Semiconductor Switching Theory: Formalizing Semiconductor
Switching Dynamics and Bridging Circuit Theory, Conservation Laws,

and Semiconductor Physics

Abstract
Global electricity demand is expected to more than double by 2050'%, driven by

4 electrified transport™®, heat pumps’,

emerging loads including Al data centres,™
electrolytic hydrogen production® and robotics?>. The global sustainability urgently
demands green electrical and electronic engineering (EEE), where semiconductors are
central components. However, since 1947°, semiconductor switching has remained
largely empirical or phenomenological, owing to the lack of a unified causal-
deterministic formulation of switching dynamics and a bridge between macroscopic
and microscopic perspectives. Consequently, it imposes fundamental limits on
semiconductor science, engineering and downstream applications, whilst leaving these
domains to traditionally evolve separately. Here we present Semiconductor Switching
Theory (SST), which formalizes semiconductor switching dynamics within a unified
causal-deterministic formulation and bridges circuit theory!®, conservation laws and
semiconductor physics. Its demonstrated implications include laying the foundation for
the theoretical system, including fundamental modelling, deterministic predictability
and causal-mechanistic interpretability. For example, SST yields a switching-energy-
loss model (errors: 0.88—11.60%), which achieves a 17-fold average error reduction
compared to the conventional model (errors: 34.41-80.05%); SST enables
unprecedented causal-mechanistic interpretability of switching waveforms as
manifestations of underlying switching dynamics. Furthermore, its prospective
implications include informing semiconductor science, engineering and downstream
applications, whilst laying the foundation for bridging these traditionally separate
domains, including through future cross-disciplinary integrated research and future

cross-hierarchical co-design. SST may help identify directions across disciplines such

11,12 13,14 15,16

as semiconductor materials, ' chip design, >** packaging, reliability,!!® thermal

management;'>?* downstream applications such as power electronics; and may extend
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across EEE sub-fields, including higher-frequency communication, computation
devices and integrated circuits.?!??

Keyword: interpretability, semiconductor switching behaviors, transistor switching
phenomena, semiconductor switching interpretability theory, SST, semiconductor-

circuit interaction, switching loss prediction, bridging semiconductor science,

engineering and applications, semiconductor-application co-design

Nomenclature
Table 1. NOMENCLATURE

Symbol Unit Definition
Sk N/A Switch number, e.g., S| denotes the upper switch and S> denotes the lower switch.
Rsy Q Equivalent resistance of Sx.
Rarift sx Q Drift-region resistance of Sx.
Rensx Q Channel resistance of Sx.
Vds,Sx v Drain-source voltage of Sx.
VGG A% Output voltage of the gate driver of ;.
Vgs,Sx v Gate-source voltage of Sk.
Vinsx A% Threshold voltage of S.
Coss.sx pF Output capacitance of Sy.
Csx pF Overall equivalent capacitance of Sx.
Cs sx pF Gate-source capacitance of Sx.
Cod,sx pF Gate-drain capacitance (also known as Miller capacitance) of Sk.
Cls sx pF Drain-source capacitance of Sx.
Td,sx A The drain current of Sk.
id.sx A The channel current of Sx.
ig,sx A Gate driving current of Sx.
iL A Load current.
iRrsx A Instantaneous current through Rsy.
inc A DC-source current.
iCgs,Sx A Displacement current of Cig sx.
iCed,Sx A Displacement current of Ced sx.
icds.Sx A Displacement current of Cssx.
ic,sx A Displacement current of Csy.
Irr,Sx A Current through the equivalent capacitance Ci,sx.
Vbe A" DC-link voltage.
Eon [h) The turn-on energy dissipation.
Ega5x(v) uJ The energy stored in Cgqsx at drain-gate voltage of v.
Egssx(v) [h) The energy stored in Cyssx at drain-source voltage of v.
Eoss sx(v) pnJ The energy stored in the output capacitance of S, at drain-source voltage of v.
Ooss,sx(V) nC The charge stored in the output capacitance of S, at drain-source voltage of v.
€pro N/A Error of the proposed model’s prediction results w.r.t. the measured results.
€con N/A Error of the conventional model’s prediction results w.r.t. the measured results.




Introduction

According to International Energy Agency and World Bank, global electrification®
7. digitalization®*, and intelligentization,>* including Al data centres,>* electrification
including electrified transport™®, heat pumps’ and electricity-enabled hydrogen
production® and robotics?, have placed unprecedented electricity demands.
Consequently, global electricity demands are projected to more than double by 2050.'-
8 Global sustainability urgently demands green solutions in EEE, where semiconductors
are core components. For example, over 80% of USA electricity is projected to be
processed by power electronics by 2030,%® where the switching-energy loss normally
dominates overall system loss, and is further exacerbated by the constant push towards
higher switching frequency, e.g., MHz-level and above for compactness.!??42°

However, despite its central role in EEE, semiconductor switching has remained
largely empirical or phenomenological at the macroscopic circuit level for decades.?®"
2 Circuit-level designs typically employ lumped-element equivalent-circuit
modelling.?27% Most models®*° represent the device as a single two-terminal switch

31-34

or a three-terminal block; more advanced models add junction capacitances to

capture dielectric phenomena; and a few further model the conductive path as either a
current source or a voltage source fitted to observed switching waveforms.3>-3
Nonetheless, across existing models, causal-deterministic interpretability remains
fundamentally lacking because understanding is largely confined to an empirical or
phenomenological level. Typical reproduced responses include switching waveforms,

textbook- and standards-based linearized approximations?®-27-340

and switching-energy
dissipation®**?. Because of this empirical or phenomenological nature, these models
leave fundamental aspects of switching dynamics obscured. For example, the energy
dissipation associated with resistive components along the conductive current path
remains obscured; the equivalent-circuit representations differ across switching
scenarios as well as subintervals, lacking a unified model; the key role of variable
resistors in the causal chain has remained unrecognized; the input actions appear widely
decoupled from the output response.262%343840 The Jack of a mechanistic basis also

obscures the criterion for the onset of turn-on events, which can lead to ambiguity for
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identifying the number and onset of turn-on events, potentially causing mis-

interpretation in situations including crosstalk-induced gate spikes®>?’

, multiple
threshold crossings and multi-level gate-driving®.

Moreover, physical interactions that significantly influence output responses are
unrecognized. For example, Kasper et al.*’ models turn-on energy (Eon) under
incomplete zero voltage switching (iZVS) under incomplete zero voltage switching
(1ZVS), accounting for the DC source and output capacitances of the upper (S1) and
lower (S2) devices in a half bridge. This model, hereafter referred to as the conventional
Eon model, is derived from energy conservation.*” However, the influence of load
current, and associated energy dissipation during the current commutation (CC)
subinterval remain unrecognized. This limitation leads to missing terms in the model
and hence systematic prediction inaccuracy. In addition, energy- and charge-
conservation based frameworks have remained separate, with their equivalent
applicability to switching dynamics neither established nor experimentally validated.
Whilst energy conservation originates from time-translation symmetry via Noether’s
theorem, charge conservation, reflected through Kirchhoff’s Current Law (KCL) in
circuit theory, originates from electromagnetic U(1) gauge symmetry. Similarly, the
unrecognized influence of S>’s non-linear junction capacitances obscures the causal-
mechanistic interpretability. For example, the Miller plateau, i.e., the subinterval of
nearly constant vgs in the switching, and the abrupt voltage drop at its end are well
reported, but their causal mechanisms remain unclear,’*2%343840 despite their energy
loss often constituting a significant portion of overall system energy losses.

In this work, we address the above limitations and previously unrecognized
aspects by introducing Semiconductor Switching Theory (SST) grounded in the most
fundamental conceptual, representational, mechanistic and analytical shifts. By
reconceptualizing semiconductor devices from a macroscopic-circuit viewpoint at the
most fundamental level of device conception, and integrating insights from both the
macroscopic-circuit level and the microscopic semiconductor-physics level, SST
establishes a unified, physics-informed equivalent-circuit representation. SST further
reveals the existence and physical origin of semiconductor switching inertia,
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identifying semiconductor switching process, in its physical essence, as a dynamical
process in which physical interactions overcome this inertia. Furthermore, SST enables
two first fundamental unifications in switching dynamics: the unification of
macroscopic circuit-level and microscopic semiconductor-physics-level insights, and
the unification of energy- and charge-conservation analytical frameworks. Hence, to
our knowledge, SST establishes the first conceptual, representational, mechanistic and
analytical foundations for the breakthrough beyond empirical or phenomenological
descriptions towards a unified causal-deterministic formulation of switching dynamics,
whilst also providing the first bridge between circuit theory, conservation laws of
energy and charge, and semiconductor physics (Fig. 1).

We demonstrated that SST enables the derivation of a new SST-based Eon model
that delivers a 17-fold prediction accuracy improvement over the conventional model*
(Fig. 2); SST further offers causal-mechanistic interpretability of switching waveforms
as manifestations of the underlying switching dynamics, across scenarios and
subintervals (Fig. 3 and Fig. 4). Beyond the demonstrated implications, SST lays the
foundation for the theoretical system, as well as for modelling, design, optimization and
standardization across semiconductor science, engineering and downstream
applications. Furthermore, SST paves the way towards integrating these domains that
have traditionally evolved separately. For example, SST could enable future cross-
domain integrated research across areas such as semiconductor materials, chip design,
packaging design and application engineering, as well as future cross-hierarchical co-
design, including semiconductor-application co-design and application-oriented
semiconductor engineering etc. We anticipate that these future integrated
methodologies could help unlock new levels of sustainable performance, including
optimal energy and environmental footprint savings and reliability.

In the following sections, we first present the concept of SST. We then introduce
the unified formulation of semiconductor switching dynamics from charge and energy
conservation laws, together with experimental validation. Next, we demonstrate causal-
mechanistic interpretability of switching dynamics in representative switching
scenarios, with additional Zero-Voltage-Switching (ZVS) and another iZVS scenarios
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demonstrated in Methods. Finally, we discuss the implications and outlook, followed

by Methods.
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Fig. 1| Interpretability for semiconductor switching behaviors “black box”. (a) Conceptual
[lustration of the role of SST to bridge conservation laws of energy and charge, circuit theory and
semiconductor physics, together with the three underlying principles of SST. (b) Illustration of the
unified-model principle using an equivalent-circuit model of a MOSFET half-bridge with a load
inductor, showing individual current components at a representative instant during voltage-fall sub-
interval (VF) under hard switching. (c¢) Simplified equivalent-circuit representation of (b), where
the red current component denotes the load current; the blue current components denote the charging
current component of S», supplied by the DC source and the orange current component denotes the
discharging current of Coss;s1 via Si’s channel. (d) Rsi—vgss1 curve in forward conduction over the
Ves,s1 SWing, where Vs max and Vs min denote the maximum and minimum vgss1 during the switching
transition, respectively. The red, blue and purple curves correspond to conducting current of 10 A,
30 A and 60 A, respectively; the black curve denotes the Rsi—vgssi relationship for vessi<4 V at

lower current levels.

SST is grounded in the following three principles, namely Switching Inertia
Principle, All Interactions Principle and Dynamical Evolution Principle.

Principle 1 (P1)—Switching Inertia Principle: From a macroscopic circuit
viewpoint, SST formulates a semiconductor device as a charge- and energy-storing
circuit element whose conductive path transitions between insulator-like blocking and

conductor-like conducting states.



As detailed in the unified equivalent-circuit model section of Methods, the
semiconductor device is represented by a unified equivalent-circuit model!®?*-3°
comprising a lumped variable resistor (e.g., Rs1 and Rs2), lumped variable field-storage
capacitors (e.g., Cosss1 and Cosss2) and where applicable, effective charge-storage
capacitive equivalents (e.g., Cess1 and/or Cess2). As a capacitive counterpart to the
unified equivalent-circuit model of transformers?’** built from lumped inductors and
resistors only, this unified model uses lumped capacitors and resistor(s) only to capture
the intrinsic dynamical properties of semiconductor devices during switching,
providing concise yet effective representations that can be extended across circuit
topologies, device types, and all switching scenarios and subintervals.

During switching, the equivalent resistance evolves between a high-resistance
state and a low-resistance state, whilst charge and energy stored in the capacitive
elements and conductivity-modulated regions evolve with time. At any instant, these
resistive, capacitive and carrier-storage states characterize the switching state. Such
charge and energy storage gives rise to intrinsic switching inertia: changing capacitive
voltages and, in conductivity-modulated devices, injecting or extracting stored minority
carriers require finite charge and energy transfer, preventing discontinuous state
evolution. In this sense, lumped capacitances—and carrier-storage where applicable—
serve as measures of semiconductor switching inertia, analogous to mass in mechanics.

Principle 2 (P2)—All Interactions Principle: All interactions that exert a non-
negligible influence on switching dynamics must be incorporated into the analysis.
Here, interactions refer to gate driving, charge transfer, energy transfer and dissipation,
and the voltage—current coupling. For example, in a half-bridge with a load inductor,
these interactions include the nonlinearity of output capacitances of both devices, as
well as the charge and energy exchange associated with the load inductor and the DC
source. Parasitic inductances are omitted from the formulation, as justified in Methods.

Principle 3 (P3)—Dynamical Evolution Principle: Analogous to an external
force in classical dynamics, the gate current acts as an external gate-driving interaction.
By overcoming the semiconductor switching inertia, this interaction initiates a variation
in Rsi. The resulting evolution of Rsi forms the starting point of the causal chain, whilst
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Rs1 serves as the central switching variable in the causal-deterministic evolution of
voltages, currents, charge transfer, energy transfer and dissipation, as demonstrated in
the following sections and in Methods. Correspondingly, the onset of turn-on process is
defined by the initial rapid drop in Rs1 when vgs s1 exceeds Vinsi, as detailed in Methods.
Unified formulation of semiconductor switching dynamics from charge and
energy conservation laws and experimental validation

We propose an SST-based Eo,n model for a typical iZVS scenario, derived
independently from charge and energy conservation (detailed in Methods). Considering
the same physical interactions, the analytical frameworks based on energy conservation
and charge conservation converge to identical analytical expressions, thereby
establishing their fundamental equivalence in semiconductor switching behaviors. We
further validate the proposed SST-based model against experimental measurements and

compare it with the conventional model*

. As shown in Fig. 2, the proposed model
achieves a 17-fold average error reduction compared to the conventional model*?,
experimentally validating the equivalent applicability of these two analytical

frameworks in semiconductor switching dynamics. This quantitative agreement further

supports the validity and deterministic predictive capability of SST.
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Fig. 2| Comparison of measured results (red) with calculated results from the proposed E,,
prediction model (blue) and the conventional E,, model (orange). Measurements were

performed using commercially available semiconductor devices. Results are shown for (a) V'pc=200
V with semiconductor device A*’; (b) Vpc=400 V with semiconductor device A*; (¢) Vpc=200 V
with semiconductor device B* and (d) Vpc=400 V with semiconductor device B*.
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Causal-Mechanistic Interpretability of Switching Dynamics in a Representative

Hard-Switching (HS) Scenario
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Fig. 3 | Causal-mechanism interpretation for switching waveforms within a typical HS. a,
switching waveforms within a typical HS. b, Operation mode during subinterval (#-t1). ¢, Operation
mode during subinterval (#1-24). d, Operation mode during subinterval (#4-15). e, Operation mode
after #5. The equivalent-circuit model in b, ¢, d and e is obtained based on Py; the current components
that differ from those in the immediately preceding sub-figure are highlighted in blue.

At 1 (i.e., the onset of HS), ir is reverse-conducted by Rs>. During (¢ - t1), whilst
vds,s1 remains nearly constant, with increasing vgssi, Rsi decreases rapidly (by P3),
increasing irsi. As a result, a lossy CC occurs where i, commutates from Rs; to Rs1 (by

P2; accounting for influence of ir).
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At 11, i 1s entirely conducted by Rsi, indicating the CC’s completion; a RR and a
VF commence simultaneously, where the excessive carriers in $> are removed by the
combined effects of recombination and iq,s2, which is also known as reverse-recovery
current. After t1, iqs2 charges Cs» via Rsi, increasing vdss2. As Vpc=vds,s1+Vds,s2, Whilst
V'bc remains constant, vgs,s1 drops, resulting in a discharging current through Cs; via Rsi
(by P2; considering influence of DC source). Notably, during (#1-25),
|dvas so/dt|=lia,s2|/(CsatCrrs2).

During (#1-t3), a quicker relative drop in Rsi compared to vgssi (i.e.,
|dRs1/Rs1[>|dvds,s1/vas,s1|) causes a continued increase in irsi, increasing iqs2 (by P3);
meanwhilst, as vgss1 increases, |dRsi/Rsi| decreases, leading to a reduced di/dt of irsi
(by P3).

During (#1-2), although Coss s2 decreases (by P2; considering Coss s2’s nonlinearity)
and 4,52 increases, causing an increase in S2’s dv/dt, $2’s dv/dt remains low due to high
Coss,s2 (by P2; considering Coss,s2’s nonlinearity). Therefore, only a small portion of igsi
is required by Cgd,s1 to follow S2’s dv/dt, allowing most of igs1 to charge Cgssi.

During (#2-13), Coss,s2 transitions from its high- to low-capacitance region, leading
to an increase in S»’s dv/dt (by P2; considering Cosss2’s nonlinearity). As negative
feedback, more igs; is diverted to Cygds1, leading to: (1) higher icgd,s1, promoting Ceds1’s
dv/dt; (2) lower icgs;s1, which slows the increase in vgs s1, thereby slowing Rs; reduction
(by P3) and consequently slowing irsi increase. The slower increase in irsi, combined
with a significant increase in ic s1, reduces di/dt of i s> — initially positive then turning
negative before #3 — thus limiting the increase in S>’s dv/dt despite decreasing Coss,s2 (by
P2; considering Coss;s2’s nonlinearity). As a result of the negative feedback, Ced,s1’s dv/dt
follows S2’s dv/dt.

During (#3-14), the quicker relative reduction in vgss1 than the relative reduction in
Rsi1 (by P3), causes a decrease in irsi. Initially, as Cuss1 and Cgd,s1 increase whilst dv/dt
changes insignificantly, ic,s1 has a brief increase; slightly more igs1 is diverted to Ced,s1.
Both decreasing irs1 and increasing ic,s1 contribute to a decrease in iq,s2. After that, irsi
continues to drop, decreasing iq;s2, which leads to a decreasing S>’s dv/dt. As S>’s dv/dt
decreases whilst Cys,s1 and Cga,s1 increase (by P2; considering nonlinearity of Cyss1 and
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Cqds1), icas,s1 and icgd,s1 nearly stabilize.

During (#1-t5), as vgssi falls, Ceas1 enters its high-capacitance region and rises
sharply (by P2; considering Cgq,;s1’s nonlinearity). In contrast, as vass2 approaches Vpc,
Coss,s2 remains low (by P2; considering Coss;s2’s nonlinearity), whilst iqs2 sustains a
significant dv/dt, iced,s1 must remain sufficient to sustain a comparable dv/dt for Cgd,s1.
Consequently, limited igs1 causes further negative feedback — a drop in vgss1, which
boosts igsi, strengthening icgd,s1; simultaneously it causes Rsi’s rise (by P3), combined
with vgs,s1 reduction, lowering irsi, and suppressing iq,s2 and thus S2’s dv/dt. Besides, a
supplementary current pulse from Cigss1 results to help discharge Cgas1 via Rsi. These
effects ensure that Cgasi’s dv/dt follows S2’s dv/dt. These also explain the causal
mechanism associated with the drop in vgss1 at the end of the Miller plateau.

After ts5, as vgs,s1 further increases, Rsi decreases slowly (by P3), causing a slight
drop in mid-point voltage and consequently a minor discharge and charge of Cs; and

Cs2 via Rs, respectively.

12



13

Causal-Mechanistic Interpretability of Switching Dynamics in a Representative

iZVS
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Fig. 4| Causal-mechanism interpretation for switching waveforms within a typical iZVS. a,
Switching waveforms within a typical iZVS (ir flows out from the half-bridge midpoint throughout
the entire iZVS). b, Operation mode before #. ¢, Operation mode during subinterval (f-t1). d,
Operation mode during subinterval (¢-f2). (e) Operation mode (f2-53). (f) Operation mode after #.
The equivalent-circuit model in b, ¢, d, e and f is obtained based on Py; the current components that

differ from those in the immediately preceding sub-figure are highlighted in blue.
Before # (i.e., the onset of the iZVS), iL charges Csi and discharges Cs

simultaneously. During (#-#1), i continues to charge Csi and discharge Cs2
simultaneously; as vgs s1 s larger than Vins1 and continues to increase, Rs decreases (by

P3), increasing irsi. Consequently, ip gradually commutates to Rsi, till #1, at which point
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the entire i is conducted by Rsi (by P2; accounting for influence of ir).

During (t1-22), initially, as vess1 continues to increase, Rsi decreases (by P3),
increasing irsi, which increases ics2. Combined with lower Cosss2 (by P2; considering
Coss,s2’s nonlinearity), increasing icsz leads to a higher S»’s dv/dt. This triggers negative
feedback: more igs; is diverted to Cgqs1, causing (1) higher icgda;s1, promoting Cgdsi’s
dv/dt; (2) lower icgs,s1, slowing the increase in vgss1, thereby slowing Rsi reduction (by
P3) and consequently slowing irs; increase. The slower increase in irsi, combined with
a rapid increase in icsi, reduces the di/dt of ias> — initially positive, turning negative
before #3 - limiting S2’s dv/dt despite decreasing Coss,s2 (by P2; considering Coss,s2’s
nonlinearity). These combined effects enable Cgas1’s dv/dt to follow S2’s dv/dt. These
interpretations also explain the causal mechanism underlying the observed
phenomenon whereby irsi discharges Csi and charges Cs» simultaneously, whilst
supplying ir during (#1-%2).

During (£2-13), Ceqs1 1s in its high-capacitance region, increasing rapidly as vassi
decreases; as vgs;s2 approaches Vpc, Coss,s2 remains low; as igs2 remains significant, S»’s
dv/dt remains significant (by P2; considering Cgasi’s and Coss,s2’s nonlinearity).
Consequently, Cga,s1’s dv/dt has to remain significant. The insufficient iy 51 to maintain
Cgdsi’s dv/dt to track S2’°s dv/dt, triggers further negative feedback — a drop in vgssi.
This boosts iy s1, enhancing icgd,si, but also increases Rsi (by P3), and with decreasing
vds,s1, leading to a rapid reduction in irs1, and consequently a lower ig sz, thereby a lower
S2’s dv/dt. Meanwhilst, Cgss1 supplies a pulse current to help discharge Cgqs1via Si’s
channel. Together, these effects enable Cgqsi’s dv/dt to follow S2’s dv/dt. These
interpretations also explain the causal mechanism associated with the drop in vgss1 at
the end of the Miller plateau.

After 13, Cgs 51 stops discharging and is instead charged by ig s1, which charges both
Cgs,s1 and Cgg,s1 simultaneously. As ves s1 further increases, Rsi decreases slowly (by P3),
causing a slight rise in midpoint voltage and consequently a minor discharge of Cs; and

charge of Cs> via Rsi.
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Discussion and outlook

We present SST, a unified causal-deterministic formulation of semiconductor
switching dynamics grounded in fundamental conceptual, representational, mechanistic
and analytical shifts. Conceptually, SST begins from the most fundamental level of
semiconductor device conception, reconceptualizing it from a macroscopic-circuit
viewpoint and thereby offering the conceptual starting point for a unified, physics-
informed equivalent-circuit representation. Representationally, this reconceptualization
is embodied in a unified equivalent-circuit form that integrates macroscopic circuit-
level and microscopic semiconductor-physics-level insights and serves as a capacitive

counterpart to the standard intrinsic transformer equivalent circuit®’**

, with potential
extension across device types, switching scenarios, subintervals and circuit topologies.
Mechanistically, SST reveals the existence and physical origin of intrinsic switching
inertia and identifies semiconductor switching, in its physical essence, as a dynamical
process in which physical interactions overcome this inertia. Analytically, SST unifies
charge- and energy-conservation frameworks for semiconductor switching dynamics,
showing their fundamental consistency and equivalent applicability when the same
physical interactions are considered, thereby enabling causal-deterministic derivation
and prediction. To our knowledge, SST establishes the first unified causal-deterministic
formulation of semiconductor switching dynamics and offers the first bridge between
circuit theory!?, conservation laws of energy and charge, and semiconductor physics.
We demonstrated this mechanistic interpretability through causal-mechanistic
interpretations of switching waveforms as manifestations of the underlying switching
dynamics across representative switching scenarios. We also demonstrated and
experimentally validated this causal-deterministic predictive capability through the
SST-based Eon model, which achieves a 17-fold average error reduction compared to

the conventional model*?

. Meanwhilst, we validated the fundamental applicability and
equivalence of the energy- and charge-conservation analytical frameworks in switching
dynamics, whilst revealing complementary perspectives on switching dynamics:
energy conservation emphasizes net energy redistribution and dissipation, whereas

charge conservation highlights temporal charge evolution. Overall, SST lays the
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foundation for the theoretical system, including fundamental modelling, deterministic
predictability and causal-mechanistic interpretability.

Beyond these demonstrated implications, SST may help identify directions across

11,12 13,14 15,16

disciplines such as semiconductor materials, chip design, packaging,
reliability,!”!® thermal management;'®?° downstream applications such as power
electronics; and potentially across EEE sub-fields, including higher-frequency
communication, computation devices and integrated circuits.?!**> More broadly, SST
may help lay the foundation for design, optimization and standardization across
semiconductor science, semiconductor engineering and downstream applications,
whilst helping bridge these domains that have traditionally evolved separately,
including through future cross-domain integrated research and future cross-hierarchical
co-design. For example, SST could enable application-level requirements and feedback
to inform semiconductor materials, semiconductor physics, chip design, packaging,
reliability and thermal management in a causal-deterministic manner, rather than
through heuristic targets such as reducing device figures of merit*’. It may further
support co-optimization across the design chain, including semiconductor engineering,
topology selection, layout design, interacting component design and control strategies.
Such integrated methodologies could help reduce energy loss and environmental
footprints whilst enhancing reliability. In representative systems such as Al data centres,
power-electronics-chain losses can reach about 12%*, with semiconductor loss
forming a major contributor. We anticipate that SST, together with future theoretical
and methodological developments emerging from it, could extend across EEE subfields,
including communication devices, computation devices and integrated circuits, and

help improve sustainable performance across domains central to the global megatrends

of Al-driven intelligence, digitalization and electrification.
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Extended Data - Experimental platform
(@ (b)

Auxiliary DC
Power Supplies

Gate drivers

B rower Stage

Air-core

Load Inductor Transistors

Power Analyser

DC Supply

Electronic Load

Extended Data Fig. 1. Experimental platform for E,, measurement, using a power electronic converter
as the demonstrative example. (a) Overview picture of the entire experimental platform. (b) Close-up
picture of the power electronic converter.

Table 2. Detailed comparison of E,, measured results with calculated values using the
proposed and conventional prediction models, respectively

CREE 1.2kV  Vic AV Measured Calculated  values using  Calculated values using  Error reduction
second-gen SiC (V) (V) results (i) conventional prediction (nJ)  proposed prediction (uJ)  |Error(conventional)/
MOSFET (mQ) (Error(conventional)) (Error(proposed)) Error(proposed)|
25 200 44 4.65 2.74 (-41.11%) 4.49 (-3.57%) 11.50

25 200 100 16.17 7.91 (-51.12%) 15.45 (-4.50%) 11.35

25 200 134 2553 13.91 (-45.52%) 25.14 (-1.53%) 29.67

25 200 167  36.25 21.88 (=39.64%) 34.65 (—4.41%) 8.98

25 200 192 4825 30.31 (-37.19%) 45.57 (-5.57%) 6.68

25 400 27 3.52 0.70 (-80.05%) 3.33 (-5.26%) 15.21

25 400 54 8.25 2.39 (-71.02%) 7.87 (—4.58%) 15.49

25 400 88 17.36 5.75 (=66.91%) 17.88 (2.95%) 22.66

25 400 137 3321 12.91 (-61.11%) 34.14 (2.82%) 21.67

25 400 193 54.94 24.46 (—55.48%) 55.46 (0.94%) 58.75

25 400 255 8542 41.79 (-51.08%) 84.67 (—0.88%) 57.75

25 400 312 115.68 62.76 (—45.75%) 110.10 (—4.82%) 9.49

25 400 382  163.86 99.24 (-39.44%) 157.42 (-3.93%) 10.02

80 200 38 1.59 0.709 (-55.36%) 1.40 (-11.60%) 4.77

80 200 73 4.24 2.38 (-43.78%) 4.50 (6.10%) 7.17

80 200 94 6.40 3.85(=39.77%) 6.74 (5.40%) 7.37

80 200 116 9.47 5.78 (-38.91%) 9.96 (5.18%) 7.51

80 200 139 13.14 8.26 (=37.13%) 14.02 (6.70%) 5.54

80 200 163 17.88 11.42 (-36.11%) 18.87 (5.56%) 6.49

80 200 186 23.68 15.23 (-35.69%) 24.79 (4.69%) 7.61

80 400 40 2.17 0.748 (—65.60%) 2.05 (=5.79%) 11.33

80 400 65 3.89 1.82 (-53.14%) 4.06 (4.50%) 11.81

80 400 98 8.03 3.92 (-51.21%) 8.20 (2.12%) 24.13

80 400 131 13.50 6.77 (—49.82%) 13.66 (1.25%) 39.99

80 400 170 20.77 11.13 (—46.40%) 21.54 (3.73%) 12.45

80 400 212 30.73 17.05 (—44.53%) 31.65 (2.98%) 14.93
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80 400 254 4171 24.28 (-41.79%) 42.34 (1.51%) 27.70
80 400 302 55.54 34.10 (-38.61%) 57.40 (3.34%) 11.54
80 400 350 72.14 46.67 (-35.31%) 73.67 (2.11%) 16.70
80 400 387 89.57 58.75 (-34.41%) 87.35 (-2.49%) 13.85

Methods

The unified equivalent-circuit model of semiconductor devices
Taking a MOSFET-based half-bridge as an example, the equivalent-circuit model
of the conductive current path of Si is represented by a single lumped variable

resistor, 2730

whose resistance is defined by Ohm’s law as Rsi=vs,s1/irs1, Where irsi
denotes the conductive current component through the lumped resistive path. The drain
current also includes capacitive current components associated with the field-storage
capacitive elements.

Whereas unipolar devices such as MOSFETs do not involve minority-carrier
injection during the turn-on transition, bipolar or conductivity-modulated devices, such
as IGBTs used in a half-bridge configuration, exhibits minority-carrier injection and
conductivity modulation within Si1. These effects also contribute to the conductive
current component during the turn-on transition and are therefore included within irs:
in the lumped equivalent-circuit representation.

In addition, although Si, as a MOSFET, does not intrinsically involve minority-
carrier injection during its turn-on transition, the body diode or anti-parallel diode of
the opposite device S> may contain stored minority-carrier charge if it has previously
conducted. During the turn-on transition of S1, the opposite diode may undergo reverse
recovery, producing an extraction current component associated with minority-carrier
storage in S2, which flows through the conductive path represented by Rs2, in addition
to the displacement current associated with Cogs,s>.

Rs1 represents the lumped resistance of the conductive path(s), aggregating all
relevant resistive elements, including the channel resistance, accumulation-region
resistance, JFET-region resistance, drift-region resistance and contact resistance etc.?
The Rs1 model applies to all device types, for both forward and reverse conduction, at

any gate voltage; its [-V characteristic follows the static output characteristic in forward
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conduction and the static third-quadrant characteristic in reverse conduction, at the
corresponding gate voltage. At any operating point, Rsi is given by the reciprocal slope
of the line connecting the operating point and the origin of the I-V curve at the
corresponding gate voltage. With the same modelling, Rs> model applies to S2; when a
shoot-through event occurs across the half bridge, an additional shoot-through current
component flows through both conductive paths, i.e., both Rs; and Rs>.

Regarding capacitive current paths, variable-capacitance equivalent-circuit
models are used for representation.!®*** For example, in a MOSFET-based half-bridge,
the displacement current components associated with Cgss1 and Cgqs1 traverse the
channel, accumulation region, JFET region and drift region. Since Rsi primarily
represents the aggregate resistance of these regions, both Cgssi and Cgas1 can be
approximated, at the lumped-circuit level, as capacitive paths directly in parallel with
Rsi. For simplicity, they are combined into a single lumped output capacitance Cosssi,
directly in parallel with Rs;.

Omission of parasitic inductances from the SST formulation

Parasitic inductances inevitably exist in semiconductor devices, layouts and other
circuit elements, and their inclusion would provide a closer representation of practical
conditions. Their omission from the SST formulation is analogous to the idealized
formulation of inertial motion in classical mechanics, where resistive effects such as air
resistance exist in practice but are omitted to reveal the intrinsic dynamics of motion.
This treatment isolates intrinsic switching dynamics and avoids obscuring the
underlying switching causality. Furthermore, the parasitic inductances associated with
packages and layouts are typically orders of magnitude larger than the parasitic
inductance associated with the semiconductor device itself, and therefore usually
dominate the overall parasitic inductance. Significant advances in packaging and layout
technologies have nevertheless pushed the overall parasitic inductance towards
increasingly low levels, with reported values already below 1 nH in recent

literature'>+4%>0

, and future technologies are expected to reduce their influence further.
Criterion for turn-on onset
Consistent with SST, the onset is defined as the moment that the initial rapid drop
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in Rsi occurs, triggered by vessi exceeding the threshold. Each threshold crossing
increments the turn-on event count by one. As all switching phenomena evolve from
this initial rapid drop in Rsi, this event is also identified as the starting point for time
evolution and causal reasoning.

Derivation for Eon prediction model in a typical iZVS

Derivation from charge conservation

In all the turn-on scenarios, since the energy dissipated in the ESR of Cs; is

51,52

negligible compared to that along the irs1 paths” >~ it is valid to assume that the entire

Eonsi is incurred in Rsi. Hence, Eons1 is given by

E,q= j Vs, s1 (t)im (t)dt . (1)

switching-ON
In case-2 iZVS process, as vast majority of the energy dissipation during S;’s turn-
on is incurred during (#o — t3), it is valid to assume the dissipated energy incurred during
(to — 83) 1S Eonsi.
Applying KCL at S1’s drain terminal, yielding

iRSl (t) = id,Sl (t) + ngd,Sl (t)+ iCdg,Sl (t) + ipur',ng,Sl ([)-I—ipar,Cdv,Sl (t) . (2)
Substitute (2) into (1), yielding the expression of Eonsi, given by
E, = _.- Vis,s1 (t)ia',S] (t)dH' _[ Vs, s1 (t)icw,,m (t)dH' J Vs, 51 (t)iCdx,Sl (t)dt
switching—ON switching—ON switching—ON
. . - (3)
+ _[ Vas.s1 (t)lpar,cg‘,,m (t)dt + J. Vs, s1 (t)lpar,Cd,,Sl (t)dt
switching—ON switching—ON

As vgss1 during (7 — #3) 1s negligibly small compared to AV, it can be approximated as
a constant Vgp; AV-Vgp can be approximated to AV and 0 V-V, can be approximated to
0 V. Therefore, the summation of 2", 3™ 4% and 5™ terms of the expression of Eonsi
could be approximated as

Vst ()ic, 51 (£)de + j Vit (0)ic, i (£)de + J' Voot ()i (1)t + _[ Vas (0)ic . (¢)dt

switching—ON switching—ON switching—ON switching—ON
N %
= E s (AV) + _[ Vd.\-.Slear,gd.m (ng.m )dvgd,sl + _[ vd.\,Slcpm.clx,Sldvds.Sl
—_— v
Energy dissipated by output capacitance of S1 0V S _ (4)
Energy dissipated by capacitance in parallel with Cgy s, Energy dissipated by capacitance in parallel with Cy s
AV AV
~ E, . s (AV) + _[ vdv,Slemugd,Sl (ng.m )dvgdjl + J. vdv,SlCpm',ds,Sldvds'.Sl
Energy dissipated by ouput capacitance of S1 0 s
Energy dissipated by capacitance in parallel with Cyy g, Energy dissipated by capacitance in parallel with Cyg
E AV Lo A
- 055,51 ( ) + E par,S1
Energy dissipated in RS1 due to discharge of S1's output capacitance

&
Energy dissipated in RS1 due to discharge of Sl's paralleled capacitance

Besides, the charge obtained by Cga,s2, Cus,s2 and the charge obtained by their paralleled
capacitances during (#o — t3), are given by
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AQs, = f lcga 52 (t)dt + I Icas 52 (t)dt

switching—ON switching—ON
Voe =(=Vir)
= dv,, o, + '[ C dv
d,S2 d,S2 ds,§2%" Vds,S2
J.VDL AV ~(~Vgg) g & 5 5 ; (5)

VD(' DC
~ C . .dv + j C, .dv
J‘VD“AV 2d. 5252 ), ) Sass2@Vass2

= Qoss,SZ (VDC ) - Qosx,SZ (VDC - AV)

Ve =(=Vir) Ve
Cpar,gd,SZ (vgd ) dvgd + J‘ Cpar,ds,SZ (vds ) dvds
Ve =AV)=(=Vig) Vpc —AV
Ve Ve
J‘ par,gd, S2 J‘ par,ds,S2 vdv )dvds
Ve —AV Ve —AV

Vpe—AV

Ve Vpe AV Ve 6
= _[ Cpar,gd,S2 (ng )dvgd - _[ Cpar,gd,sz (vgd )dvgd :| +|: J. Cpar,d.&,SZ (vds )dvds - f Cpar,d.\,SZ (Va's )dvds ( )
0 0 0 0

= Cpar,gd,SZAV + Cpar ds,S2 V

=C AV

par,S2

Applying Kirchhoff’s Voltage Law (KVL) across the loop incorporating the DC source,
S1 and S, yielding

Voe = Vst ()4 Va2 (1) - (7)
Applying KCL at the source terminal of Sz, yielding
Inc (t) =I5 (t)_iL (t) = lps (t) tic s (t)_iL (t) : (8)
Hence, the 1% term of the expression of Eon,si could be derived as

Vs (£)ig5 (2)dt

switching—ON

= [ Wcine(t)dt= [ v (6)iasa () =i ()]t .9

switching—ON switching—ON

=V, J' [ins (¢) +ics (£) =i, () ]dt — J' Vissa (1)1 52 (£)dt + J' Vasa (1)i, (£)dt

switching—ON switching—ON switching—ON

Voe~(Vir)
Vis,s2 (t)ld‘sz (t)dt = _[ Vea.52Coi 52 (ng‘sz )dvgd,52 + I Vas52Cues2 (vds,SZ )dvds.sz
switching—ON Vpe =AV)~(—Vigg) Ve =AY
where Energy stored by Cyys, Energy stored by Cyos5 (1 0)

,
y DC

Voe =(=Ver)

+ j Vi 52C parga 52 ( Ve, Yz)d"gd 52 _[ Vis.52Cas 52 (vd\-,SZ )d"m\-,sz + J. Vs, 52 (t)lRSZ (l)dt
Vpe=AV)=(=Vig) Ve —AV switching—ON

Energy stored by Cy gy's paralleled capacitance — Energy dissipation in S2 due to shoot—through

Energy stored by Cyygy's paralleled capacitan ce

(10) could be approximated to
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I Vas,s2 (z)id,sz (t)dt

switching—ON
VD(' VDC VDC
~ I ng.SIng,sz (ng‘sz )dvgd,SZ + _[ Vao.52Cas 52 (Vds,SZ )dvds.SZ + J. vgd.SICpar,gd,S2 (ng,sz )dvgd.SZ
Ve —AV N Ve —AV
Energy stored by Cyq 51 Energy stored by Cy g2 Energy stored by Cyysy's paralleled capacitance (1 1)
VD(‘
+ _[ Vis,52C par.ds.52 (va.\-,:z )dvdx,SZ + _[ Vas,s2 (t)lez (t)dt
VoAV switching ~ON

Energy stored by Cyg,'s paralleled capacitance  Energy dissipation in S2 due to shoot—through

1 2 2 .
= Ea:S,SZ (VD(?) - Eas:.SZ (VD(: - AV) + E(Cpar,gd.SZ + Cpar,ds,SZ ) |:VDC - (VDC - AV) :| + J- Vis.s2 (l)lxsz (t) dt
— e switching—ON
Energy stored by Coss2 Energy stored by the paralleled capacitance of S2 - R ————
nergy dissipation in ue 1o shoot—through
1 2 2 .
=E,5:Vpe) = Epyy 52 (Vpe =AV) + 5 Crurs2 |:VDC = (Vpe —AV) :| + J. Vis,s2 (t)lRSZ (Z) dt

i ON
Energy stored by C, g, switching—ON

Ei y stored by th ralleled  capaci tan c 52
nergy. stored by the paralleled capacitance of Energy dissipation in S2 due to shoot—through

It is important to note that
[ e (t)di=40,+C,, oAV . (12)

switching—ON

Combining (3)(4)(5)(6)(7)(8)(9)(10)(11)(12), yielding the Eonsi prediction model
derived from the perspective of charge conservation, given by

E,, s =Vpe I Irsa ([)dt +AQg, +C,, 2 AV — I I (t)dt + _[ Vis,s2 (t)lL (l)dt
switching~ON switching~ON switching~ON
Energy provided by DC source to the half —bridge Energy provided by the overall AC-link impedance to the half —bridge (1 3)
. 1 2 2
_I:me,sz Vo) = E o 50 Vipe — AV)] - j Vis,s2 (t)lresz (t)dt - Ecpar.SZ I:VD(' =(Vpe —AV) ]

switching—ON

Energy stored by output capacitance of S2

Energy stored by the lleled ~ capacitan c s2
Energy dissipated in S due o shoot—through  L"¢'® Mored by the  paralieled capacitance of

+ Eo.\.\',Sl(A V)"'%Cpar‘SlAVz

Energy dissipated in RS1 due to discharge of S1's output capacitance and paralleled capacitance

Derivation from energy conservation

The half-bridge during the Si’s turn-on process is taken as the study object. For
simplicity reasons, the analysis is limited to (o — #3) as vast majority of the energy
dissipation during Si’s turn-on is incurred during this interval. According to the law of
energy conservation, the overall energy initially stored in the study object, minus the
various dissipated energies incurred during the turn-on process and the energy delivered
to the external circuit, yields the remaining stored energy at the end of the interval. The

general mathematical expression is given by

E E,

initial ~ dissipated - Edelivered = Eﬁnal s (14)

where Einitial denotes the overall energy stored in the study object at the initial instant;
Eldissipated denotes the total energy losses during S1’s turn-on process, including but not
limited to turn-on loss and ESR losses; Edelivered denotes the energy delivered to the
external circuit; Efnal denotes the total energy stored in the study object at the end of
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the process. Among them, Einitial and Efinal are given by

E iu = |:Egd,Sl (AV T V51 (to )) +E 5 (AV) + % Cpar,gd,Sl (AV T V51 (to ))2 +%pr-,ds,31AVz}

1 2 1
+ |:Egd4S2 (VDC —AV - Ves.52 (to )) +E, s (VDC - AV) + B Cpungd,SZ (VDC —AV - Vs, 52 (to )) + Ecpal‘,d.\zSZ (VDC - AV)Z:I

1 1
= |:Egd.51 (AV - Vth.Sl ) + Eds,Sl (AV) + 5 Cpm,gd,Sl (AV - Vth.Sl )2 + E Cpar.dx,SlAVz :}

1

1
+ |:Egd,SZ (VDC —AV =V, 5, (to )) +E4 5 (Vnc - AV) + Cpar,gd.S2 (Vnc —AV =V, s, (to ))2 + Ecpar.dx,SZ (Vnc - AV)Z :l

2
(15)

1

P |
Eﬁrml = |:E7d,Sl (_Vth,m ) + Eds,Sl (0) + 5 Cpar,gd,Sl (0 - Vth,Sl ) + E Cpar,ds,Sl 02 :| (1 6)

+ |:Egd,52 (VDC - vgs,SZ (tO )) + Eds,SZ (VDC ) + l Cpar,gd,S2 (VDC - Vgs,S’Z (tO ))2 + lear,ds,S2VDC2 :|

2 2
where vgsi1(f0)=Visi. As both vgss1 and ves s> during the process are negligibly small

compared to AV and Vpc-AV, both vgs s1 and vgs s2 can be approximated to 0 V, yielding
1 1
Einizial ~ |:Egd,Sl (AV) + Eds,Sl (AV) + E Cpar,gd,Sl (AV)2 + 5 Cpar,ds,SlAVz :|

1 1 )
J{Egds2 (Voo =AV)+ Eyy oo (Voo = AV ) + EC Voo —AV) + ECW)%_’SZ (Vo — AV)Z} ;(17)

par‘gd.sz(
1 1
= |:Eoss,Sl (AV)J'_EC[)W,S] (AV)2:|+ |:E0ss,52 (VDC _AV)_'_ECpar,SZ (VDC _AV)2:|

1 1
Eﬁnaz ~ Egd,SZ (VDC ) + de,sz (VDC ) + 5 Cpar,gd,S2VDC2 + 5 Cpur,ds,S2VDC2

(18)

= on.v,SZ (VDC)+%C Ve’

par,S2° DC

During S1’s iZVS process , the energy dissipation caused by ESR is negligible compared
to Edissipated- The dominant dissipated energy arises from Eons1 and the dissipated energy
within $2 due to the shoot-through effect. Hence, Edissipated can be approximated as
consisting only of these two components, namely

~ E + Edissipated,SZ b (1 9)

E dissipated on,S1

where E ysipatea s2 = J Vas,s2 (t )iRSZ (f ) dt

switching—ON

Energy dissipated in S2 due to shoot—through

(20)
Regarding the energy delivered to the external circuit, Edelivered could be obtained as

E =Wy +W,) (21)

delivered

where Wpc and W1 denote the work done by the DC source and load inductor to the
study object, respectively.

In order to obtain Wpc, it is important to obtain the total charge obtained by the DC
source, denoted AQpc during the process. Applying KCL at S>’s source terminal,

23



24

yielding
ine (1) =iy g0 (2) =i, (2) =i gn () Fing, (£)—i, (2) - (22)

Integrating both sides of (22), yielding
AOpe= [ ipc()dt= [ ico(di+ [ ip(t)di— [ i (0)dr, (23)

switching—ON switching—ON switching—ON switching—ON
J. le,sa (t ) dt
switching—ON
= J. lea,s2 (t)dt + .[ lcas,s2 (t)dt + I Lepar,gd .52 (t)dt + J- Lepar,ds,s2 (t)dt
switching—ON switching —ON switching —ON switching—ON
dv dv
d,S2 ds,S2
= j C,, g —22=di+ I C, s —=dt
800 dt Ut dt 24
Where switching—ON switching—ON . ( )
dv dv
2d,S2 ds,S2
+ Cpar‘gd,SZ dl dl + par,ds,S2 dt dt
switching—ON switching—ON
Ve =Ves.s2(13) Ve
= v, ¢+ J dv
Voo AV =vg 52 (1y) gd,§27" " gd ,S2 Ve —AV th §2% ds,S2

Ve =Vves.s2(83)
gl

DC
dv J C o as 52V
Voo —AV =V 52 (1) par 2d,S27" " gd,S2 N par,ds,S2 ds,S2

As vgss2 18 negligibly small compared to Vpc-AV during the process, (24) could be
approximated to
[ s (t)dr
switching—ON

[ Byt [ Cosatas [ ooy n [ Cropsad
~ Y Ay, Y oAy,
Voo —AV gd 524V eq 52 Vpeny ~ds520Vass2 T )y N pargd 524V ed 52 Vypo—ay ~ pards.S24Vds. 52 (25)

= va S2 (VDC ) - Qms- 52 (VDC - AV) + (Cpar‘gd,SZ + Cpar‘u's,SZ )AV

- AQSZ + Cpai 52
Therefore, AQbc is obtained as
AQDC ~ AQsz par szAV + J. iRsz (t)dt - I iL (t)dt . (26)
switching—ON switching—ON

Hence, Wpc is obtained as

Wpe = I Vcine (t)dt =VpeAQpc

switching—ON

27)
=Vpe| 8D, +Cpp sV + [ gy ()dt— [ i (t)dt
switching—ON switching—ON
In terms of the work done by the load inductor W1, it could be obtained as
W= [ v @i ()di= [ v (e)i(e)de. (28)
switching—ON switching—ON
Substituting (27) and (28) into (21), yielding
E toiiverea = _(WDC +W, ) =
(29
=V, l:AQS2 +ChpcBV+ [ ()dt— [, (t)dt} [ Vs (£)i (1)t (29)
switching—ON switching —ON switching—ON

Substituting (17),(18),(19),(20),(29) into (14), yielding the Eons1 prediction model,
given by
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E, 5=V _“ Ips2 (D)t +AQg, + Cous:AV — _[ I (t)dt + J Vis.s2 (t)lL (t)dt
switching—ON switching—ON switching—ON
Energy provided by DC source to the half —bridge Energy provided by the load inductor to the half bridge
E,. o (Voo)=E,. (Voo —AV s, (1) i Le Vol = (Voo —AV) (30)
_|: a:s,SZ( DC)_ oss,SZ( pc )j|_ _[ Vas.s2 (t)lez (t) r = 5 “pars2 | Poe _( pc )
switching~ON
Energy stored by output capacitance of S2 . .
Energy dissipated in S5 due 1o shoot—through "% Stored by the paraleled capacitance of 52
E. o (AV)+Lc Ap?
+ 0ss,S1 ( )+ 5 par,S1

Energy dissipated in RS due fo discharge of Svs owput capacitance and paralced capacitance
Notably, (30) is identical to (13), demonstrating that the proposed prediction model
derived from energy conservation is fundamentally equivalent to that derived from
charge conservation, thereby establishing the universal applicability of both
conservation laws in semiconductor switching behaviors. This equivalence reveals two
complementary physical perspectives: the energy-conservation-based framework
highlights the initial and final energy states, whereas the charge-conservation-based
framework elucidates the transient charge evolution.
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Summary of origin of Miller plateau in switching scenarios

Table 3. Summary of origins of Miller plateau in switching scenarios

Switching ZVS
scenario

1 phase CC
N/A

plateau NO

27 phase
Miller

existence
1% sub-phase of N/A
Miller

associated

plateau;

physical origin

2" sub-phase of N/A
Miller

associated

plateau;

physical origin

3 sub-phase of N/A
Miller

associated

plateau;

physical origin

4" sub-phase of N/A
Miller

associated

plateau;

physical origin

HS

CcC
VF and RR
YES

(ti-2); high Cosss2 and low
igs2, causing low dv/dt, thus

low ICgd,S1.

(t-t3); medium Cosss2 and
high igs2, causing medium
dv/dt; given low Cyqsi, low-

to-medium icgqs1 results.

|dR31/Rs1‘>

causes

(t3-1a);

|dvdas,s1/vas si|
decreasing irs1, and thus a
decreasing iqs», leading to a
dv/dt,  whilst

increases,

decreasing
Coasi causing
nearly unchanged icgdsi at
medium level.

(ta-ts); high Cesi and
medium dv/dt, causing high

ICgd,S1.

Case-11ZVS

CcC
VF
YES

(ti-t2); high Cosss> and low
ias2, causing low dv/dt; as
Cods1 is also low, iCgd,S1 is

low.

(t-t3); medium Coss2 and
high igs2, causing medium
dv/dt; given low-to-medium
Cods1, low-to-medium icgqsi

results.

(t3-14); medium-to-low Cosss2
and decreasing iqs», causing
dv/dt,

Cadst,

decreasing given

increasing nearly

unchanged iceqs1 results.

(tst); high  Ceasi and
medium dv/dt, causing high

iCgd,Sl.

Case-2 iZVS

CcC

VF

YES

(ti-t2); medium-to-

low Coss,s2 and high
ias2, causing high
dv/dt; as Cgasi 1
medium-to-high,
icgd,si 1s high.

(t2-13);
and decreasing iqs,

low Coss,SZ

causing high-to-low
dv/dt; as Cgasi 1
hlgh, ngd,Sl is hlgh-

to-low.
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Causal-Mechanistic Interpretability of Switching Dynamics in a Representative

ZVS Scenario
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Fig. 5| Causal-mechanism interpretation for switching waveforms within a typical ZVS. a,
Switching waveforms during a typical ZVS, obtained using LTspice. b, Operation mode before #. ¢,
Operation mode after f. The equivalent-circuit model in b and c is obtained based on P13 the current

components that differ from those in the immediately preceding sub-figure are highlighted in blue.

Before #, iL is reverse-conducted by Rsi. During (fo-t1), as vgss1<—4 V, vgssi
increase has insignificant influence on Rsi (by P3); igs1 charges Cgss1 and discharges
Cgist simultaneously. Applying KCL at the half-bridge midpoint, yielding

|lirs1|+|icgd,s1|=|iL| +|icds,s1] (by P2; considering influences of other elements including iv).
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Since |icgd,s1|>|icds,s1|, |irs1|<|iL|, explaining the observed drop in |irsi|, which causes a
brief rise in Rsi (by P3). As Cass1 is high (by P2; considering Cgs,s1’s nonlinearity) and
icds,s1 18 low, S1’s dv/dt remains low. Consequently, vgs s1 remains nearly constant.
After t1, as vgs31>—4 V, the increase in vgs1 causes Rsi to decrease (by P3),
decreasing vgss1, thereby promoting both icqss1 and ic,s2 via Rs1. During (#2-#3), Rs1 falls
most rapidly per unit rise in vgss1 (by P3), causing the quickest fall in vg4ss1 and hence a
peak in icds,s1. During (¢1-12) and (3-£5), Rs: falls less rapidly (by P3), leading to a slower
fall in vass1 and secondary peaks in icassi. After 5, increasing vgssi’s influence on
reducing Rs; weakens further (by P3). As the reduction in Rs; flattens (by P3), the

midpoint voltage drops slightly, with a minor discharge of Cogs,s1 and Csz via Rs;.
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Causal-Mechanistic Interpretability of Switching Dynamics in an Additional iZVS
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Fig. 6| Causal-mechanism interpretation for switching waveforms within another iZVS scenario.
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a, Switching waveforms within another iZV'S scenario (ir, flows into the half-bridge midpoint throughout
the entire iZVS process). b, Operation mode before f. ¢, Operation mode during subinterval (#-t1). d,
Operation mode during subinterval (¢1-#1). e, Operation mode during subinterval (#4-#s). f, Operation mode
during subinterval (#5-t7). g, Operation mode during subinterval (z7-t3). h, Operation mode after 5. The
equivalent-circuit model in b, ¢, d, e, f, g, and h is obtained based on P13 the current components that

differ from those in the immediately preceding sub-figure are highlighted in blue.

Before 7 (i.e., the onset of iZVS), ir. discharges Csi and charges Cs» simultaneously.
During (fo-t1), the low ig s> results in a low S2’s dv/dt, despite a relatively low Coss s2 (by
P2; considering Coss,s2’s nonlinearity; due to the relatively high vqss2 compared to that
in HS). Consequently, only a small portion of igsi discharging Ceds1 is required to
follow S2’s dv/dt, allowing most of igs1 to charge Cgssi. This leads to a significant
increase in vgs s1, sharply reducing Rsi (by P3), consequently increasing irsi significantly.
As aresult, a lossy CC occurs, where the Csi-conducted share of i commutates to Cs
(by P2; accounting for influence of ir). Unlike the near-zero S2’s dv/dt in the CC of HS,
this CC features a non-zero dv/dt that increases with time, due to the increasing ics2 and
decreasing Coss;s2 (by P2; considering Coss,s2’s nonlinearity). At #1, irs1 exceeds icsi,
indicating the completion of the CC and triggering a reversal of ipc’s direction.

During (#1-12), irsitiL=igs2tic,s1 (by P2; considering influences of other elements
including iL). Due to the initially high Rsi (by P3), irs1 and thus iq;s2 are low. As vgss1
increases, Rsi decreases (by P3), increasing irsi and consequently increasing iq;s2.
Combined with the much lower Coss,s2, increasing iqs2 leads to a higher S2’s dv/dt
compared to that in HS. The higher $>’s dv/dt, combined with the higher Cosss1 (by P2;
considering Coss,s1’s nonlinearity), results in a larger ic;si. This, in turn, limits igs2’s
increase, thereby slowing dv/dt rise. Consequently, only a small portion of igs; is
diverted to discharge Cgd,s1 to follow S>’s dv/dt, whilst the majority of igs1 charges Cgss1.

During (#-t3), the continued increase in irsi leads to an increase in igs2,
consequently an increase in S2’s dv/dt. As negative feedback, more igs1 is diverted to
Cgds1, leading to two consequences: (1) higher icgas1, promoting Ceasi’s dv/dt; (2)
lower icgss1, which slows the increase in vgss1, thereby slowing Rsi reduction (by P3)
and consequently slowing irsi increase. The slower increase in irsi, combined with a
significant increase in icsi, reduces the di/dt of ias> — initially positive in (f2-13),
eventually becoming negative before #3 - limiting increase in S2’s dv/dt despite the

30



31

decreasing Cosss2 (by P2; considering Cosss2’s nonlinearity). As a result of these
combined effects, Cga,s1’s dv/dt follows S2’s dv/dt.

During (#3-14), the quicker relative reduction in vgss1 than the relative reduction in
Rs1 (by P3), causes a slight decrease in irsi, contributing to a decreasing igqs>. A
significant increase in Cgqsi and Cgssi causes an increase in icgdsi and icdssi,
respectively, and thus the increase in icsi, also contributing to the decrease in ig,s>.
Despite a slower relative drop in Coss,s2 (by P2; considering Cosss2’s nonlinearity), the
significant decrease in ig s> leads to a slight decrease in S>’s dv/dt and consequently a
slight decrease in S1’s dv/dt. Hence, more igs) is diverted to discharge Cgqsi, further
slowing the increase of vgss1 and thus slowing the reduction in Rsi (by P3).

During (4-t6), Ced,s11s in its high-capacitance region (by P2; considering Cgg,s1’s
nonlinearity), increasing rapidly as vassi decreases; as vass2 approaches Vpc, Cosss2
remains low (by P2; considering Coss,;s2’s nonlinearity); as iq,s2 remains significant, $2’s
dv/dt remains significant. Consequently, Cgqs1’s dv/dt has to remain significant. The
insufficient igs1 to maintain Cgqs1’s dv/dt to follow S2’s dv/dt, triggers further negative
feedback — a drop in vgs,s1. This boosts igs1, enhancing icgd,s1, but also increases Rsi (by
P3), which combined with decreasing vqssi, leads to a rapid reduction in irsi, and
consequently a decreasing iq;s2, thereby a lower dv/dt. Meanwhilst, Cgss1 supplies a
pulse current to help discharge Cgq,s1via Rsi. Together, these effects enable Cgq,s1°s dv/dt
to follow S>’s dv/dt. Notably, at ts, irs1 drops below icsi, causing a direction reversal of
ipC.

During (#-13), Cgs,s1 stops supplying charge and is instead charged by iz s1, which
supplies charge to both Cgss1 and Cgq,s1. Notably, the mid-point voltage remains below
Vbc (by P2; considering influence of DC source) before #7 keeping irs1 positive; after 7,
the mid-point voltage exceeds Vpc (by P2; considering influence of DC source),
reversing Irsi’s direction. Meantime, the Csy-conducted share of i gradually
commutates to S1 (by P2; considering influence of ir). At s, the current commutation is
completed and Cs> is fully charged, raising the mid-point voltage to Vpct+Rs1(#3)iL(23).
After tg, as vgs,s1 further increases, Rsi decreases slowly (by P3), causing a slight drop
in mid-point voltage and consequently a minor discharge of Cs; and Cs; via Rs.
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