperature increases phonon population and anharmonic scattering;
impurities, vacancies, dislocations, irradiation damage, and boundaries provide additional
scattering channels. In the left panel, κ therefore decreases with temperature and with the
dimensionless multiplier Sph = τph,ref /τph, where Sph = 1 is the reference scattering state.
The markers at 300 and 400 K correspond to the representative silicon values in Table 2. Sph
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is a compact sensitivity parameter for combined mean-free-path reduction, not a universal
material constant or a directly calibrated property of the sample chip.

Figure 9. Influence of phonon scattering, temperature, and a migration/defect index on silicon
thermal conductivity and normalized chip-to-case thermal resistance.

The right panel reports R*
th,jc = Rth,jc/Rth,jc,ref , where the reference value is the undis-

turbed 300 K model state. For fixed layer thickness and area, the bulk contribution varies
approximately as 1/κ; the package resistance also contains interfacial terms Rtc that are
sensitive to voiding, delamination, roughness, metallization degradation, and pressure-
dependent contact area [27]. The index ξ is normalized to [0, 1] over the prescribed
perturbation range and increases both the bulk-scattering and contact-resistance terms. It is
not a calibrated damage variable. Even at ξ = 0, the 375 and 450 K curves lie above the 300 K
baseline because silicon conductivity is lower. As ξ grows, the curves become nonlinear
because the decrease in τph raises bulk resistance while the added Rtc produces an interface
drop. The curves therefore indicate relative sensitivity within the stated parameterization
rather than device-specific degradation or remaining life.

From a design perspective, the curves show why thermal resistance is a state-
dependent property rather than a fixed catalog value. Local hotspots sample a smaller ef-
fective area than the whole chip, so their resistance can rise faster than the one-dimensional
estimate. At higher temperatures, the same loss produces a larger gradient; that gradient
increases thermomechanical strain, promotes defect growth, and can further reduce the
effective heat-transfer area.

4.3. Cold Plate and System Boundary Conditions

Figure 10 shows the cold-plate flow channels, spatial heat transfer coefficients, and
module-coolant energy boundaries. A prescribed-temperature boundary T = Tc implicitly
assumes zero cold-plate resistance, no coolant-temperature rise, and an infinite local con-
vective coefficient h; it is therefore appropriate only as an ideal reference. In a real cold
plate, the inlet boundary layer is thin, and h is relatively high, while the coolant warms
along the flow direction and may be distributed unevenly. Bends, manifolds, and local jets
make h strongly nonuniform. Equation (21) should thus be applied as the basic module-
bottom boundary; where necessary, Fluent(v.2022 R1) solves continuity, momentum, and
energy equations and exchanges wall temperature and heat flux bidirectionally with the
solid model. System optimization must constrain not only junction temperature but also
pumping power, pressure drop, interphase temperature difference, outlet temperature
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rise, and cavitation or boiling margin. For single-phase liquid cooling, the flow field may
be updated every 0.01–1 s using cycle-averaged loss supplied to the solid. Short-circuit
and avalanche events require smaller steps in a local chip submodel, after which released
energy and peak temperature are returned to the system model [29–31].

−n·κ∇T = h(x, y, t)
[︂

Ts − Tf (x, y, t)
]︂

(21)

·
Qwall =

·
mcp(Tout − Tin) ;Ppump = ∆p · V/ηp (22)

Figure 10. Cold-plate channels, spatial heat-transfer coefficient, and module-coolant energy bound-
ary [29–31].

5. Closed-Loop Cross-Scale Multiphysics Architecture
The foregoing analysis yields the closed-loop relationship among the electric field and

carriers, heat sources, temperature, and stress or damage shown in Figure 11. The arrows
represent both energy transfer and parameter dependence. Electric fields and carriers
form irreversible heat sources through J·E dissipation, recombination, and avalanche
processes; these sources determine the selected junction-temperature observable and the
temperature gradient. Thermal-expansion mismatch converts the temperature field into
solder shear, bond-wire plasticity, and interfacial delamination. Damage then increases
electrical and thermal contact impedances and redistributes current toward undamaged
regions. The central gray path denotes state dependence that cannot be assigned to a single
field, including the simultaneous influence of temperature on carrier lifetime, damage on
effective area, and coolant flow on the bottom boundary [1,2,15,21].

Re(xe, T, D) = 0 ;Rt(T, xe, u, D, h) = 0 ;Rm(u, T, D) = 0 ;R f

(︂
h, Tf , Ts

)︂
= 0 (23)

GET =
(︁
∂Tj/∂Ploss

)︁(︁
∂Ploss/∂Tj

)︁
(24)

σ = C :
[︂
ε − αCTE

(︂
T − Tre f

)︂
− εp − εcr

]︂
(25)

When |GET| is much less than unity and parameters change slowly within one macro
step, a single sequential transfer is sufficiently accurate. When |GET| approaches unity,
damage induces current crowding, or the cooling boundary changes abruptly, the electrical,
thermal, mechanical, and fluid subproblems must be iterated within the same macro step.
Local stability requires |GET| < 1, but this does not make the error from neglecting feedback
acceptable; a large ∂P/∂T can still produce a substantial peak-temperature bias. Strong
coupling employs Aitken relaxation or Newton updates while simultaneously monitoring
temperature residual, power residual, and interfacial energy imbalance.
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Figure 11. Closed-loop coupling among electric field and carriers, heat sources, temperature, and
stress or damage.

The time steps in Table 4 are exchange intervals rather than all internal discretization
steps. This distinction avoids two common errors: solving the complete cold plate with
a nanosecond device step, which is unnecessarily expensive, and feeding a seconds-scale
mean temperature back into a microsecond switching transient, which suppresses peak
feedback. In the multirate method, electrical loss is integrated over a switching period
before being transferred to the thermal field, whereas fault pulses are resolved explicitly
in a local chip submodel. The cold plate updates h and Tf on a slower macro step, and
damage is updated at thermal-cycle extrema or by cycle jumping. The device model may
use finer steps within a switching period, but the quantity sent to the thermal model is the
energy-conserving period integral. Mechanical analysis may be performed only at cycle
maxima and minima with cycle jumping. The control model receives reduced Tj,max, Tj,avg,
and life-consumption states rather than the full three-dimensional field. This hierarchical
synchronization balances computational cost and mechanism fidelity.

Table 4. Interfaces and time synchronization of the multiscale solvers.

Synchronization Strategy Output Input Module

Offline synthesis and
interpolation of
published data

Reference-calibrated Eg, m*,
µ, κ, and τ functions Crystal, defects, T, and strain

Published DFT/DFPT + BTE
data (framework input; not

independently solved)

ns-microseconds;
period averaging Pcond, Eon/off,

·
q(x,t) VGE, IC, Vdc, Tj, D Device/circuit

microseconds-0.1 s; inner
iterations when required Tj,max, Tj,avg, Tj,J, ∇T,

·
Q Geometry, κ(T), ρcp,

·
q, h/Tf Electrothermal FE

Thermal-cycle
peaks/valleys or

cycle jumping

σproxy and D*
screening fields

T(x,t), CTE, and
viscoplastic parameters

Equivalent-stress proxy
(present study); calibrated

Mechanical damage
model (future)

0.01–1 s; two-way exchange Prescribed h(x,t), Tf, and
∆p ranges

Mass flow rate, Tin, and wall
heat flux

Parameterized cold-side
boundary (present study);

two-way Fluent
CHT (future)

0.1–10 ms Online T_j, pump speed,
and life consumption

Mission profile, sensors,
and constraints Reduced order/control
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6. Numerical Implementation and Model Verification
The terms verification, validation, and comparison are used here in their standard

modeling senses. Verification establishes that equations are solved and coupled correctly
through mesh and time-step convergence, conservation residuals, and implementation
checks. Validation requires comparison with independent measurements for the same
observable, geometry, loading, and boundary conditions. Comparison denotes a descriptive
assessment among analytical, equivalent-field, finite-element, and reduced-order outputs
after observable and boundary definitions are aligned. This study is primarily a theoretical
and computational investigation. Because no matched thermography, TSEP, thermocouple,
or bench-test data are reported for the parameterized module, the quantitative evidence
supports numerical verification and cross-model consistency only; it does not establish
experimental predictive accuracy.

6.1. Model Construction and Mesh Independence

Using the sample package parameters in Table 3 and the geometry and cooling prac-
tices summarized in Refs. [25–31], the model employs a 122 mm × 62 mm copper baseplate
with phase modules A, B, and C arranged along its length. Each phase is divided into
high-side and low-side bridge arms and contains three IGBT-FRD groups. Figure 12 and
the local mesh in Figure 13 are computational constructions for this parameterized sample;
the NTC location, inlet, and chip numbering define the monitoring regions and cold-plate
flow direction.

Figure 12. Parameterized IGBT module geometry and local layered model.

Figure 13. Local mesh refinement in the chip and solder layers and electrothermal-fluid boundary
settings.

The mesh is refined through the chip thickness, solder layers, DBC edges, termination,
bond-wire feet, and high heat-source-gradient regions, and is progressively coarsened

https://doi.org/10.3390/app16189348

https://doi.org/10.3390/app16189348


Appl. Sci. 2026, 16, 9348 20 of 30

in the copper baseplate and far-field cold plate. Each thin layer contains at least three
quadratic elements or five linear elements to resolve the interlayer temperature drop.
The time step must resolve both the source pulse and the smallest thermal time constant.
An energy-equivalent load permits larger steps for cycle-averaged operation, but short-
circuit and avalanche events must be resolved directly. Mesh and time-step acceptance are
based jointly on Tj,max, total heat flow, and interlayer temperature drop rather than mean
temperature alone.

Figure 14 uses an independently discretized two-dimensional diffusion equation
consistent with the three-phase geometry and is not raw output from a commercial solver.
Because rectangular source boundaries align differently with successive grids, the coarse-
grid results are mildly nonmonotonic. Refinement from 161 × 81 to 221 × 111 changes
Tmax by approximately 0.04%, satisfying the 0.5% criterion.

Figure 14. Independent mesh-independence reconstruction: node count, maximum temperature, and
relative error.

6.2. Coupling Implementation and Convergence Criteria

Figure 15 distinguishes the computations implemented in this study from interfaces
retained for future end-to-end coupling. The implemented subset comprises reference-
calibrated property tables, terminal conduction/switching/reverse-recovery loss calcula-
tion, energy-normalized spatial heat-source assignment, analytical and two-dimensional
diffusion reconstruction, three-dimensional finite-element thermal calculation, and Cauer
reduction. The cold-side calculations prescribe h(x,t) and coolant-temperature rise from
the parameter ranges in Refs. [29–31]; a new two-way Fluent conjugate-heat-transfer solu-
tion is not claimed. Likewise, the reported thermomechanical outputs are a constrained
equivalent-stress proxy and the dimensionless D* screening index, not a calibrated AN-
SYS (v.2022 R1) Mechanical (v.2022 R1) fatigue, creep, delamination, or lifetime solution.
Full device-specific DFT/DFPT, TCAD source export, bidirectional CFD exchange, and
calibrated mechanical damage updating are shown as compatible framework extensions
rather than as completed links in the quantitative chain.

Sequential coupling is appropriate when |GET| is small, the cooling boundary varies
slowly, and operation is normal. Strong coupling is required for short circuits, overload,
pronounced temperature coefficients, boiling, or damage-induced contact discontinuities.
Within each macro step, P(k+1) = P(Tk, Dk), T(k + 1) = T(P(k+1), hk), and h(k+1) = h(Ts

(k+1)) are
updated successively until |∆Tj| < 0.1 K and |∆P|/P < 10−3.
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Figure 15. Sequential and strongly coupled ANSYS/Fluent/Mechanical workflow.

7. Results and Discussion
All quantitative results in this section are generated by the parameterized analytical,

equivalent-field, finite-element thermal, or reduced-order models using the sample inputs
in Tables 2 and 3 and the cited reference-calibrated ranges. Convergence and conservation
studies verify numerical implementation, whereas agreement among representations is
reported as cross-model comparison. The literature measurements and property stud-
ies provide input ranges and physical context, but they do not constitute experimental
validation of the present geometry, loading, cooling boundary, or temperature observable.

7.1. Equivalent-Field Reconstruction and Cross-Scale Interpretation

Using the sample layout and source parameters in Table 3 together with the package
and cooling relations in Refs. [25–31], an equivalent case is calculated with 36 staggered
IGBT/FRD heat sources across three phases, a 45 ◦C inlet, a 5 K coolant rise, and h
decreasing from 3100 to 2000 W m−2 K−1. The modeled temperature ranges from 49.1 to
79.6 ◦C, and the domain-area-averaged package temperature is 64.2 ◦C. The inlet-to-outlet
difference arises from the combined variations in Tf and h, whereas local peaks within a
phase are governed by IGBT/FRD loss, chip spacing, and superposed spreading in the
copper layers. The constrained-stress proxy reaches approximately 12.6 MPa near large
gradients and chip edges. These values are parameterized computational outputs, not
measured module data or calibrated reliability quantities.

Figure 16 shows the calculated spatial coupling among energy-normalized heat-
source weights, the equivalent package/cold-plate temperature field, and a solder-
layer constrained-stress proxy, using the sample parameters and physical relations in
Refs. [17–21,25–31]. In Figure 16a, multiple rectangular sources are arranged in an array,
and their heat fluxes span 0–2.7 × 105 W/m2. Larger chips or higher assigned loss form
stronger local sources, making module heat input discrete and spatially nonuniform. The
differences are prescribed through normalized rectangular weights representing chip type,
conduction current, switching loss, and unequal current sharing. At every coupling step,
the weights are divided by their volume integral so that the integrated

·
q equals the calcu-

lated terminal device loss.

https://doi.org/10.3390/app16189348

https://doi.org/10.3390/app16189348


Appl. Sci. 2026, 16, 9348 22 of 30

Figure 16. Independent parameterized equivalent-field calculation: three-phase chip heat sources,
temperature field, and solder-layer stress derived from temperature and its gradient.

Figure 16b presents the equivalent package/cold-plate temperature field, which ranges
from approximately 48 to 79.5 ◦C. Lateral conduction and cold-plate convection spread
and superimpose the discrete sources, producing a continuous field that extends beyond
individual chip boundaries. Local temperature peaks remain visible at chip locations,
confirming strong spatial correspondence between the source array and hotspots. Along
the x direction, temperature first increases and then decreases slightly, with the hottest
region located near the center-right of the module. This pattern reflects superposition of
several high-flux chips, differences in edge cooling, and coolant heating along the flow
path. Lower temperatures near the perimeter result from the combined effects of boundary
cooling and lateral diffusion.

Figure 16c shows the constrained solder-stress proxy, ranging from approximately 6.6
to 12 MPa. High values are concentrated in the center-right region and broadly coincide
with the high-temperature zone in Figure 16b. The proxy uses an effective linear thermoe-
lastic constraint relation with material ranges informed by Refs. [17–21]; it is not a solved
elastoplastic fatigue or creep field. Its spatial pattern indicates where thermal-expansion
mismatch and large temperature gradients may elevate mechanical demand. Accordingly,
the result supports qualitative risk localization only and does not establish solder life,
crack-growth rate, or delamination probability.

From a scale-mechanism perspective, the source nonuniformity in Figure 16a origi-
nates from carrier-current paths and switching states. Package diffusion smooths the field
in Figure 16b while preserving identifiable local hotspots. Figure 16c is more sensitive
to temperature gradient and thermal-expansion mismatch, making solder ends and chip
edges critical regions. At material scale, decreasing κ(T) reduces thermal diffusivity; at
carrier scale, µ(T) and τ(T) modify J·E and tail-current duration; at chip scale, the diffusion
length in Equation (15) determines the activated thermal mass; at package scale, copper
spreading and ceramic resistance set interlayer drops; and at system scale, h and Tf define
the mean-temperature baseline. Figures 6 and 16 thus show that upscaled parameters are
continuously updated functions of temperature rather than one-way constants.

7.2. Multichip Thermal Coupling and Interphase Propagation

Figure 17 compares two independent two-dimensional reconstructions under pre-
scribed cooling boundaries to examine hotspot location, interphase coupling, and con-
vection sensitivity. The sample heat-source layout and material ranges are taken from
Tables 2 and 3 and the modeling relations in Refs. [25,26,29–31]. The left and right panels
correspond to DC-1 and DC-2, with h = 650 and 2000 W m−2 K−1, respectively; their mod-
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eled maxima are 132.1 and 99.6 ◦C. This is an illustrative parameter sensitivity calculation
and not a measured cooling-performance comparison.

Figure 17. Three-phase temperature field, interphase coupling, and boundary sensitivity from an
independent two-dimensional diffusion reconstruction.

Six principal source regions are present, and a local peak forms above each chip,
showing that device loss is first concentrated in the active regions and then spreads through
the package. Overlap between neighboring diffusion regions creates a continuous high-
temperature band near the module center. The central chip column is hottest because it
receives both self-heating and heat coupled from the left and right. Side chips are cooler
because proximity to the module boundary provides more lateral spreading space. The
lowest temperatures occur around the perimeter, especially at the two lower corners,
reflecting the combined effects of boundary cooling and two-dimensional diffusion.

Under DC-1, the lower prescribed heat-transfer coefficient limits rejection at the model
boundary, producing a higher temperature field and connected hotspot regions. Increasing
h to 2000 W m−2 K−1 in DC-2 lowers the modeled maximum by approximately 32.5 ◦C,
contracts the isotherms toward the sources, and enlarges the peripheral low-temperature
region. Within this parameterized reconstruction, stronger convection reduces the overall
temperature rise and hotspot extent. The central column nevertheless remains hottest,
indicating that changing h alone does not remove nonuniformity arising from source
layout and interphase thermal coupling. The numerical reduction is not an experimentally
validated performance claim for a specific cold plate.

Overall, the module temperature field is governed jointly by chip-loss distribution,
lateral package diffusion, neighboring-source coupling, and the cooling boundary. A higher
heat-transfer coefficient markedly reduces maximum temperature, but further uniformity
requires coordinated optimization of chip spacing, power balance, and cold-plate channel
layout to weaken central heat accumulation.

7.3. Finite-Element and Cauer Models

Figure 18 compares layer-representative temperatures from finite-element and the-
oretical Cauer models under cases LC-1 and LC-2, using the material stack in Table 3
and the compact-model relations in Refs. [10–12,25–27]. From left to right, the horizontal
axis represents the chip, die attach, upper DBC copper, ceramic, lower DBC copper, DBC
solder, and baseplate. Both methods produce a progressive decrease from chip to baseplate,
consistent with the imposed heat-flow path. The reported metrics quantify cross-model
differences and do not represent error against experimental truth.
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Figure 18. Comparison between finite-element and theoretical Cauer layer temperatures under the
two layerwise validation conditions.

Under LC-1, the layer-representative chip temperature is approximately 64–65 ◦C,
and the two models differ little near the chip. Their difference increases toward the cold
side: the finite-element model gives a baseplate temperature near 59 ◦C, whereas the
Cauer model gives about 54 ◦C. Under LC-2, the layer-representative chip temperature
is about 142–145 ◦C. The difference remains within several degrees through the chip, die
attach, upper copper, and ceramic, but grows from the lower DBC copper onward. The
finite-element lower copper, DBC-solder, and baseplate temperatures are approximately
111, 110, and 106 ◦C, compared with about 99, 97, and 89 ◦C from the Cauer model. These
are model-specific layer outputs rather than Tj,max or a sensor reading. The larger cold-side
difference is attributable to the boundary mismatch and shows the limitation of comparing
a prescribed-temperature Cauer termination with a finite-h finite-element boundary.

Table 5 gives seven-layer mean absolute and root-mean-square cross-model differences
of 3.61 and 4.12 K under LC-1 and 6.92 and 9.27 K under LC-2. The mean relative difference
across the four chip-side layers is 1.28–2.98%, whereas that across the three cold-side
layers is 9.54–12.56%. These percentages are descriptive normalized differences between
aligned model outputs, not prediction errors against measured truth. The pattern arises
primarily from different terminal boundary types: the Cauer chain ends at a prescribed-
temperature node, while the finite-element model applies finite h at the bottom surface.
Increasing the final-layer resistance to fit one case would obscure rather than resolve that
boundary inconsistency.

Table 5. Cross-model difference metrics for the finite-element and Cauer calculations.

Mean Relative Difference,
Three Cold-Side Layers

Mean Relative Difference,
Four Chip-Side Layers

Seven-Layer RMS
Difference

Seven-Layer Mean
Absolute Difference Case

9.54% 2.98% 4.12 K 3.61 K LC-1

12.56% 1.28% 9.27 K 6.92 K LC-2

The result also explains the distinction between maximum- and mean-junction-
temperature models. A local network derived from geometry and spreading angles
preserves the area expansion near the source and more closely represents the infrared-
observable maximum temperature, Tj,max. A structure–function extracted from a TSEP
cooling curve inherits current weighting and is therefore closer to Tj,J. Neither approach is
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inherently correct or incorrect; each represents a different observation operator, and their
outputs should be compared only after the spatial weighting and temporal bandwidth
have been aligned.

7.4. Dynamic Temperature-Loss Feedback

Figure 19 shows the response of a lumped Cauer chip-temperature state, interpreted
here as Tj,avg, under periodic power loading and compares temperature-independent loss
with a temperature-feedback model. The lower panel switches power periodically between
zero and approximately 450 W, with each cycle comprising a high-power interval and a
zero-power dwell. During the high-power interval, loss rises gradually from about 410
to 450 W as Tj,avg increases; after turn-off, it rapidly falls to zero. The upper panel shows
the lumped chip and baseplate temperatures. When power is applied, the chip state rises
rapidly, and its growth rate gradually decreases, producing an exponential-like trajectory.
After power removal, it falls rapidly and then approaches its lower level more slowly,
reflecting the combined thermal resistance and capacitance of the package.

Figure 19. Periodic junction-temperature response with fixed and temperature-dependent loss in the
Cauer model.

The temperature-feedback calculation produces a maximum lumped chip tempera-
ture Tj,avg of approximately 147 ◦C, compared with about 136 ◦C from the temperature-
independent calculation, a cross-model difference of roughly 11 ◦C. Conduction voltage,
switching energy, and effective resistance are temperature-dependent. Rising junction
temperature increases the prescribed device loss, and the added loss raises temperature
further. Within this representative Cauer case, omitting feedback therefore gives a lower
peak; the magnitude still requires device-specific loss calibration and matched experimental
validation before use as a protection threshold.
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The baseplate state peaks near 83 ◦C and changes more gradually because the mul-
tilayer package impedes heat transfer while the larger baseplate capacitance attenuates
fluctuation. Similar maxima and minima in successive cycles indicate convergence of
the model to a stable periodic response. The calculation demonstrates why temperature-
dependent loss should be retained when studying area-averaged junction-temperature
sensitivity under periodic high-power operation; it does not by itself validate a lifetime
model or an overtemperature-protection setting.

7.5. Thermomechanical Fields and Reliability Implications

Figure 20 presents a qualitative thermomechanical-risk screening constructed from
the parameterized temperature field and material trends in Refs. [17–21]. The upper panels
show temperature and |∇T|. The constrained-stress proxy uses the linear relation in
Equation (25) with effective elastic and thermal-expansion parameters; it is not a calibrated
elastoplastic, creep, or fatigue solution. For the damage-sensitivity proxy, the calculated
stress and gradient fields are separately min–max normalized over the plotted domain
as σ̂ = (σ − σmin)/(σmax − σmin) and ĝ = (|∇T| − gmin)/(gmax − gmin), and D* = σ̂ĝ. Thus,
D* = 0 and D* = 1 denote the lower and coincident upper limits of the two normalized
fields in this case; they do not represent zero and complete physical damage.

Figure 20. Temperature gradient, constrained thermal stress, and damage-sensitivity fields con-
structed from the temperature field.

The upper-left temperature field ranges from approximately 73.5 to 100.5 ◦C. Each
chip forms a local high-temperature region, with the central column, particularly its upper
chip, approaching 100 ◦C. Central chips receive both self-heating and laterally coupled
heat, whereas side chips have shorter paths toward the module boundary. Temperature
decreases continuously toward the package edge and cooling boundary. The upper-right
magnitude of the temperature gradient |∇T| reaches about 1.68 K/mm. Unlike the broad
hot regions, high gradients form bands and rings at chip edges and local material interfaces.
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The location of maximum temperature therefore does not necessarily coincide with the
maximum gradient; abrupt changes in material, heat flux, and geometry at chip edges
produce rapid temperature variation over short distances.

The lower-left constrained thermal-stress field ranges from approximately 11.6 to
21.2 MPa. It is smoother than the gradient field but corresponds broadly to the high-
temperature region. Stress is greatest around the central chips because coefficient-of-
thermal-expansion mismatch and structural constraint convert nonuniform heating into
thermal stress, and overlapping fields from adjacent sources intensify deformation in-
compatibility. The lower-right damage-sensitivity index D* reaches approximately 0.84
and is concentrated at chip edges, especially around the lower central chip. This index
combines temperature gradient and constrained stress, showing that potential damage
is governed not by maximum temperature alone but by coincident high stress and high
gradient. Central chips and all chip edges are therefore critical reliability regions. Op-
timizing layout, balancing loss, improving interfaces, and strengthening local cooling
can reduce gradients and stress concentrations and suppress solder fatigue, delamina-
tion, and crack growth. Consequently, only the case-specific qualitative observation that
central-chip and edge regions are potential risk locations is retained; quantitative reliability
prediction requires material calibration, uncertainty or sensitivity analysis, and matched
power-cycling experiments.

8. Conclusions
This study established an energy-consistent computational framework connecting

first-principles-informed material descriptors and carrier mechanisms to prescribed energy-
normalized heat sources, chip diffusion, package spreading, multichip coupling, nonuni-
form cold-side boundaries, qualitative thermomechanical-risk screening, and reduced-
order junction-temperature estimation. The principal novelty is the explicit definition
of cross-scale energy interfaces, multirate synchronization, and temperature observation
operators, rather than the individual thermal-network, finite-element, or multiphysics
components. This architecture provides additional discrimination among local hotspots,
lumped chip states, sensor-filtered temperatures, and differences caused by incompatible
terminal boundaries. The principal findings are as follows.

(1) For an 80 µm silicon chip at 400 K, the Fourier time τd = L2/α is 0.12 ms, while the
characteristic penetration length δT = 2

√
(αt) reaches the chip thickness at 0.030 ms.

These criteria are mathematically consistent and describe order-one Fourier equilibra-
tion and penetration of the selected diffusion envelope, respectively. Lateral diffusion
remains much slower, so the early Tj,max depends strongly on the prescribed spatial
source and cannot be inferred from Tj,avg or TNTC.

(2) At package scale, a heat-flux-defined effective spreading angle represents finite bound-
aries and overlap between neighboring chip heat flows. In the layerwise finite-
element/Cauer comparison, the mean relative cross-model difference is 1.28–2.98%
across the four chip-side layers and 9.54–12.56% across the three cold-side layers
when the two models use different terminal boundary types. These values quantify
consistency between computations, not accuracy against measured temperatures.

(3) In the illustrative three-phase boundary-sensitivity calculation, increasing h from 650
to 2000 W m−2 K−1 lowers the modeled maximum from 132.1 to 99.6 ◦C. The result
demonstrates the direction and magnitude of sensitivity for the specified parameter
set; it is not a measured cold-plate performance claim. The central maximum persists
because of the source layout and lateral multichip coupling.

(4) Electrothermal feedback is quantitatively important: in the representative periodic
case, incorporating temperature-dependent loss raises the predicted peak junction
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temperature by approximately 11 K. Sequential coupling remains efficient when the
loop gain is small, whereas rapid boundary changes, high-field events, or damage-
induced current redistribution require inner iteration and explicit energy-residual
checks. The thermomechanical stress and D* fields, however, are qualitative prox-
ies only and must not be interpreted as calibrated fatigue, creep, delamination, or
lifetime predictions.

Accordingly, reliable thermal design should match model resolution to the dominant
time and length scales, retain spatially varying coolant conditions for system prediction,
and distinguish maximum, area-averaged, current-weighted, and sensor-proximal tem-
peratures. The numerical values reported here define verified mechanistic trends for the
parameterized configuration. The numerical results therefore support theoretical interpre-
tation, implementation verification, and cross-model comparison for the parameterized
configuration. They do not establish device-specific predictive accuracy or quantitative
reliability. Future work will validate the key temperature observables under the same
module geometry, electrical loading, and cooling boundary using synchronized infrared
thermography, TSEP measurement, and embedded thermocouples; power-cycling and
interface characterization will then be used to calibrate the stress/damage relations and
test robustness to material, boundary, and geometric uncertainty.
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Nomenclature

Symbol Definition Unit
A Heat-transfer or cross-sectional area m2

Aeff Effective electrically or thermally conducting area m2

Cph Phonon heat capacity J m−3 K−1

cp Specific heat capacity J kg−1 K−1

D Damage-state variable –
D* Normalized thermomechanical-risk screening index –
Da Ambipolar carrier-diffusion coefficient m2 s−1

E Electric-field magnitude V m−1

Eg Semiconductor bandgap eV
Eon, Eoff, Err Turn-on, turn-off, and reverse-recovery energy J
Fo Fourier number –
GET Electrothermal coupling gain –
h Convective heat-transfer coefficient W m−2 K−1

IC Collector current A
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J Current density A m−2

Lc Thermal diffusion length m
Mion Normalized ion-migration/defect index –
N Carrier or dopant concentration m−3

Pcond Conduction power loss W
Ploss Total device power loss W
q Elementary charge C
·
q Volumetric heat-generation rate W m−3

QB Stored bipolar charge C
R Net carrier recombination rate m−3 s−1

Rtc Interfacial thermal contact resistance K W−1

Rth Thermal resistance K W−1

Sph Normalized phonon-scattering multiplier –
t Time s
Ta Ambient temperature K
Tc Case temperature K
Tf Coolant bulk temperature K
Tin Coolant inlet temperature K
Tj Junction temperature K
Tj,max Maximum junction temperature K
Tj,avg Average junction temperature K
Tj,J Current-density-weighted junction temperature K
Tj,sens Sensor-reported temperature after spatial and temporal weighting K
TNTC Baseplate NTC thermistor temperature K
VCE Collector–emitter voltage V
vd Carrier drift velocity m s−1

vg Phonon group velocity m s−1

α Thermal diffusivity m2 s−1

δT Characteristic thermal penetration length m
∆T Temperature rise K
ε Mechanical strain –
θeff Effective heat-spreading angle rad
κ Thermal conductivity W m−1 K−1

µ Carrier mobility m2 V−1 s−1

ρ Mass density kg m−3

σ Mechanical stress Pa
τ Carrier lifetime or relaxation time s
τd Fourier diffusion time s
τph Phonon relaxation time s
ξ Normalized scattering/migration state index –
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