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On-Chip Concurrent Device Aging Prognosis and
Dielectric Failure Detection for GaN Power Devices

Lixiong Du'¥, Student Member, IEEE, Yuanqing Huang

Abstract—Despite promising figure of merits, as emerging wide
bandgap devices, gallium nitride (GaN) power devices face signif-
icant reliability challenges. This article presents an on-chip con-
dition monitoring (CM) approach addressing these challenges by
seamlessly integrating device aging prognosis and dielectric failure
detection into a unified circuit platform. Specifically, leveraging
the device turn-ON transient time (¢,,) as a reliable aging pre-
cursor, we propose a closed-loop f,, sensing scheme with self-
regulated sampling to enhance precursor readout accuracy while
mitigating sensing delays. Furthermore, we improve CM accuracy
through junction temperature (7';) calibration, effectively eliminat-
ing temperature-induced effects on precursor measurements. Con-
currently, we develop a gate leakage current (Igss) based sensing
scheme for dielectric failure detection, sharing the same circuitry
of T; calibration. Leveraging a proposed reconfigurable tri-mode
gate driver, this CM approach minimizes impact on normal system
operation. A power IC prototype was implemented on a 180-nm
BCD process. Demonstrated on a GaN half-bridge power converter,
the proposed CM exhibits the precise detection of both device aging
and dielectric failure.

Index Terms—Aging precursor, device reliability, dielectric
failure, gallium nitride (GaN), gate leakage current, power device
condition monitoring (CM), turn-ON transient delay.

1. INTRODUCTION

S THE power electronics industry advances rapidly, re-

liability emerges as a critical imperative in face of esca-
lating demands for high power density and high performance.
Power semiconductor devices, tasked with handling substantial
voltage and current stress during energy conversion and power
delivery, encounter formidable challenges in terms of reliability.
These challenges are underscored by the significant aging and
wear-out effects experienced by these devices, accounting for
approximately 40% of power system failures [1]. Meanwhile,
GaN high electron mobility transistors have garnered recogni-
tion for their exceptional switching characteristics, facilitating
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superior performance in modern power electronics [2]. However,
their high-frequency operations in switching power circuits pose
additional reliability concerns due to significantly elevated dv/dt
and di/dt [3], [4], [5].

To enhance device reliability, condition monitoring (CM) has
emerged as a cost-effective solution in modern power electronics
[6]. This approach often involves evaluating aging precursors—
measurable characteristics that consistently change as devices
degrade, thereby indicating their health conditions. Notably, in
situ CM approaches [7], [8] have been developed to perform
precursor measurements during system start-up to assess de-
vice health. However, the test conditions of in situ CM may
significantly differ from actual operating conditions, leading
to discrepancies in precursor readouts that could misrepresent
the device’s health status, thereby reducing monitoring accu-
racy. Moreover, this approach fails to address potential failures
during regular system operation since evaluations are limited
to system start-up. To overcome these challenges, online CM
approaches [9], [10] are increasingly favored, offering real-time
precursor measurements without interrupting system operation
and thus providing higher precision in health assessment. How-
ever, implementing such systems introduces significant design
overheads to enable accurate precursor detection. Furthermore,
design complexity increases when considering multiple fail-
ure mechanisms such as device aging and dielectric failure,
necessitating the integration of multiple precursors for health
assessment.

Among the various approaches to monitoring device aging,
the threshold voltage (Vrp) exhibits a gradual increase dur-
ing gate oxidate degradation [11], [12], rendering it a viable
aging precursor. However, Vg measurements in [12] require
the gate driver to be disabled. Therefore, the power converter
must be shut down for precursor measurements, leading to
system interruption. Conversely, the ON-resistance (rps(on)) of
power devices emerges as a favorable precursor for online CM.
Unfortunately, the unique dynamic rps(on) phenomenon [13],
[14]in GaN devices necessitates highly sophisticated circuits for
precise measurement. Chen and Ma [10] employs synchronized
voltage and current sensors to detect the device’s Vpg and Ipg
simultaneously, followed by a division operation to compute
rps(on). However, both sensing and computational operations
are susceptible to signal processing errors.

Recently, the turn-ON transient delay (#,,,) in silicon carbide
MOSFETs has been reported as a promising aging precursor [8].
However, the accuracy of switching transient measurements is
highly susceptible to any delay effects in the detection circuits.
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Fig. 1. (a) Conventional turn-ON transient delay 7., sensing approach, and
(b) illustration of large #,,, readout error due to circuit propagation delays.

Such delays can be comparable to changes in 7., over aging,
resulting in significant errors in device health evaluation, as
depicted in Fig. 1. Furthermore, these inherent delay errors
vary significantly due to process variations and temperature
fluctuations. Subtracting the actual sensing delays from the
measured 7., during post-data processing can be quite challeng-
ing. If applied to GaN devices, the high-frequency operation
would make 7,,, detection even more challenging due to the fast
dv/dt switching. Furthermore, GaN power transistors often have
tighter gate voltage margins compared to silicon counterparts,
thus facing a higher risk of dielectric breakdown [2]. Therefore,
an online dielectric failure detection scheme is highly preferable
to prevent short circuit faults.

On the other hand, aging precursors are highly affected by the
device junction temperature (7 ;). If precursor measurements are
conducted at different 7' ; without compensation, they will yield
inaccurate assessments of device health. Therefore, an effective
T; calibration mechanism must be developed to mitigate the
temperature effect and reveal the actual device aging condition.
Shi et al. [15] adopts the delay time of impulse signal as a T';
sensing parameter. However, similar to ¢,,, detection, the propa-
gation delays resulting from analog circuits lead to large sensing
errors. Shi et al. [16] employs the device transconductance (g,,,)
to estimate 7;. However, g,, measurement is converted into
a digital pulse with analog buffers, introducing delay errors.
Chen and Ma [10] utilizes the gate leakage current (/ggg) to
conduct 7'; calibration. To fulfill the /gsg sensing, an additional
switch must be inserted between the gate driver and the GaN
power device. This switch is exposed to high di/dt stress and
requires bootstrapping driving technique, degrading the system
reliability.

To address the aforementioned design concerns, this article
presents an online CM approach that seamlessly integrates de-
vice aging monitoring and dielectric failure detection on a single
chip. For device degradation, a closed-loop ?,, sensing scheme
is developed to achieve precise precursor readout. Furthermore,
a T calibration process is implemented to mitigate temperature
effects on the precursor 7., thereby enhancing the accuracy
of device health assessment. Concurrently, to address potential
dielectric breakdown, a gate leakage current (/ggg) based CM
approach is proposed for dielectric failure detection. Notably,
Igss also serves as a temperature-sensitive electrical parame-
ter for T'; calibration, enabling both T'; sensing and dielectric
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failure detection to utilize the same circuitry and reducing design
overheads.

The rest of this article is organized as follows. Following
this introduction, Section Il discusses the T j-independent device
aging monitoring scheme. Section III introduces the dielectric
failure monitoring scheme. Then, the system architecture and
detailed circuit implementations are presented in Section IV.
To validate the proposed on-chip CM approach, a power IC
prototype is implemented with experimental results presented
in Section V. Finally, Section VI concludes this article.

II. T5-INDEPENDENT 74y5-BASED DEVICE AGING MONITORING

For GaN device degradation, the turn-ON transient time ., is
selected as an aging precursor. To understand the #,, behavior
over device aging, we first review the analytical model of 7.,
based on the device’s electrical characteristics. In a typical
switching transition, the turn-ON behavior of a power switch
can be divided into four phases. First, as the gate driver circuit
starts charging the gate capacitance, the device gate-to-source
voltage Vg increases. Second, once Vg reaches the threshold
voltage Vg, the drain-to-source current /pg will be conducted
in the device channel. So far, the time duration for the first two
phases can be expressed as [17]

tig2 = Ra CissIn [Vbp/ (Voo — V)] (1

where R and Cigg are the total gate resistance and gate capac-
itance, respectively. Vpp is the supply voltage of the gate driver
circuit and Vip is the Miller Plateau voltage. Third, when Vg
reaches the Miller Plateau region, it remains almost constant.
The gate driving current will flow through the gate-to-drain
capacitance Cgp, causing the drain-to-source voltage Vpg to
decrease from the input voltage Vin. Therefore, the falling time
of Vpg can be estimated as [17]

ts = Rg CopVin/ Voo — Vap) - (2

As the device becomes aged, the gate capacitance including
Cgs and Cgp remains almost unchanged [11]. However, a
significant shift over aging is observed on the threshold voltage
Vg and transconductance g,,,. Due to the traps under the device
gate over aging process [18], Vry increases while g,,, decreases,
resulting in an elevation of Vyp. In fact, the Miller Plateau
voltage has been employed as the aging precursor for power
MOSFETs [9]. Accordingly, the turn-ON transients f1g2 and f3
both increase due to the rise in Vyp over aging process, which
validates the effectiveness of 7., as an aging precursor.

Contrary to static characteristics such as Vg and rps(on),
the dynamic switching transient cannot be directly measured
using voltage or current sensors. Prior works [7], [8] propose a
method to detect the turn-ON transient delay by comparing the
filtered Vg or Vpg with a reference to generate the pulse signal.
However, the inherent bandwidth limitations in the analog buffer
and comparator circuits cause significant propagation delays and
response times, leading to substantial errors in #,,, readout. Even
nanosecond-level delays can result in considerable inaccuracy
in precursor measurements.
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Fig.2. (a) Block diagram of proposed 7 j-independent #,,, -based device aging

monitoring scheme and (b) key operation waveforms.

To overcome this challenge, this article proposes a closed-
loop 1., sensing approach to eliminate propagation delays for
improved precursor readout accuracy. This method predicts the
Vpg trailing edge through an on-chip delay modulation process
to capture the precise turn-ON transition. Fig. 2(a) shows the
block diagram of the proposed ?,,,-based device aging monitor-
ing scheme. Before enabling the 7,,, sensing, the aging evaluator
first sends the commands Vgya to the gate driver. The turn-ON
transition is thus extended for device health evaluation phase.
The voltage Vpg is scaled down by a factor of § to fit into the
operation voltage region of the on-chip sensor. Such voltage
scaling is realized by a frequency-compensated voltage divider
to capture the high-frequency characteristics of Vpg. The scaled
Vps is then sampled by a sample/hold (S/H) circuit with an
initial delay time defined by tspr,. By comparing the sampled
result Vgpr, with the predefined reference Vypgr, the delay
error is evaluated as a voltage signal Vgrr, which is further
amplified to a control voltage Vorgrr, with a voltage gain of
Ay. To compensate for the delay error, the trailing edge of the
initial sampling control signal Vinrr is modulated adaptively.
By modulating the supply current /p of the downstream logic
circuit via Verry, Vinrr's trailing edge is adjusted accordingly
as Vion, which controls the S/H circuit to shift the sampling
window until the ultimate sampled value Vgpr, equals Vrgr, as
shown in Fig. 2(b).
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By performing such self-regulated sampling mechanism, the
proposed 7, sensing calibrates out the delay effect. For example,
if Vspr, is lower than Vygr, Vorrr, will increase due to the
positive delay error, leading to a large driving current /p. This
elevation in /p reduces the charging duration for the capacitor,
resulting in an earlier activation of the logic circuit. Therefore,
Vspr’s trailing edge is modulated backward and the sampled
result will be lower in the next switching cycle. Such adaptive
error correction will continue until the sampling window is
aligned with the predefined reference. If the control-to-delay
coefficient Dy is defined as the delay time change of Viqy’s
trialing edge relative to variations in Vcry,, and the slew rate of
Vps is represented as Vg, the loop dc gain L of this feedback
system can be expressed as

AoDyVsr
B

Therefore, the feedback error voltage Vgrpr in Fig. 2(a) can be
computed using the loop gain as

3

Lgo =

VREF
1+ Leo
With a scaled slew rate of Vsr/f3 in Vpg, this error voltage can
be converted into the time domain. Correspondingly, the closed-
loop delay error is described as

__ Wrer
Lgo

“

VERR =

~ Verr B*Vier )

Vsr/B ~ AoDvVi'

Therefore, by selecting the parameters within the feedback
system, delay errors can be significantly reduced. Furthermore,
we apply two closed-loop schemes that operate simultaneously
with different sampling references. The phase difference signal
Vion 18 analyzed by a phase detector. Any delay mismatches due
to circuit layouts are avoided, further improving the precursor
readout accuracy.

On the other hand, the turn-ON transient delay ¢, exhibits
dependency on the junction temperature 77, as Vyp is deter-
mined by Vg and g,,, both of which are highly influenced by
temperature variations. If 7,,, is measured at different 7'y without
compensating for the temperature effects, the precursor readout
might result in false monitoring of the device health. Therefore,
a temperature calibration mechanism is employed to remove .,
readout error caused by 7T'; variation. The 7 j-dependent A 7,
is calculated using a ., -T; lookup table, which is built based
on the corresponding 7., and T ; data. The temperature-induced
At,, will be then subtracted from the measured ¢,,, resulting
in a T j-independent precursor 7, . The junction temperature is
obtained by a gate leakage current sensor, which also plays a
role in the dielectric failure detection discussed in Section III.

ton,er‘r

III. Igss-BASED DIELECTRIC FAILURE MONITORING

For the dielectric failure in GaN device, the gate leakage
current / ;gg is chosen as the failure indicator. /5 gg shows little
variation during accelerated aging tests [11], [19], [20], as shown
in Fig. 3(a). However, as the device is near dielectric breakdown,
a considerable increase in I/ggg can be observed [11], [21].
Meanwhile, /gss demonstrates a significant dependency on the
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Fig. 3. Illustrations of (a) /gss characteristics with device aging/failure and

(b) Igss temperature dependence.

junction temperature 7'y in GaN devices, as shown in Fig. 3(b).
This characteristic enables the utilization of /;gg as an indirect
indicator of T, thereby obviating the necessity for an on-die
temperature sensor.

Conventional methods for /ggs sensing require a large gate
resistance to increase sensing resolution. As Iggg flows when
the switch is fully turned ON, the voltage drop across the gate
resistance can be measured with a differential amplifier. Even
though /ggs in a GaN device is much higher than that of a
Si MOSFET, the gate resistance R must still be elevated to a
level where the amplifier can reliably detect the voltage drop
[21]. However, introducing such significant R ¢ inevitably leads
to increased switching loss. Note that the proposed ., sensor
in Section II also requires slow switching transition for high
sensing resolution. However, such operation is only activated in
the device evaluation phase for a few switching cycles. Further-
more, the gate driver can be reconfigured into the fast-switching
mode once the evaluation process is completed, which will be
discussed in Section IV.

To detect the dielectric failure and junction temperature simul-
taneously, the /ggg-based failure monitoring with gate leakage
current sensing is proposed as shown in Fig. 4(a). During the
device evaluation phase, as Vpyy goes high, the power switch
will be turned ON. After a blanking time of gk, the voltage Vs
reaches the gate driving supply voltage Vpp. The gate driver is
then disabled temporarily for a short period of tgng. Therefore,
the output impedance of gate driver is high, allowing Iggs to
slightly discharge the gate capacitance Cigg. Vg decreases dur-
ing the discharge period. According to the charge conservation,
the gate leakage current /ggg can be computed as

Igss = CissAVgs /tsns (6)

where AVg is the voltage drop for Vgg. Since fgng is constant
and Cigs does not change over aging, /gss can be sensed by
AVgg linearly as shown in Fig. 4(b). The voltage drop AVgg
is capacitively coupled to a differential amplifier for voltage
sensing. Once the output of amplifier Vgsg exceeds the failure
threshold voltage Vgss ra), it indicates that the GaN device
is near dielectric breakdown. A failure detection signal Vyp
will be generated to warn the user that the device is facing
potential failure and needs to be replaced. Meanwhile, it gen-
erates a reset signal Vrgr to enable the gate driver, preventing
Vas over-discharge. As we have discussed, /ggg is also highly
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associated with 7';. Therefore, the peak value of Vzgg is captured
as Vo to estimate the device junction temperature. Similar to
dielectric failure detection, over-temperature protection can also
be implemented by setting a threshold voltage for Vggs. And
Ty information is further provided to 7,,, sensor for temperature
calibration. It is noteworthy that both 7'; increase and dielectric
failure can cause elevated /qgg. However, dielectric failure is
characterized by an exponential increase in /gsg, as shown in
Fig. 3(a). As aresult, the failure threshold Vgss () is set to be
much higher than V; at the maximum device operating tem-
perature. Therefore, by taking advantage of the sensed /ggs, the
dielectric failure monitoring and junction temperature sensing
can be performed simultaneously, reducing design overheads.

IV. SYSTEM ARCHITECTURE AND CIRCUIT IMPLEMENTATION
A. System Architecture

The proposed CM approach is demonstrated on a GaN-based
switching power converter, as shown in Fig. 5(a). The proposed
closed-loop 7, sensing approach can enhance the precursor
readout accuracy by compensating for propagation delays in the
analog circuits. In addition, since the switching transients are
impacted by the device junction temperature, a 7y calibration
mechanism is developed to remove the temperature effect on
ton- Therefore, a T j-independent precursor 7,,,” is measured with
high precision for device aging prognosis. On the other hand,
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a gate leakage current /ggg-based sensing scheme is designed
to detect potential dielectric breakdown. Furthermore, Iggg 1S
also employed to estimate 7'; simultaneously due to its highly
T j-dependent characteristic. Only the health status of high-side
switch M is monitored since it operates in hard-switching
condition and thus faces high voltage and current stresses. A
conventional PWM controller is adopted for output regulation.

In addition to the proposed CM approach, a reconfigurable
trimode gate driver is implemented to mitigate the system impact
associated with aging evaluations. As shown in Fig. 5(b), the
GaN device can be switched at different conditions for pre-
cursor readout. During the high-performance mode, the device
operates at high switching speed to ensure optimal efficiency.
Conversely, during the device health evaluation phase activated
by VEva, the gate driver is adjusted to the slow-switching mode,
offering better 7., sensing resolution. Simultaneously, Vgnsg
temporarily disables the gate driver for /ggs sensing scheme to
detect the dielectric breakdown and estimate the device junction
temperature. Because device aging and temperature variations
generally occur at a significantly slower pace compared to the
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operation waveforms.

switching frequency, it is unnecessary to initiate device assess-
ments frequently. Therefore, by reconfiguring the gate driver, the
proposed CM method exhibits a minimal impact on the overall
normal operation of the power converter.

B. Closed-Loop t,,, Sensing Mechanism

Fig. 6(a) shows the detailed circuit schematic of the proposed
closed-loop 7., sensor. Since the switching node voltage Vsw
can be as high as the input voltage, it will be first scaled down
to a 5-V domain for the on-chip sensors. Due to the high dv/dt
nature of GaN power transistors, the frequency characteristic
of Vgw waveform has a wide bandwidth, containing a large
number of harmonics. To prevent distortion after Vgw scaling, a
frequency-compensated voltage divider formed by R, C;, and
Rs, Cs is adopted. By matching the impedances in RC network
[22], it achieves a wide frequency range of voltage attenuation.
The impedance matching can be described as

1 R G
B Ri+Ry Ci+0Cy

@)

During the turn-ON transient, Vpwy goes high and triggers
an initial sampling control signal Vgpr, with a pulse width of
tspr,. With a nonoverlapping clock generator, the switch S; is
turned ON and Vg is sampled at the capacitor C3. As S; turns
OFF and S turns ON, the sampled result Vgpy, is further stored in
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the capacitor Cy for signal processing. By comparing Vgpr, with
a predefined reference voltage Vrgr through an error amplifier,
the delay error is captured as Vorgrr. Such control voltage is
converted linearly into a current flowing into a resistor Rz by a
V-to-I converter. Then, it is copied to a driving current /p by a
current mirror. As M; and M, form a basic inverter, the pull-up
driving strength is controlled by I/ p while the pull-down strength
is fixed. During the falling edge of the initial pulse VinrT, the
time spent to charge Cp can be modulated by Ip. Therefore, as
Vinir is fed to the gate of My and Mo, its trailing edge can be
adaptively adjusted by Vcorgy to generate Vy,y,. The modulated
signal V,,,, controls the S/H circuit to shift the sampling window
until Vgpr, equals Vrer, as shown in Fig. 6(b). For example,
if Vgpr, is higher than Vrgr after the S/H circuit, it indicates
that the sampling phase has been enabled earlier than desired
so that Vgw hits S X Vgygr before Vi, goes low. In this case,
Verre increases, and so does I p. As M turns ON during VinyT’s
falling edge, larger /o causes less delay to charge Cp in order to
trigger the following logic. As a result, the pulse width of Vi,
is reduced to sample Vg in the next switching cycle. When it
reaches the steady state, the trailing edge of V., is aligned with
the instant where Vg crosses 3 x Vrgr. By performing such a
negative feedback loop, the turn-ON transient delay is captured
with high precision, eliminating any propagation delays. Note
that the input polarity of the error amplifier in Fig. 6(a) is
flipped compared to that in Fig. 2(a), as Vs is sensed in real
implementation to represent Vpg.

To estimate the accuracy of the proposed ., sensing method,
the pulse width of V., can be described as

ton = tspL + w (®)
CTRL

where Vrp is the trip point voltage of the inverter followed by
transistors M; and M5 in Fig. 6(a). The simulated results indicate
a control-to-delay coefficient Dy of 8 ns/V. The error amplifier
is designed with a voltage gain A, of 60 dB. With a 3 of 5, Vg
of 0.4 V/ns, and Vrgr of 2 V, the delay error of this close-loop
ton sensing is computed as 39 ps according to (5).

C. Gate-Leakage I oss Sensing Mechanism

Fig. 7 shows the circuit schematic of /ggg sensor. The sensing
period is enabled after a blanking time once M g turns ON. The
gate driver is first disabled to provide high impedance, causing
Vs drop due to Igss. When Vgng is high, both switches S5 and
S, are ON, which connect the differential input of the amplifier to
the common mode voltage Vo, This will make the transistors
in the amplifier operate in saturation region, ensuring the correct
function of amplification in the next phase. Meanwhile, AVgg is
sampled on the capacitors Cs and Cg. Once Vgng becomes low,
the bottom plates of capacitors are switched to the amplifier’s
input. AVgg is then ac coupled through the capacitors for
amplification. With a fixed pulse width generator, Vgng has a
fixed sensing period of tgns. To reduce the ON-resistance and
prevent false turn-OFF of the GaN device, AVgg must be much
lower than the gate driver supply voltage Vpp. Furthermore,
tsns must be designed to allow sufficient AVgg to meet the
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minimum differential input voltage Vi, min Tequirement of the
following sensing amplifier Agng in Fig. 7. Therefore, the fsng
should satisfy

Igsstsns

——— < Vpp. 9
Ciss DD )

‘/in,min

To enhance the readout resolution, the sensing amplifier Asnsg
magnifies the AVgg into Vggs. The Agng is designed with a
programmable voltage gain, which is set by the on-chip re-
sistor ratio [10]. Hence, the value of the voltage gain can be
well controlled by layout techniques to minimize the impact
of process variations. The sensing amplifier has a Viy min of
10 mV. After the voltage amplification, a peak detector is used
to extract the peak value of Vggg as Vpy, which is given to
the 7., readout for temperature calibration. Meanwhile, Vagg
is compared to a failure threshold voltage Vass(ra). Once it
exceeds this threshold, the comparator output becomes high,
which triggers the D flip-flop to generate a warning signal Vpp.
It also resets the sensing control signal Vgng, re-enabling the
gate driver to prevent over-discharge of Vgg.

D. Tri-Mode Gate Driving and Circuitry

Fig. 8(a) shows the circuit schematic of the reconfigurable
trimode gate driver. Two pull-up transistors and one pull-down
transistor are adopted in the buffer stage. By splitting the control
signal for each transistor, the gate driver can be reconfigured
into three modes to fulfill the needs for device health evaluation,
as shown in Fig. 8(b). Specifically, when Vgy, is low, the gate
driver exhibits strong driving strength for switch M. The large
pull-up transistor Mp; and pull-down transistor My ; will be
turned ON alternatively with a small dead time to prevent the
shoot-through. This will ensure high-performance operation for
the GaN power converter, which is applied for normal system
operations. Conversely, as Vgya goes high, Mp; is disabled.
Instead, the smaller transistor M py is enabled in the pull-up
path, which achieves a weak gate driving strength for low
dv/dt operation. This mode is designed to improve the readout
resolution for closed-loop 7,,, sensing. Third, as Vgng becomes
high for a short period, all three driving paths comprising M p;,
Mps and My; are OFF, allowing the gate leakage current to
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5

Fig. 9. Photographs of IC die and test PCB.

discharge the gate capacitance for Igsg sensing. As a result,
the three gate driving modes will be reconfigured based on
the demands of system operation and device health evaluation.
Note that the level shifters for signal isolations of Vpwn and
VEva are omitted in the schematic.

V. EXPERIMENTAL VERIFICATION

To validate the on-chip CM approach, an IC prototype is
implemented by a 180-nm high-voltage BCD process [23].
The closed-loop ¢, sensor, Iggs sensor, gate driver, and PWM
controller are integrated on chip with an active area of 1.3 mm?,
as shown in Fig. 9. Adopting two enhancement-mode GaN
power transistors as the power switches, the half-bridge power
converter is used to evaluate the effectiveness of the proposed
CM method. The GaN converter operates in an input voltage
ranging from 5 to 24 V with a switching frequency of 1 MHz
while delivering a maximum power of 5 W.

To verify the closed-loop #,, sensing method, Fig. 10 shows
the measured Vgw and Vy,,, waveforms at 1 MHz. The voltage
scaling factor of ( is set to 5 for the 12-V input voltage.
During the rising edge of switching node Vg, the S/H circuit is

11693

J\/M*Mmawww
20ns -.-...ﬂ(... 1 OV
av§ BxVrer=10V /
r
1 Vsw //
hpprniit!
39.3ns
av} |
<. \l/tonv J V" )
(a)
/‘_/.J'-/‘W‘VWM»AM
20ns
*xVrer=2V
3V B*Vrer ’ /
S e 2V
L 3 2 e
21.2ns
3vi {me
< Vton | Ao . |
(b)

Fig. 10. Closed-loop 7, sensing real-time measurement results with (a) 10-V
Vsw reference and (b) 2-V Vgw reference.

enabled to sample the moment when Vg crosses the predefined
reference voltage through a self-regulated sampling mechanism.
For example, as shown in Fig. 10(a), when the reference with
respect to Vg is set to 10V, the falling edge of sampling control
signal Vi, is aligned to the point where Vgw hits 10 V. And
Vion in this case is measured as 39.3 ns without any propagation
delay. Similarly, V,,, for a reference of 2 V is measured as
21.2 ns, as shown in Fig. 10(b).

To validate the proposed Iggs-based failure monitoring,
Fig. 11 shows the measured Vgg and Vggs waveforms. During
the on-time of the high-side power switch, the gate driver is
disabled for a short duration, allowing the gate leakage current to
slightly discharge the gate capacitance. As shown in Fig. 11(a),
for a fresh health device, the voltage drop on Vg is negligi-
ble and only causes a 160 mV increase on amplifier’s output
Vass. However, as device is near dielectric failure, a significant
increase in Iggs leads to a noticeable voltage drop in V. As
shown in Fig. 11(b), Vss in this condition quickly increases
to 860 mV, which triggers the failure detection signal Vgp in
the dielectric failure monitoring. Meanwhile, the gate driver is
re-enabled to ensure that Vg will not be discharged below the
device threshold voltage.

Fig. 12(a) shows the measured Vgg and Vgw waveform
under the high-performance mode. The proposed gate driver
can accommodate a common mode transient immunity (CMTI)
of 10 V/ns. During the aging evaluation phase, the gate driver is
reconfigured to achieve a lower dv/dt of 0.4 V/ns, as shown in
Fig. 12(b).
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over accelerated aging test.

To validate the effectiveness of #,,, as an aging precursor, the
measured 7,,, over accelerated aging test is shown in Fig. 13. The
high-temperature gate bias (HTGB) test is performed to accel-
erate the device gate oxide degradation due to high electric field
and high temperature simultaneously [18], [20]. The measured
precursor 7., is normalized at different junction temperatures
for comparison. A positive shift of 10.3% of ¢,, after HTGB
test has been observed, which is consistent to the theoretical
analysis in Section II. Meanwhile, as temperature increases, fop
decreases as shown in Fig. 13. Therefore, the temperature effect
on precursor f,, must be decoupled from aging effect to avoid
false alarms.

To detect the device junction temperature, Vryis read from the
peak value of Vggs. Fig. 14 shows the measured V 7y from 20 °C
to 100 °C based on the Igss sensor. Vpy is highly dependent
on junction temperature but has negligible change over HTGB
test, which validates the effectiveness of Iogg as a temperature
sensing parameter.

Finally, T'; data is correlated to precursor #,, to remove the
temperature effect, leading to 7 j-independent #,,’. As shown
in Fig. 15, the temperature dependency of aging precursor is
reduced from 13% to 2.3% thanks to the T calibration effort.
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VI. CONCLUSION

In this article, an on-chip CM approach for concurrent GaN
device aging prognosis and dielectric failure detection is pre-
sented. The approach utilizes a closed-loop sensing scheme to
measure the turn-ON transient delay f,,, effectively mitigating
precursor readout inaccuracy attributed to propagation delays.
To further enhance monitoring precision, a junction temperature
Ty calibration mechanism is implemented to remove the tem-
perature dependence of precursor t,,, achieving temperature-
independent aging prognosis. Meanwhile, dielectric failure de-
tection is facilitated through a gate leakage current /ggg sensing
scheme, efficiently sharing the same circuitry with the 7'y sensor,
thus reducing design overheads significantly. Additionally, a re-
configurable tri-mode gate driver is developed to enable flexible
switching conditions, accommodating both device aging evalu-
ation and standard system operation. Validated successfully by
experimental results on a GaN half-bridge power converter, the
design ideas and circuits demonstrate their effectiveness.
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