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A Smart Silicon Carbide LED Driver IC With
Integrated Dual-Level Condition-Monitoring
Mechanism

Yuanqing Huang

Abstract—To address ever-mounting reliability challenges faced
by silicon carbide (SiC) power devices, this article develops an
innovative dual-level condition-monitoring mechanism aimed at
bolstering the robustness of power circuits. This monitoring mech-
anism is structured to scrutinize both chip and package levels. It
also introduces an in-situ reliability-aware modulator to evaluate
chip-level degradation precursor Ty, package-level aging precur-
sor dynamic on-resistance rps oy, and the device’s end-of-failure
indicator I;gs jointly. From a circuit design perspective, an inte-
grated gate-driving module incorporates functions for Ty and I;gg
extraction seamlessly, allowing for intelligent self-sensing with min-
imal design complexity. To validate the efficacy of these research
endeavors, an SiC LED driver integrated circuit (IC) prototype was
developed on a 180-nm HYV bipolar-CMOS-DMOS process, with an
active die area of 1.12 mm?. The IC facilitates a power converter
with up to 600 V input voltage, which efficiently regulates a nominal
LED current of 300 mA at a maximum switching frequency of
500 kHz and delivers a maximum output power of 150 W. In com-
parison to its silicon-based counterpart, the SiC power converter
operates at lower junction temperature, thereby enhancing thermal
management capacity by around 16%. The integrated gate driver
and the in-situ reliability-aware modulator occupy a mere 0.17 mm?
of die area. The work successfully demonstrates consistent moni-
toring of both chip and package-related degradations, showcasing
variations of 11.7% and 3.8 %, respectively. It offers a highly cost-
effective solution for mitigating the reliability challenges linked to
SiC devices for high-performance power applications.

Index Terms—Dual-level condition monitoring, gate oxide
degradation, LED driver, package degradation, silicon carbide
(SiC) power device.

I. INTRODUCTION

ILICON carbide (SiC) power devices have rapidly gained
S prominence in the applications spanning aerospace, electric
vehicles, and renewable energy regimes [1], [2], [3], [4]. Their
ascension is attributed to SiCs remarkable properties, such as low
on-resistance, high breakdown voltage, and exceptional thermal
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conductivity. However, because an SiC field-effect transistor
(FET) generally presents lower transconductance than a sili-
con or GaN FET, it necessitates higher gate-to-source voltage
to achieve low on-resistance. In addition, partially due to its
high breakdown voltage and superior thermal performance, an
SiC power device is often deployed in high-voltage and high-
temperature environments. The combination of high voltage and
elevated temperature, as major external factors, imposes sub-
stantial electrothermal stress, presenting a significant challenge
to the SiC device reliability. On the other hand, an SiC power
device also faces intrinsic device- and package-level reliability
challenges internally. As illustrated in Fig. 1(a), the thin insulator
layer renders an SiC device vulnerable to SiOy breakdown due
to time-dependent dielectric breakdown mechanisms [5]. This
vulnerability introduces more traps and defects at the SiC/SiO»
interface [6]. Over the time, repetitive switching actions cause
trapped charges accumulation in the insulator layer, leading to
gradual threshold voltage shifts and consequent bias temperature
instability (BTI). Furthermore, high Vjg stress during switch-on
transients accelerates electron carriers with significant kinetic
energy. These carriers inevitably inject into the insulator layer,
causing hot carrier injection, further compromising gate-oxide
reliability [7]. Meanwhile, on the package level, SiC FETs
typically adopt TO-247 packages, which face considerable reli-
ability challenges due to fundamental mismatches between ther-
mal expansion coefficients. Operating SiC FETs at high ambi-
ent temperatures results in substantial thermomechanical stress
across different packaging elements [8]. Further deteriorated
with intrinsic bonding wire degradation by electromigration [9],
SiC FETs encounter bond-wire fatigue issues, including bond-
wire lift-off, heel cracks, and internal voids, which ultimately
cause destructive device breakdown and system malfunction [5],
[10].

In order to continuously acquire and update the health status
of devices and, thereby, enhance the reliability of power systems,
the monitoring of power device conditions has become a crucial
endeavor. Notably, recent studies [11], [12] have successfully
implemented online condition monitoring for GaN power de-
vices, demonstrating promising accuracy in prognosis. These
studies specifically track the aging progression of the devices
using the dynamic on-resistance as an aging-dependent pre-
cursor. The monitoring of SiC device conditions has also been
introduced, involving the measurement of aging precursors, such
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Fig. 1. Illustration of (a) SiC device die and bonding wire degradation and
(b) its corresponding state of health.

as on-resistance, junction capacitance, and body diode voltage
drop [13], [14], [15]. However, these approaches are typically
carried out offline, necessitating the complete shutdown of as-
sociated power circuits after specific switching intervals. This
practice can be impractical and may introduce inevitable inaccu-
racies since the offline operations of a system can significantly
differ from its real working conditions. Furthermore, all the
reviewed approaches so far primarily focus on the detection
and monitoring of the slow aging progress of power switches,
allowing for early aging warnings. To effectively mitigate catas-
trophic system failures and maximize the utilization of power
switches, characterizing the device at the end of its lifecycle is of
paramount importance. In this sense, gate leakage current (/ggs)
is a widely recognized intrinsic electrical parameter indicating
device gate structure deterioration. Recent findings have demon-
strated that the /g5 of an SiC FET experiences a sudden increase
just before the final gate failure [16]. This phenomenon can be
attributed to the direct formation of a tunneling path between the
source and gate due to the accumulation of traps and defects in
the insulator, resulting in a significant and immediate increase
in Iss. When Igs reaches a critical level, the gate-oxide layer
fails to provide insulation, leading to the ultimate device failure.
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Fig. 2. Illustration of elongated Ty along with gate-oxide degradation.

Overall, for SiC-based power systems, it would be highly
advantageous to develop a dual-level condition-monitoring ap-
proach that encompasses both aging and failure characterization
on both device and package levels. To accomplish such a goal,
this article introduces two main design innovations. First, we
develop an integrated gate-driving module that seamlessly re-
configures the gate driver stage to facilitate the measurement on
Ton and Iggs with minimal design overhead. Second, to accu-
rately assess the health condition of the device, we propose an
in-situ reliability-aware modulator capable of diagnosing both
device chip and package aging and failure simultaneously by
evaluating the precursors Toy, 7ps_on, and Igss. We demonstrate
the integration of these design innovations in an SiC-based
LED driver, resulting in a dual-level condition-monitored power
converter.

The rest of this article is organized as follows. Section II
delves into the device physics of SiC aging and failure pre-
cursors, providing a detailed description of the proposed dual-
level condition-monitoring scheme. Section III elaborates on
the integrated gate driving with embedded online Ty and Igss
sensing. In Section IV, we detail the system architecture and key
circuit implementations. The experimental results are presented
in Section V to validate the design. Finally, Section VI concludes
this article.

II. DUAL-LEVEL CONDITION-MONITORING MECHANISM

To assess device aging and failure progression, researchers
have identified several key parameters within power devices
that serve as valuable aging precursors. It has been demon-
strated through studies that the threshold voltage (V75) of power
transistors increases as gate-oxide degradation advances [5],
[17], primarily due to the near-interface charge trapping effect
occurring at the SiC/SiO, interface. Fig. 2 illustrates how Vg
represents the initiation point of the di/dt period, playing a
crucial role in the switching behavior. As a consequence of
a positive shift in Vg, a higher gate-to-source voltage Vs
is required to initiate the di/dt transition, thereby prolonging
the device’s turn-on delay from Tpyn; to Tonz. Ton, which
signifies the response time of the device turn-on, emerges as
a promising indicator of gate-oxide aging. It possesses dis-
tinct advantages when compared with V7y: it can be measured
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without interrupting the normal operation of the device under test
(DUT), rendering it a more practical parameter for monitoring
aging effects. In addition, Ty offers the potential for higher
sensing resolution, as the switching transition can be actively
controlled by modulating the gate-driving strength. Specifically,
the turn-on delay can be described as follows [18]:

Ton = Ra x CissxIn[(Vee—Vss)/ (Vee — V)], (1)

In this context, Rg, Cjss, and Vyy are defined as the equivalent
gate resistance, total input capacitance, and threshold voltage of
an SiC switch, respectively. In addition, V¢ and Vg represent
the voltage rail voltages of the associated gate driver. Equa-
tion (1) demonstrates that 7y exhibits a positive correlation with
the aging process. Furthermore, through the active manipulation
of gate-driving capabilities and the adjustment of R, significant
enhancements in Ty sensing accuracy can be achieved.

On the other hand, as discussed in Section I, SiC switches
packaged with bonding wires face significant challenges related
to package degradation. Moreover, these switches often operate
under the conditions of high voltage and extreme temperature,
rendering them particularly vulnerable to electrical and thermo-
mechanical stresses. These factors collectively expedite the de-
terioration of the SiC package’s longevity, thereby underscoring
the critical importance of monitoring package degradation. To
address this issue, the dynamic on-resistance rps oy has emerged
as a widely adopted precursor closely associated with package
degradation [19]. This choice is backed by the fundamental
understanding of SiC device physics, where it is well established
that the on-resistance of an SiC device decreases significantly
when it operates within the ohmic region with a high Vgg.
Consequently, the on-resistance attributed to the package be-
comes comparable to that of the device channel. Thus, any
variation in drain-to-source resistance induced by package aging
results in a substantial deviation in the 7ps oy measurement,
serving as a reliable indicator of the package’s health condi-
tion. In contrast, as elucidated in Section I, concerning the
end-of-failure behavior, the gate—source leakage current Igss
maintains a minimal value during the device aging process but
undergoes a remarkable increase once the gate ultimately fails.
As such, I5gs serves as a credible indicator of SiC end-of-failure
characteristics, signifying the destructive deterioration of the
gate oxide. Iggs offers a clear representation of the final failure
information while demonstrating remarkable immunity to the
aging process, culminating in the assurance of reliable failure
detection accuracy. Due to the unique and intrinsic link between
Igss and device failure mechanisms, it has become a favored
choice for estimating device lifetime before the occurrence of
failure [20]. This preference is driven by Igss’s exceptional
reliability and sensitivity to end-of-failure events.

To enable comprehensive SiC device health monitoring at
both chip and package levels, we present the overarching
block diagram of the proposed dual-level condition-monitoring
scheme, as depicted in Fig. 3. This scheme is primarily
composed of several key components: an rpg_on-based package-
reliability evaluator, a Tpy-inspired chip-level aging precur-
sor, and Igss-featured end-of-failure monitor and an in-situ
reliability-aware modulator. The collection of vital parameters is
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Fig.3. Circuitblock diagram of the proposed dual-level condition monitoring.

facilitated by the simultaneous measurement of rpg on, Vbs_ons
and Ips oy of the DUT, Mj. These measurements, in conjunction
with the on-duty time of Mg, are processed by a synchronized
divider to compute rps_on. Simultaneously, Tyy and Iggs, vital
indicators of gate-oxide aging and failure, are recorded using
specialized sensing techniques, as elaborated in the subsequent
sections. Correspondingly, the collected aging and failure pa-
rameters, Toy, Igss, and rpg on, undergo postprocessing and
analysis by the in-situ reliability-aware modulator. When either
Ton or rps_on surpasses predefined aging thresholds, an early
warning signal is generated, signaling the overaging of the
device’s health condition. In response, My is replaced with a
new power switch to ensure the continuity of high-performance
power conversion. Alternatively, advanced techniques, such as
active thermal control [11], [21], can be employed to mitigate
thermomechanical stress on the DUT, thus extending device
longevity. It is essential to note that these approaches may
entail a compromise in power circuit performance, particularly
in terms of proactive fsy scaling [11]. On the other hand,
if the sensed Iggs exceeds the final failure threshold Iggs 7x,
it indicates that a critical end-of-failure event will soon oc-
cur to My. Consequently, an end-of-failure warning signal is
generated, prompting the shutdown of the overall system to
preempt any potential device breakdown issues and catastrophic
system malfunction. This proactive approach to monitoring and
responding to device health issues ensures the reliability and
longevity of the SiC-based power system.

Fig. 4 provides an overview of the operation flowchart for the
proposed dual-level condition-monitoring scheme. It is essential
to note that the aging precursors, 7ps oy and Tpy are sensitive
to the junction temperature 7} [22]. Consequently, they tend to
fluctuate in response to the variation of ambient temperature
T and self-heating effect. These factors can potentially lead to
overlooked failures and, in some cases, false triggering events,
resulting in a high rate of false alarms [12]. To address this issue,
the dual-level condition-monitoring scheme is activated during
each power-on period, thereby mitigating the adverse effects
of T variations and ensuring precise aging prognosis [23].
This approach enhances the scheme’s accuracy and reliability
in monitoring aging and failure conditions. By incorporating
these design features and techniques on a single integrated circuit
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Operation flowchart of the proposed dual-level condition-monitoring

(IC), asmart SiC LED driver IC with embedded dual-level aging
and failure condition monitoring at both the chip and package
levels is presented. Compared with previous methods that rely
on offline solutions and off-chip implementations, this smart
IC supports comprehensive dual-level device health monitoring
with a high degree of accuracy while incurring minimal design
overhead.

III. INTEGRATED GATE DRIVING WITH EMBEDDED ONLINE
Ton AND [Gss SENSING

The block diagram of the proposed integrated gate-driving
module, which serves as the core hardware of the smart SiC LED
driver IC for self-sensing processing, is presented in Fig. 5(a). To
address the challenge of self-turning-on induced by substantial
Vps spikes while minimizing switching losses, the gate driver
stage incorporates an active deadtime ¢, controller with split
pull-up/down channels. This design is tailored to facilitate the
extraction of intelligent aging and failure precursors, Tyy and
Isss, without interrupting the normal operation of the converter.
To achieve this, adaptive strength gate driver stages and dedi-
cated control modules have been developed.

This intelligent gate-driving stage operates in three distinct
modes, as illustrated in Fig. 5(b). In the typical operational
sequence, Vg and Vgr are initialized at low states, allowing for
the commencement of the power circuit’s standard operation.
Subsequently, as Vpwyp rises, Vy, decreases following a cell-
time-aligned delay. In the sequence that ensues, Vpy ascends,
and its level is smoothly transitioned to the bootstrap (BST) rail
once Vpgr descends, effectively mitigating any issues related
to shoot-through current. Consequently, both Vprp<o~ and
VprH< 1> transition to a low state, activating driver output
stages Mpyp and Mpyg in concert. This collaborative effort charges
Vs with the combined strength of Iy, + gy, facilitating the
near-instantaneous activation of M.
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Conversely, when Vpyy drops low, a sufficient ¢4, for the
high-to-low transition is established within the complementary
ta4eaqa control logics. Upon the activation of My, Vi is promptly
discharged to Vsys via a low-impedance path through a substan-
tial Ipy. This action effectively eradicates the self-turning-on
issue triggered by a sudden surge in Vpg. The separation of
the turn-on and turn-off driving channels offers the flexibility
to adjust for a relatively gradual turn-on transition and a swift
turn-off process. This duality enables robust SiC driving while
simultaneously minimizing switching power loss induced by
shoot-through current.

Furthermore, the in-cycle I;gss extraction scheme is activated
as Vg rises. In this scheme, the high state of Vpyy prompts the
gate driver to activate My at full strength. After a predetermined
time span, denoted as tsgrr1E, the driver outputs are proactively
disconnected from Vi for a period represented as tgys;. This
marks the initiation of I5gs sensing. As discussed earlier, Iggs
experiences a sudden surge when catastrophic device failure
occurs. This surge causes the discharge of the gate capacitor Cjgg,
leading to a noticeable drop in gate voltage AVgg, occurring at a
rate of I 5s/Crss. This voltage drop is then capacitively captured
and transformed into a single-ended signal Vigs. Upon the end
of tsnysi, Viss is recorded and assessed for further analysis of
device failure.

Finally, the Ty sensing scheme is set in motion at the
leading edge of Vpwyy when Vgr transitions to a high state.
To enhance Tyy sensing accuracy, Vprp<o> is raised high,
deactivating My and allowing Mpyg to activate My gradually
with a relatively low gate current, referred as I,,. The mea-
surement parameter of the turn-on delay Vypy is initiated at
the leading edge of Vpwyy and is brought to a close when
Vsns hits Vgr. Despite the implementation of slow-switching
turn-on transitions, practical sensing delays may introduce sens-
ing inaccuracies, thus challenging the precision of aging prog-
nosis. To rectify this issue, an adaptive Tpy correction tech-
nique has been devised. This inherent negative feedback loop
adaptively fine tunes the end point of Vypy until Vgyg aligns
precisely with Vgr, thereby ensuring a high degree of accuracy in
Ton sensing.

IV. SYSTEM DESIGN AND CIRCUIT IMPLEMENTATION
A. System Architecture

In order to facilitate the aging and failure characterization
of SiC power devices at both the chip and package levels,
the overall system architecture of a smart SiC LED driver
with embedded dual-level condition monitoring is proposed in
Fig. 6. This system primarily comprises an SiC-based offline
buck converter power stage, a closed-loop controller with peak
current regulation, a smart gate-driving module, and an in-situ
reliability-aware modulator.

In the power stage, we utilize an SiC MOSFET and an SiC
Schottky diode as power switches to achieve superior switching
performance. To enable peak current control, a small resistor
Rgys actively functions as a peak current sensor. The intro-
duction of the smart gate-driving module, featuring embed-
ded online Tyy and Iggs sensing, allows for intelligent and
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reliable precursor extraction. The use of an adaptive strength
gate driver, capacitively coupled in-cycle Iggs extraction, and
adaptive Ty correction techniques ensures feasible and highly
accurate precursor measurements with minimal design over-
head. On the other hand, the in-situ reliability-aware modulator
assesses the aging and failure information of the chip obtained in
the initial phase. It records the dynamic on-resistance using the
classic rps oy sensor [11], ultimately establishing a dual-level
condition-monitoring system.

(b)

(a) Circuit schematic and (b) key operation waveforms of the proposed integrated gate driving with embedded online Ty and Igss sensing.

B. Adaptive Tyy Correction

As a key hardware of device health monitoring, Fig. 7(a)
depicts the circuit schematic of the adaptive Tpy sensing
and correction module. It mainly consists of a modulated
gate-driving stage and an adaptive Typy correction loop. Tpy
sensing-enable logic reconfigures the operation mode of the
gate diver stage and actively adjusts the gate charge current
I to achieve enhanced Tyy sensing resolution. To realize an
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Fig. 6. Block diagram of the proposed smart SiC LED driver with embedded
dual-level condition monitoring.

adjustable gate-driving stage, the pull-up network is imple-
mented with two switches Myr and Mys. By supplying high
charge current Iy, Mpp forms a fast charging path. In contrast,
Mys is a slow charging path supporting low I,,,. Due to the
device property, the gate charge required to enable/disable an
SiC switch is substantially high. Accordingly, to maintain power
switch fast turn-on/off, the gate driver output stages My, Mys,
and M, are deliberately designed with large transistors. To
prevent large shoot-through current for high power efficiency
as well as improve the design robustness, active t4.,s control
[24] is employed. Meanwhile, at the trailing edge of the sensed
turn-on delay Viypy, a sample and hold (S/H) block captures
the Viys voltage information as Viy;. The G,,-cell, formed by
Mp;, Rs, and amplifier A, is dedicated to transfer the sampling
error Vi to a charge current I¢7. The adaptive Tyy correction
loop adaptively regulates the trailing edge of Vo at a reference
voltage Vgr, calibrating Ty sensing errors precisely through the
negative feedback.

The key operation timing diagram of the adaptive Ty cor-
rection scheme is illustrated in Fig. 7(b). Once Vgr is high, Tpy
sensing is enabled. Accordingly, Vpgpo is set to high immedi-
ately to disable Myr. When Vg, becomes low, M is activated to
switch off My shortly. After a fixed deadtime 4.4, Vs ramps up
momentarily to manipulate Vpgg; to low, enabling slow charging
slew rate path Mps accordingly. Afterward, V; is charged slowly
with a tiny gate charge current Iy,,,. Therefore, the start point
of the di/dt transition is actively postponed, extending the Tpy
effectively for improved sampling resolution. At the trailing
edge of Vyoy, the drain-to-source current information Vgyg is
captured as Vy;. It is then compared to a reference voltage Vgr,
generating an error voltage V. Through the G,,-cell, V¢, is
converted into a charge current /7 for the charge pump stage. If
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Fig. 7. (a) Circuit schematic and (b) key operation timing diagram of the

adaptive Ty correction.

Ve 1s higher than Vgr, a larger I¢7 is generated. Therefore, it
is transferred into a smaller delay time ¢p;y, which is calculated
as follows:

toy = Cr X Viug X Rs [V (2)

Here, Viy; and R are the threshold voltage of the subsequent
inverter and the resistor in the G,,-cell, respectively. Such a tpry
will reduce the duration of Vo in the next switching cycle. Such
a process repeats until the trailing edge of Vo hits the time
instant when Vgyg exactly reaches Vgr, accomplishing precise
Ton detection. In a similar fashion, Vo is adaptively modulated
when Vy; is lower than Vir, achieving well-regulated Vyoy with
respect to Vgr. As the adaptive Ty correction loop is dedicated
to regulating the trailing edge of Vyoy to ensure that the sampled
Vsns equals Vgr, the Ty detection error is significantly canceled
out. Thanks to the proposed adaptive Ty correction scheme,
high-resolution 7y measurement is realized with low design
overhead.
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Fig. 8. (a) Circuit schematic and (b) key operation timing diagram of the
in-cycle Igss extraction.

C. In-Cycle 1555 Extraction

As discussed in Section II-A, measuring Igss is crucial to
predict SiC device’s final failure on the package level. Conven-
tionally, I5ss information is often obtained using a large gate
resistor for reasonable sensing resolution [25]. However, this
could lead to unexpected gate-driving delays and substantial
switching power loss, limiting high switching frequency opera-
tion and degrading efficiency.

To mitigate such, capacitive coupling in-cycle I;gs extraction
is adopted [11] and the circuit implementation is shown in
Fig. 8(a), which includes a capacitively coupled Isss sensor
to determine Iggs credibly and a final failure tracker as a
postprocessing stage for device end-of-failure monitoring.
Fig. 8(b) depicts the operation timing diagram of the in-cycle
Igss extraction. Once Vg goes high, Iggs sensing is enabled.
Accordingly, at the very beginning of each on-state, high
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Fig. 9.

Photos of test printed circuit board (PCB) and IC die.

pulsewidth modulation (PWM) control signal Vpy,,y enables the
gate driver to charge Vs with full driving strength to initialize
the turn-on process of M. After a settling time of tserrre, Vs
reaches the full driving rail voltage Vpg, fully turning on Mj.
Afterward, the gate driver is actively disabled for a short period
of time, disconnecting the driver from the gate temporarily to
enable ;g5 sensing. Accordingly, Igss starts to discharge the
input capacitance Cjgg, causing a gate-to-source voltage drop
AVgs. With a sensing period of tgys;, AVgs can be expressed as

AVgs = Igss < tsnsi/Ciss. (3)

It should be noted that, in order to ensure the operation reli-
ability, tgys; should be designed much shorter than the on-time
of the power switch so that AV stays much smaller than the
gate-drive voltage. Accordingly, AVg;s is coupled capacitively
and converted into a single-ended voltage Vg. To record the
device’s final failure status, Vg is then evaluated and stored
as Vepz using an S/H circuit at the trailing edge of Viyg;.
Furthermore, Vg, is then converted into ¢y, after passing
through a V-to-I circuit block, which can be computed as

Icrz = Venz /Rpy- 4
Afterward, a stable failure reference Vs is generated as
Vess = Vop — Icuz X Rpa. )

Substituting (4) into (5), we have
Vess = Vop — Venz X Rpz2/ Rp. (6)

Once tgys; expires, the gate driver stage is reconnected to Vi
for the remaining on-time of the converter, resuming the normal
operation. Equation (6) reveals that Vss decreases abruptly once
the device’s final failure occurs. Eventually, once Vigs drops
below a failure threshold voltage Vg, a failure indicator signal
Vep is created, shutting down the whole system to avoid potential
system malfunction.

V. EXPERIMENTAL VERIFICATION

To validate the proposed research work, an IC prototype is
fabricated using a 180-nm HV bipolar-CMOS-DMOS process
with an active die area of 1.12 mm?. The testing board and the
chip micrograph are shown in Fig. 9. A 1200 V enhancement-
mode SiC MOSFET in TO247-package is employed as the power
switch Mg. Meanwhile, a 600 V SiC Schottky diode is used
as the freewheeling power switch Dpy. Furthermore, a 220 uH
high voltage inductor L and a 4.7 uF output capacitor Cp are



HUANG AND MA: SMART SILICON CARBIDE LED DRIVER IC WITH INTEGRATED DUAL-LEVEL CONDITION-MONITORING MECHANISM

lLep=300mA

Vsu/s’{ | [ A A 500mV/div
VGSW W W WWJ.‘V LM't/V/dIV

e pr——

W AT B e
Y

AV AT

Vs (™ ev[
i 75.2ns

20ns

Fig. 10. Measured steady-state operation.
35.0 SiC Chip Aging Progress Monitoring
34.5
34.0
33.5
7 33.0
c
~~ 325
8
= 32.0
315 O Measured Toy data
’ == Fitted Chip Aging Progress
31.0
30.5 | & Y
30.0
0 30 60 90 120 150 180 210 240 270 300
HTGB Hours
Fig. 11. Measured Ty under HTGB-based aging test.

used in the power stage, whereas Cree XQ-E high-density white
LEDs are driven as the load of the LED driver IC. Operating at
a switching frequency up to 500 kHz, the converter supports a
600 V Vjy supply and regulates 300 mA LED current, with a
maximum output power of 150 W.

To verify the robust operation of the integrated SiC gate driver,
we present the measured key switching voltages, namely Vsy,
Visns, and Vs, in the steady state, while supplying a 300-mA
LED current. As shown in Fig. 10, during the driver on-state,
the SiC power switch demonstrates acommendable performance
with a Vg of 12V, resulting in a switch turn-on delay of 75.2 ns.
Conversely, it achieves a complete off-state with a Vg of 0 V.
These waveforms serve as concrete evidence of the effective
and successful switching behaviors of both the IC driver and the
power stage.

To substantiate the efficacy of Tyy-based gate-oxide health
monitoring, we conducted a high-temperature gate bias (HTGB)
test, specifically designed to expedite the gate-oxide degradation
process. Based on the discussion in Section I, high Vg volt-
age would generate a high electric field on the oxide, causing
BTI issues and, thus, accelerating the gate-oxide degradation.
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Accordingly, the SiC switch threshold voltage Vg increases
gradually, which then elongates Ty correspondingly. In this
experiment, the SiC switch is biased at positive 29 V Vg and
repetitively switches at 150 °C ambient temperature. After each
ShHTGB test, Ty is measured and recorded. Fig. 11 shows the
measured Ty data. With a total 300 h HTGB aging test, Toy
increases consistently as the gate-oxide aging process proceeds
and finally shows an overall increment of 11.7% with respect
to its original value, proving the effective monitoring of device
chip-level health condition.

On the other hand, to verify the rps oy-based package aging
prognosis, dc power cycling test [26] is used to accelerate the
package aging. In this test, the SiC switch is thermally stressed
between 40 and 150 °C for 10 000 power cycles. The package
aging-related rps oy is evaluated using the on-chip sensing
network every 250 cycles. Fig. 12 demonstrates the measured
rps_on along with the power cycles, which increases gradually
as the power cycles goes up and eventually introduces a 3.8%
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increase by the end of the 10 000 aging cycles, indicating the
effectiveness of the integrated package-level aging detection.

To validate the operation principle of Tpy sensing, Fig. 13
provides the transient measurement results of the turn-on delay
at Vron. The slow slew rate switching mode is actively enabled
with a 198 ns delay at the leading edge. Thanks to the adaptive
Ton correction technique, the trailing edge of Vypy is precisely
regulated at the instant that Vgyg hits the reference voltage,
capturing the Tpy as 31 ns.

Fig. 14 shows the measured gate-driving voltage when the SiC
switch final failure occurs. With a 200 ns tgys;, AVgs is measured
as 0.95 V. It triggers the failure indicator Vpp successfully,
validating the effectiveness of the proposed circuits.
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To assess the thermal performance, Fig. 15(a) displays a
thermal map of the SiC-based power converter at 100 W output.
Notably, the highest temperature recorded is 81.3 °C, localized
within the power switch. In contrast, Fig. 15(b) presents the
corresponding thermal image obtained after replacing the SiC
power switch with a silicon counterpart, while retaining the
converter operation under identical test condition, which reveals
a maximum device junction temperature of 96.8 °C. Thanks to
the wide bandgap characteristics of SiC material, the thermal
capacity of the SiC power converter outperforms its silicon
counterpart, which relaxes the cooling system design. Finally,
Fig. 16 provides the associated transient measurements of the
thermal image samples.

VI. CONCLUSION

This article introduces a smart SiC LED driver IC with embed-
ded dual-level condition monitoring. The integrated gate-driving
module proactively adapts the gate driver stage to seamlessly
enable self-sensing processing by monitoring chip-level aging
and failure precursors, such as Tpy and Iggs, all achieved with
minimal design complexity. Furthermore, an in-situ reliability-
aware modulator has been incorporated to support dual-level
condition monitoring, significantly enhancing system robust-
ness and offering promising prognosis accuracy. Through the
integration of these innovative schemes and techniques, the con-
verter facilitates simultaneous aging and end-of-failure condi-
tion monitoring at both chip and package levels of SiC switches.
Experimental results successfully validate the efficacy of these
proposed techniques and circuits.
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