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ABSTRACT Managing the thermal behavior of GaN devices under test (DUT) poses significant challenges
during accelerated thermal cycling (ATC) tests, particularly due to the compact packaging of small GaN
devices (e.g., QFN package) and the sharp rise in the device’s Rpg,, at high junction temperatures. This
paper presents a framework for analyzing and modeling the thermal response performance of the ATC
test setup and evaluating the impact of non-linear dissipated power on the GaN DUTs. It outlines the
limitations of conventional thermal sensors in accurately estimating the DUT’s junction temperature through
case temperature measurements under ATC conditions. The analysis and modeling of the experimental
junction temperature response function shows about 4 s time constant in the measurements using a thermistor
placed near the DUT, highlighting the GaN DUT’s susceptibility to thermal runaway under ATC conditions
(Ti—max > 125 °C), where the thermal time constant significantly exceeds the DUT’s thermal transient time.
Consequently, an on-state resistance (Rpson)-based T; estimation method is employed to monitor the 7; and
control the thermal cycling window boundaries effectively. Experimental investigations of several e-mode
GaN HEMTs under different ATC windows are conducted to validate the ATC testing framework. Moreover,
the temperature coefficient of on-state resistance («) is characterized and quantified - considering fully
packaged individual GaN DUTs’ mechanical and electrical degradation mechanisms.

INDEX TERMS E-mode GaN HEMTs, reliability assessment, accelerated thermal cycling, junction temper-

ature estimation, thermal modeling, and Rps,, thermal coefficient.

. INTRODUCTION

Gallium Nitride (GaN) High Electron Mobility Transistors
(HEMTS) have recently emerged as a potential key switching
power device — enabling high-efficiency (=99%) kilowatts-
range power converters even with high switching frequencies
(=1 MHz) [1]. However, since GaN power FETs have been
in commercial use relatively recently, there is no sufficient
data to assess their practical reliability and the encompassing
power converters. Unlike silicon-based power-switching de-
vices, whose reliability methodologies matured over decades
of application and enhancement, GaN power FETs’ life-
time, failure mechanisms, and other reliability metrics require
further investigation. Accelerated stress tests, a traditional
method for evaluating the reliability of power semiconductor
devices, follow established protocols [2], [3], [4], [5].

According to the physics of failure approach, the semi-
conductor component’s lifetime will be shorter at higher
junction temperatures (7;) [6]. Hence, accelerated thermal
cycling (ATC) is one of the most commonly used meth-
ods for rapid reliability assessments of power semiconductor
switching devices [7], [8]. The ATC involves subjecting the
device to temperature cycles above and below room temper-
ature for thousands of hours or cycles to identify different
degradation mechanisms. The variation in junction temper-
ature during ATC is facilitated by either active or passive
heating methods. In active heating, AC or DC current is
injected through the DUT’s drain-source channel to induce
self-heating by the conduction and/or switching losses where
the junction temperature can be adjusted. In passive heating,
the DUT’s junction temperature is adjusted by soaking the
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device in a thermal chamber where the ambient temperature
is controlled. The DUT can be characterized by swinging
the ambient temperature inside the thermal chamber within
the thermal cycling window. Both approaches contribute to
several mechanical and electrical degradation mechanisms
from the DUT’s packaging perspectives to the semiconductor
material and technology’s point of view. Throughout such
tests, the junction temperature is an imperative parameter
to monitor properly to avoid DUT’s failure due to thermal
runaway. Given the relatively lower thermal conductivity of
GaN and Si devices compared to silicon carbide (SiC) metal-
oxide-semiconductor field-effect transistors (MOSFETSs) and
the small packaging (i.e., QFN) for e-mode GaN HEMTs
available in the market, thermal management is a challeng-
ing process during ATC for small packages [9]. While the
thermal heat pad for the GaN devices (i.e., source pad) with
QFN package is relatively small compared to Si MOSFETSs
within the same voltage and current ratings, it is challenging to
manage the thermal dissipation from the GaN FET’s junction
channel to ambient. Additionally, the increase in the on-state
resistance (Rpsen) by Tj variation from 25 °C to 150 °C can
be roughly double for GaN FETs compared to SiC FETs [10]
— this adds more complexity to dissipate the heat from the
junction to the ambient environment for GaN device under
ATC. Commercially available infrared cameras, thermocou-
ples, thermistors, and other commercial temperature sensors
have delays in the order of milliseconds or more. Hence,
these sensors are not preferable for monitoring GaN HEMTSs
junction temperature under a wide-range ATC tests. Most
available research and knowledge about the Foster thermal
modeling technique used for the analysis of thermal perfor-
mance of power semiconductor DUT usually assume steady
state junction temperature [11], [12], [13]. This assumption
is not true in several applications dealing with fast chang-
ing mission profiles, and also in case of devices like GaN
FETs whose on-state resistance varies quickly with rise in
temperature. Furthermore, such an assumption is particularly
not applicable for ATC tests as the DUTS’ junction tempera-
ture changes throughout each thermal cycle window (running
across a few seconds). Hence, this paper presents a non-linear
dissipated power profile-based thermal analysis and empiri-
cal modeling method to accurately extract the time constants
associated with the measurement of junction-to-ambient tem-
perature of the DUT — validating the importance of utilizing
proper temperature measurements for GaN HEMT devices
under wide-windows ATC test.

For monitoring GaN HEMTSs’ aging/degradation, sev-
eral common indicators (Rpsen, transconductance, the drain
current (Ip), gate leakage current, and gate-source thresh-
old voltage) were reported in [14], [15]. However, due
to the accuracy and difficulties associated with the mea-
surements of each health indicator, Rpson is being widely
employed as a suitable parameter for monitoring GaN de-
vices’ aging/degradation [15], [16], [17]. While the Vpson
measurement circuits may add complexity to the real-world
applications, and impose overshoot, and oscillation to the
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voltage/current waveforms of the DUT, this paper introduces
an alternative aging inductor which is the heating time for the
DUT to swing the junction-to-ambient temperature within a
predefined temperature-limits shrinks with the devices’ ag-
ing time. Thus, by monitoring the DUT’s heating time with
respect to the DUT’s junction/case-ambient temperature win-
dow, the remaining useful lifetime of the degradation level can
be modeled and extracted.

The temperature coefficient of the on-state resistance is
essentially the Rpson characteristic slope, indicating how
the on-resistance increases with temperature. For the GaN
HEMTS, the Rpson is approximately consist of the metallic
contacts’ resistance of the drain and source terminals and
the conduction channel between the drain and source (i.e.,
the two-dimensional electron gas, 2DEG). This research pro-
vided insights on the temperature coefficient of the Rpgq, for
GaN HEMTs under accelerated thermal cycling as another
parameter to validate the increase in the on-resistance with
devices aging. When compared Si power MOSFETS and SiC
MOSFETs with respect to on-state resistance temperature co-
efficient, SiC MOSFETs feature significantly lower, and less
temperature-sensitive on-state resistance. This lesser tempera-
ture coefficient can be partially attributed to the decrease in the
channel resistance of 4H-SiC MOSFETSs with increasing tem-
perature due to an increase in MOS channel mobility caused
by the de-trapping of charges in the gate oxide [18]. This
decrease in the channel resistance counteracts the increase of
the drift region resistance, resulting in a lower positive temper-
ature coefficient in the total on-state resistance [19]. However,
the reduction in the temperature coefficient for GaN HEMTs
with the devices aging considered in this research can be
partially attributed to the increase in the conduction channel
resistance, drain-source contacts degradation, and reduction in
the electrons’ density in the 2DEG channel as the devices age.

This paper presents a detailed analysis and modeling of
the thermal response function for an experimental laboratory
GaN ATC testing setup designed and developed to investigate
and address the abovementioned concerns. Under different
ATC profiles, several GaN HEMTs (rated: 650 V, 7.5 A, and
180 mf2 Rpsen) with integrated gate drivers are investi-
gated experimentally to assess their health conditioning and
degradation patterns. To avoid the thermal runaway scenario
experienced in the early stage of this research, as highlighted
in the thermal analysis in next sections, Rpson-based T; esti-
mation method is utilized to perform online/in-situ monitor
T; and control the thermal cycling window boundaries over
a long-term automated ATC testing of GaN DUTs. Addi-
tionally, the Keysight power device curve tracer (B1506A)
is used to characterize the DUTs offline every 1000 cycles
and validate the online Rpsg,,; measurements from the auto-
mated testing setup. Based on that, this research highlights
thermal performance and challenges associated with e-mode
GaN HEMTs under ATC as follows:

i) The proposed thermal analysis and empirical model-
ing method considering ‘non-linear’ dissipated power
profiles provide more precise estimation of the thermal
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behavior of the DUTs, and also be applied to various
power devices under thermal cycling conditions. Math-
ematical analysis of the proposed modeling approach
and the corresponding explanation of the thermal re-
sponse are also provided in this paper.

ii) The research highlights an alternative aging indicator
for semiconductor switching devices, emphasizing the
junction channel’s heating time during the thermal cy-
cling test or the time taken for the Rps,, to change from
one value to another higher value during the heating
time of the ATC is reduced with aging.

iii) Rpson temperature coefficient (a) analysis validates
that the « values of GaN DUTSs’ decrease with aging —
caused by mechanical and electrical degradation mech-
anisms of the fully packaged GaN DUTs.

Il. THERMAL ANALYSIS AND MODELING

In this research, e-mode GaN HEMTs are evaluated and char-
acterized under long-term ATC testing. The junction channel
is actively heated up to a specified maximum temperature
(T; limit) by passing DC current through the drain-source
channel. It is then turned off to allow the DUT to cool fo a
predefined minimum temperature level (e.g., room tempera-
ture), which marks the end of the thermal cycle. Notably, no
heatsink is attached to the DUT in the ATC setup to facil-
itate proper self-heating and monitor and analyze the DUT’s
temperature measurements. Different thermal cycling test pro-
files are considered in this research, which are tabulated in
Section II1.

Individual e-mode GaN HEMT devices, rated for 650 V
DC blocking voltage, 7.5 A continuous current, and on-state
resistance of 180 mS2 at 25 °C ambient temperature with an
integrated gate driver are considered in this research [20].
Fig. 1(a) shows the GaN board layers developed to have a
single GaN device with a thermistor attached near the device,
decoupling capacitors, and other conditioning circuits for the
integrated gate driver of the GaN DUTs. The GaN board’s lay-
out includes minimized gate, drain, source, and measurement
terminals for direct insertion into device curve tracers for char-
acterization or into the ATC power supply and measurement
circuits, as depicted in Fig. 4(c), where the current/voltage
measurements and power supply and load connection points
take place. The GaN PCB board includes an array of 20 (4x5)
vias beneath the device’s source pad (at the bottom, as shown
in the bottom layer in Fig. 1(a)), which aids in heat dissipation
through natural convection, as no heatsink is attached to the
DUTs. The ATC is intended to heat the GaN devices’ junction
channel actively to a particular T; max and subsequently cool
down to a specified 7; according to predefined boundaries
of the thermal cycle. The DUTs are self-heated by passing
DC current through the drain-source channels and monitoring
the junction temperature to reach the predefined limit. Then,
the DUTs are turned off to allow them to cool down nat-
urally until the junction temperature reaches the predefined
T; low. A thermal sensor (i.e., thermistor) is attached near
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FIGURE 1. GaN DUT board. (a) Top and bottom layers of the GaN boards
and the bottom view of the GaN DUT in QFN package (rated 650V, 7.5 A
DC). (b) Thermal via dimensions. (c) Equivalent thermal circuit of the GaN
board includes the components involved in the DUT's Tz measurements.

the GaN devices and serves to estimate the junction temper-
ature of the DUT during the ATC. The equivalent thermal
circuit for the components (mainly, GaN device, PCB, and
thermal sensor) involved in the 7; monitoring is presented in
Fig. 1(b) — which is derived based on the Foster thermal
modeling approach [11], [12], [13]. As shown in Fig. 1(b), the
R, Ci, network denotes the thermal resistance and capacitance
of the individual components (GaN DUT, PCB, and thermistor
as individual devices) involved in the junction temperature
measurements. As the GaN DUT is subjected to a power pulse
during the heating time of the thermal cycle, a thermal steady-
state or equilibrium is not reached as the device’s on-state
resistance increases. Thus, the RC network represents the time
constant contributed by the multiple devices involved in the
experimental thermal response function measurement. On the
other hand, the thermal response function has a dependency
on devices/ or power electronics circuit’s properties. Hence,
the linear region of temperature change inside the devices is
represented by R, and Rey. This model is derived based on
experimental thermal response function measurement during
accelerated thermal cycling of GaN HEMT DUTs, where no
heatsink was used.

The equivalent thermal model represents the dissipated
power (pq) generated by self-heating, driven by the product
of {1[2) X Rpson). Given the Rpsen is changing with T; ac-
cording to the datasheet [20] and pre-testing characterization
performed in the lab to extract the Rpson relationship with
T;, the power dissipation function follows the pattern of the
change in Rpson, With T; under a constant heating current (Ip).
As per the thermal circuit representation in Fig. 1(b), the am-
bient temperature is modeled as a constant voltage source (i.e.,

VOLUME 5, 2024



IEEE Open Journal af

Power Electronics

25 °C). The thermal impedances are represented by multiple
networks of thermal resistors and capacitors corresponding to
the components (GaN device, PCB, and thermistor) involved
in the Tj, measurements. The heat flow is downwards from
the GaN device’s junction through the PCB vias into the
ambient environment, aided by natural convection. A ther-
mistor is placed near the PCB’s vias for DUT’s temperature
measurement and estimation of 7j. Since the FR4 epoxy has
a relatively low thermal conductivity of ~0.3 W/mK [21], the
vias provided a channel to get the heat to the ambient atmo-
sphere and increase the thermal conductivity between the top
and bottom layers of the PCB. The Cauer network is mainly
used to assess the thermal modeling of different layers of a
component or module, while Foster modeling is typically used
to study the thermal system comprising multiple components.
Hence, considering that this research includes testing the GaN
devices that are fully packaged (without access to internal
layers), the Foster thermal network is used for the analysis
without factoring in the internal layers of the devices.

Based on the temperature response of the system, a Foster
thermal model can be constructed by connecting multiple RC
circuits in series and organized into subsets with decoupled
time constants [13]. Subsequently, a complete mathematical
model of the Foster network can be derived by summing the
exponential terms in a closed form of the simple analytical
expression. The Foster thermal model is typically preferred
for describing a system’s thermal behavior with multiple
components on the PCB. Foster’s model describes thermal
behavior as a “individual device™ where thermal resistances
and capacitances of the system are combined as a net thermal
impedance (Zy,). For a given power converter, the thermal
response function can be expressed as in (1) [11], [12], [13].

(1) = pa(t)Zyy, (1)

Where Ty, is the thermal response function, pg4(t) is the
dissipated power as a function of time, and Zy, is the system
thermal impedance (i.e., Zy, = Ru Cin). The Foster thermal
impedance consists of combinations of parallel RC network,
as depicted in Fig. 1(b). Therefore, the thermal impedance can
be presented in the s-domain as in (2).

Zibi= R @
= RCis +1

Where R; and C; represent the thermal resistance and ca-
pacitance, respectively, of individual devices involved in the
measurement of the response function. For a constant dissi-
pated power, by substituting (2) in (1), the thermal response
function can be written as in (3).

oC

XI:RCS—i—l )

where the term (Py/s) is the s-domain representation of dissi-
pated power as a step function (i.e., Py is constant). By taking
the inverse Laplace transformation for the (3), the thermal
response function can be expressed in time domain as in (4)

Tin(s) =
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for a step response dissipated power [11].

L I
Tut) =Py Ri(1—¢ ) 4)
i=1
Here, P4 is assumed as a constant value, R; is the individual
devices’ thermal resistance, t; is the thermal time constant
determined by the multiplication of the R; and thermal capac-
itance (C;) of the different elements of the system, and n is the
number of devices involved in the thermal response function
(Tin) measurement.
The dissipated power can be expressed as in (5).

Pd = VosenIp| + IZRG in| (5)

Where the product term (Vpsen- Ip) represents the switch-
ing and conduction losses, Vpsen is the on-state voltage drop
across the DUT, whereas the dissipated heat of the internal
gate driver resistor is represented by IéRG,;m (which is ig-
nored in this analysis as the internal gate resistance is about
2 Q@ and the average gate-source current is about 40 p A when
the device is fully turned on [19] and [22]; leading to a dis-
sipated power of <<1 puW). Since DC drain-to-source (Ip)
current is used to heat the DUT during the heating time of the
ATC, the switching losses do not significantly contribute to
the device’s self-heating. So, the dissipated power is approx-
imated as a conduction power loss as in (6), where py is a
function of heating time.

Pa ~ |I3RDson| (6)

In the thermal cycling test under consideration (and in many
practical cases), the dissipated power profile is not constant.
The DUT is exposed to self-heating through a DC current
(Ip). causing the Rpsen value to change dynamically. This
dynamically changes the dissipated power during the thermal
cycling process in a non-linear fashion. Accordingly, this pa-
per presents an empirical modeling technique that considers
non-linear dissipated power profile. As per the system model
shown in Fig. 1(b), the thermal impedance can be expressed
for the junction-to-ambient (Z;,) condition. The time constants
associated with the main components used in the junction tem-
perature measurement (i.e., GaN DUT, PCB, and thermistor)
and presented in the equivalent thermal impedance network
are t; (where t; = R;C;). Accordingly, the junction-to-ambient
temperature (7j,) response function can be written as in (7).

Ta(s) = Pa($)Zja(s)

Or
Ti(s) = pa(5)Zja(s) + Tu(s)
where
00 R;
Zja(s) = Z _— (7

= RCis+1

Here, T; is the junction temperature, T, is the ambient tem-
perature (i.e., ~25 °C), pq is the dissipated power function in
the DUT’s junction, and f is the heating time of the ATC.
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FIGURE 2. (a) Measured T; using a thermistor at the bottom of the
experimental GaN board, calculated Rpson -based on Ip and on-state
voltage measurement, and an exponential curve fitted measurement of T,
with respect to the thermal cycle heating time. (b) GaN FET experienced
thermal runaway under a thermal cycling test with a thermistor for DUT's
case temperature monitoring. (c) 7. measurement using thermistor verses
Rpson measurement for estimating 7; under a short pulse of drain-source
current.

From preliminary thermal cycling tests of multiple GaN
DUTs, the devices experienced thermal runaway, as shown
in Fig. 2. It was a result of the ‘not fast-enough’ junction
temperature measurement system used in the control of the
ATC boundaries (where a thermistor was used to monitor
the GaN DUT case temperature for estimating the junction
temperature of the DUT). The thermistor measurements were
calibrated and verified by soaking the GaN board with the
thermistor in the thermal chamber and testing it at different
temperature levels. It can be noticed in Fig. 2(a) that dur-
ing the thermal cycling window of 25 °C to 180 °C, the
thermistor measurement temperature was not fast enough to
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capture the rapid rise in T; caused by a rapid increase in Rpson
as the device junction temperature approaches the thermal
cycle window limit. Consequently, the GaN DUT experienced
thermal runaway, as shown in Fig. 2(b). During the heating
up time of the thermal cycles, the junction temperature of the
GaN DUT keeps rising as the conduction loss (1 2RpSon) keeps
increasing in the junction (due to Rpson increase), resulting in
higher heat dissipation throughout (since there is no heatsink
or any cooling mechanism used during the heating time of the
thermal cycles); where the heating current here is DC current.
Therefore, thermal equilibrium operating point is not reached
during the heating time of the thermal cycles even though it is
in several seconds. The estimation of the junction temperature
using the Rpsen value allows for an almost immediate capture
of the real-time temperature information (just a few millisec-
onds). However, the use of a thermistor with slow response
would create additional delays (in the order of seconds, as
discussed in next) for the temperature measurements [23], that
can create reduced accuracies or errors, and may even lead to
thermal runaway. Hence, thermistors or thermocouples would
not be sufficient for such transient tests.

Subsequently, an investigation on Rpsen, measurement is
explored in which a current pulse is injected through the
drain-source channel of the GaN DUT, and the device’s case
temperature, Vpsepn, and Ip are recorded, as shown in Fig. 2(c).
It can be noticed that passing a current of about 600 mA for
about 200 ps causes the Rpsq, (which is equal to Vpsen/In)
to increase as depicted in Vpsen, While the case temperature
is not able to capture this change in the junction temperature.
Therefore, for ATC tests of GaN DUTSs, Rpson-based T; esti-
mation method is adopted further in this research to allow the
implementation of accelerated wide thermal cycling windows
(Ti-max > 125 °C) and ensure a fast 7; estimation approach to
avoid thermal runaway scenarios.

To analyze the thermal performance of the components
involved in the ATC of the GaN board and the causes of the
DUT’s thermal runaway, the hereafter section presents a gen-
eralized thermal modeling approach for evaluating the thermal
time constant values involved in ATC testing — where pq is
varying with heating time (linearly or non-linearly). Based
on (7), the Z;; can be expanded according to the individual
thermal impedance of each component in the GaN board as
in (8).

R, Rz R3
Z; =
‘m(S) T]S+l+725—|—1+r35—|—]+
R,
+ - (8)
Tis+1

where R; and t; are the thermal resistance and thermal time
constant of individual components involved in the junction
temperature measurements. For a given pg and a measured
temperature according to (7), the system’s Zj, can be calcu-
lated.

From the temperature response function (Ti,,) deduced
using the thermistor measurements during the experimental
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FIGURE 3. Measured dissipated power and temperatures of the DUT.

accelerated thermal cycling (depicted in Fig. 3), the data are
imported into MATLAB software to perform curve fitting and
extract the thermistor ‘measured temperature response func-
tion as presented in (9). The best fit for the measured data
is fitted with a type-I exponential function. The curve fitting
tool generates the constants a, b, ¢, and the R? value, which
correspond to the goodness of fit of a model.

Tine(t) = a % e ¥ 9

The constants a, b, and c¢ equal 1.23, 0.25, and 12.4, re-
spectively. The statistical R? value is 0.956. Based on (8), the
thermistor’s thermal impedance can be expressed as in (10).

Ttkr(s] W Ta(s)
pa(s)

where Zy,, is the thermal impedance of the thermistor. It is
worth noting that thermistor exhibits non-linear resistance-
temperature properties, and most are extremely non-linear
[23], which makes it necessary to use a more complex form
to derive accurate temperature measurements, as considered
in this research. According to (8), the thermistor’s thermal
impedance is given in (11).

R 1 R
Zepe(8) = (t;r) (.s‘ - I ) + ;n
thr =

Tthr

Zinr(8) = (10)

(1)

Ryt is an additional thermal resistance that contributes to
the thermistor’s response, as in Fig. 1(b). By substituting
(11) in (10) and taking its inverse Laplace transformation,
the thermistor’s time constant and thermal impedance can
be calculated by equating the yield equation to (9), which is
presented in (12).

i i
e_ Tthr +Re’xt =123% 8_0'25r + 12.4

(12)

By comparing both sides of (12), T4, equals 4 s (which is
fairly matching the existing application note on NTC thermis-
tors presented by Vishay in [24], Ry, equals 4.92 °C/W, Ciy,
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equals 813 mJ/°C, and an external thermal resistance (referred
to as Rex:. in Fig. 1(b)) is 12.4 °C/W.

To calculate the thermal impedance between the DUT’s
junction channel and the thermistor, the impedance (Zj.,),
which is depicted in Fig. 1(b), can be extracted by subtract-
ing the experimental thermistor measurement curve from the
Rpson-based estimated junction temperature curve (Tj.rpSon)
according to (13).

Tj—Rnsm (8) — Tipr(5)
pa(s)

Zi thr(s)=
where

Zi_thr(8) = Zpcp(s) + Zjc(5)

and

Tj—rhr(s) = Tj—RDSm (8) — Tinr(5)

and T is the thermal response function between the junc-
tion channel of the GaN DUT and the thermistor, Zpcp is the
PCB thermal impedance, and Zi; is the GaN DUT junction
to case thermal impedance as depicted in Fig. 1(b). From the
experimental measurements shown in Fig. 3, the junction tem-
perature is measured from IZRDSOD measurements and used
with the thermistor-measured thermal response function as
in (13) to extract the junction-to-thermistor thermal response
function (Tj.ne). Then, T is fitted using MATLAB curve
fitting tools, which generates the constants a, b, c, d, g, and
the R? value corresponding to a model’s goodness of fit. The
Tt curve is best fitted with a type-1I exponential function
with a statistical R? value of 0.964 as represented in (14).

(13)

—dt

Tj_,;,,{t):a*e_b‘+c*e +g (14)

The constants a, b, c, d, and g equal 5.662, 4, 288.8, 8, and
22.6, respectively. Based on the (8), thermal impedances Z;
and Zpcp can be expressed as in (15).

Tjc(s) — Tinr(s)
Zpcp(s) = —_—
pd(s)
and
T;(s) — Tjc(s)
Ppd(s)
where T, Tjc, and 7T; are denoted in Fig. 1(b). By substituting
(15) in (13), taking the inverse Laplace transformation of the
yield equation, the PCB and GaN DUT thermal time constants
and impedances can be calculated by equating the yield equa-
tion to (14) — as expressed in (16).
o
Ric e o Frcs
Tje TPCB

+288.8% % 1226

Zje(s) = (15)

e iy
€ TPCB + Rjpy = 5.662%¢~

(16)

Rin is an additional thermal resistance contributing to
the PCB’s thermal impedance, as Fig. 1(b) denotes. By
equating both sides of (16), 7. equals 250 ms, R;. equals
1.4155 °C/W, G equals 177 mJ/°C, the thermal time constant
of the PCB (rpcg) is 125 ms, and the corresponding thermal
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TABLE 1. A Summary of the Thermal Time Constant and Impedance Values
Involved in the Hardware Setup of the GaN DUT Junction Temperature
Measurement

C i Thermal time Thermal
omponents constant value impedance
R =1.4155 °C/W
GaN HEMT 250 ms Cy.= 177 mI°C
st 8,
PCB layout, including RPE‘E Bf; 42;’“"
20 vias underneath 125 ms P‘;:ﬂo ;
DUT =
Riw =22.6 °C/W
Ry, =4.92 °C/W
Thermistor 45 Cu: = 813 mJ/°C
Reu=12.4 °C/W

resistance and capacitance are 36.1 °C/W and 3.463 mlJ/°C,
respectively. The internal thermal resistance (referred to as
Rint- in Fig. 1(b)) is 22.6 °C/W.

Comparing the thermal impedance and time constant values
attributed to different parts of the hardware setup, as sum-
marized in Table 1, it is evident that the thermistor’s time
constant dominates the equivalent thermal impedance circuit.
Furthermore, other commercially available thermal sensors,
like thermocouples, thermal cameras, etc., also have signifi-
cantly high time constants for DUT T;, measurements. Thus,
the T; measurement technique for GaN FETs under ATC tests
needs to be critically assessed before the hardware design and
setup.

I1l. EXPERIMENTAL RELIABILITY TEST PLATFORM:
CONCEPT AND OPERATION

The experimental setup, illustrated in Fig. 4, is designed to
facilitate the "plug-and-play” integration of multiple GaN
boards onto a single measurement and power supply board,
as shown in Fig. 4(a)-(c). Two identical hardware se-
tups/boards are used to implement thermal cycling tests of 5
GaN devices per setup, as one setup is shown in Fig. 4(a). Both
boards are set up in the same enclosure and connected to the
same DC power supply and electronic load, as shown in the
single-line diagram in Fig. 4(a) and (b). The measurement cir-
cuit’s on-state voltage is attached to the GaN boards, as shown
in Fig. 4(a). At the same time, dSPACE MicrolabBox acts as
a control unit and instantaneous data acquisition system for
online monitoring of the device’s degradation process during
the ATC tests, as shown in Fig. 4(b). In constant current mode,
an electronic load is used to allow predefined DC current
values to heat the DUT. Other power supply and measurement
boards are utilized for current and Vps, sensing circuits and
thermistor signal amplification. The GaN devices are mounted
on small boards for easy interchange between the ATC setup
shown in Fig. 4(c) and the curve tracer every 1000 thermal
cycles for assessment. Rpson is monitored online during the
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FIGURE 4. Experimental GaN FET degradation setup. (a) Testing circuit

schematic. (b) Test block diagram, including the control unit. (c) Zoomed-in
picture for a set of GaN FETs under test. (d) Testing flow chart.

VOLUME 5, 2024



IEEE Open Journal af

Power Electronics

Rosent = Rosanz “Rosons

0.5 Roson Rogons 1
_ D4} d
~ 0|
&
w
=1
x 02 {

017

o .

160 180 200 220 240 260 280 300 320 340

Time(s)

FIGURE 5. Simulation waveforms of sequential thermal cycling of multiple
GaN DUTs under different DC current values under the same maximum
thermal cycling windows.

ATC tests based on the Vpson, measurement circuit shown in
Fig. 4(a), [25], [26]. The time taken for voltage-sensing is a
few tens of nanoseconds, and the measurement error is within
+10 mV. The Rpsen for the DUT is calculated online during
each thermal cycle to achieve a fast and accurate estimation of
T; for the GaN FETs to control the ATC window preciously.

The testing flow chart shown in Fig. 4(d) demonstrates the
sequential thermal cycling of 10 GaN FET boards follow-
ing the devices assigned identification number in the control
algorithm. The test control is implemented in dSPACE Micro-
labBox (1202), which includes measurements, calculations,
or control of the following: i) Rpson values continuously, ii)
over-voltage/current protections, iii) control of PWM (or on
and off states), iv) fans to cool down the device temperature
during the off time of the thermal cycles, v) setting the DC
current value in the electronic load (used to heat the devices),
vi) Rpson threshold and limit values, and vii) the number
of the thermal cycles to be executed. Once the first DUT
starts heating up and the Rpgon limit (or estimated T; limit)
is reached, the DUT is turned off. No heat sink is used in the
GaN FET boards to ensure self-heating of the DUT with a
DC current and accurately estimate the heat dissipated in the
channel caused by the conduction loss. Once the first DUT is
turned off after completing the heating time, it starts cooling
down naturally. While the first DUT enters the cooling mode,
the second DUT is activated to perform thermal cycling per its
pre-set Rpso, low and limit values as depicted in Fig. 5. Once
the maximum junction temperature is reached, that device is
turned off. Following this operation pattern, multiple devices
are sequentially thermally cycled using the same testing setup.
When a DUT fails, the control algorithm triggers an alarm
signal on the dSPACE platform and bypasses the device to
proceed with the remaining devices.

The testing configuration allows sequential active thermal
cycling for multiple GaN devices simultaneously, as depicted
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TABLE 2. Thermal Cycling Test Conditions and GaN DUT Specifications [20]

Parameters Specifications/descriptions

* ATC by DC current.

* T3 measurements: Thermocouple and
Gheration Rpsa-based estimation approaches.

o Inc, heating = 2.5 A (heating current),
» ATC= rlieumng + rs:r.mh'lu;v
* No heatsink is being attached to the DUTs.

Rpsey limit = 500 m€), corresponding to T;
10 170 °C, feating = 18 8, and Lgqting = 54 8 -
for fresh device.

Rpson limit = 550 m&2, corresponding to T;
of 185 °C, theating = 22 8, and Zegoting = 63 5 -
for fresh device.

Thermal cycling ® Rpse limit = 575 mQ, corresponding to T;

window and of 190 °C, tucating = 25 8, and Zeooling = 70 5 -
corresponding for fresh device.

heating DC ® Rpgo limit = 600 mQ, corresponding to T

average current of 200 °C, theating = 27 and fuooiing = 85 5 =
for fresh device.

Each group of 2-3 GaN devices under test

is ATC from Rpg, low level of 180 mQ
corresponding to room temperature of 25
°C (for fresh device) to Rpse, limits
mentioned above,

VDS-b'Iocking: 650V

Iocontimons = 7.5 A at 25 °C case
temperature

® Rpson = 180 mQ at25°C T;

s Regulated voltage for the integrated gate

driver circuit=6 V

e QFN package

e-mode GaN
HEMTs under
test (rated
values)

in Fig. 5. Each GaN DUT is heated up to a predefined ther-
mal cycle limit one after the other by injecting DC current
(i.e., Ip) and according to the ATC specifications listed in
Table 2. Fig. 5 presents thermal cycling waveforms from
simulation results, showcasing the use of various DC values
of heating currents considered to perform the same thermal
cycle window across several GaN devices. The higher the
DC current used for generating the heat inside the GaN DUT
(i.e., Rpsons). the shorter the heating time for the devices to
reach the thermal cycling window boundary. Active thermal
cycling allows achieving the desired AT; by adequately se-
lecting the heating current and the heating time of the ATC.
This type of calibration is performed at the beginning of
the experiment to ensure that the measurements are prop-
erly monitored throughout the long-wear-out phenomenon) is
compensated by adjusting the thermal cycling window (7510w
and T jimit), which i Teferred to as term degradation testing. In
order to keep the ATj value constant or within a limited range
of variation throughout the degradation process, the increase
of Rpson (due to the Rpsen low and Rpsen limit in Tables 2
and 3) every thousand thermal cycle count. The AT; value is
a crucial parameter in determining the lifetime of power com-
ponents [27], [28]. Its increase causes a faster degradation,
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TABLE 3. Extracted Rpson Limit for a Fresh Device and Used for GaN HEMTs
T; Estimation.

Roson Limit (msd) Esﬁr(:iggjd T
180 25
430 150
500 170
550 185
il 200

leading to a relatively smaller number of cycles to failure. It
is worth noting that the heating time also affects the lifetime
of power components, even if to a lower degree with respect
to AT;.

The Rpson relationship with the 7; of GaN HEMTs is
extracted by soaking the GaN DUT in a thermal chamber
at different temperatures for around 30 minutes before
measuring the Rpg,,. Then, a 1A/120 ps pulse width current
pulse is applied to the DUT, and the Vpsen is measured to
calculate the corresponding Rpson. Thus, the pre-experimental
extraction of the Rpson relationship with T; is illustrated in
Fig. 6(a) and summarized in Table 3 for a fresh GaN device
(i.e., not degraded). The base Rpson value of every thermal
cycle is ~180 mS2 (as presented in Table 2), the devices’
Rpson and represents the room temperature (i.e., 25 °C).
Multiple maximum/limitRpg,, values are used for various
devices under ATC, as shown in Fig. 6(b) — where the Rpsg,
limit defines the maximum temperature of the thermal cycle
assigned for each device. For ten individual e-mode GaN
HEMTSs under tests, the accumulated increase in the Rpson
with respect to thermal cycling counts are clearly depicted
that the devices with less thermal stress (Dev-1, Dev-2, and
Dev-3) experienced much less increase in the Rpgo, compared
to the devices with high thermal stress (Dev-9 and Dev-10).
After about every 1000 thermal cycles, the Rpsen threshold
and limit values are recalibrated (shifted up) according to
the permanent increase of the device’s Rpsen caused by the
degradation with the aging time presented in Fig. 6(b).

The Rpson measured at room temperature (25 °C) and
the accumulated change in the degradation process of
multiple GaN HEMTs with more than 18 k thermal cycles
(where the total heating time is about 250 hours, and the
cooling time is about 750 hours) are shown in Fig. 7. The
most stressed devices have an Rpso, limit value of 600 m£2 (or
200 °C T;), while for the least stressed devices, it is 450 mS2
(or 150 °CT;). The Rpson values of the devices increase almost
linearly against the number of thermal cycles.

It is important to understand the variation of Rpse, values
at different temperatures before and after aging with ATC
thermal cycling profiles. Four similar groups of devices (3
stressed with thermal cycling degradation and one reference
for benchmarking) are considered for characterization with
different stress levels, as labeled below.
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FIGURE 6. Change in Rpsen-. (a) Experimentally extracted the relationship
between the Rpson and junction temperature of GaN HEMTs at a Vgs of 6 V
internally regulated according to the supplier recommendations in the
datasheet [19]. (b) Percentage increase in Rpg,, for multiple devices under
ATC testing with thermal cycling counts under different ATC windows (room
temperature to Rpson limit/max labeled in the graph).
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FIGURE 8. Rpson versus junction temperature curves for multiple devices
degraded with different thermal cycling windows - captured after about
18k thermal cycles per device.

® Device 1: Fresh device (zero thermal cycles) which has

not been placed in thermal cycling testing.

® Device 2: Fairly degraded devices (30% increase in

Rpson after about 18k thermal cycles) with thermal cy-
cling window of (25 °C to 170 °C).

® Device 3: Fairly degraded devices (60% increase in

Rpson after about 18k thermal cycles) with thermal cy-
cling window of (25 °C to 185 °C).

® Device 4: Fairly degraded devices (75% increase in

Rpson after about 18k thermal cycles) with thermal cy-
cling window of (25 °C to 200 °C).

Each group of devices (labeled in Fig. 8 as Device 1,
Device 2, Device 3, and Device 4) consists of 2-3 individual
GaN devices that undergo the same ATC testing conditions
(i.e., heating current and heating and cooling times as shown
in Table 2). The Rpsqn Vversus junction temperature curves for
the devices under test are extracted by soaking the devices in
the thermal chamber for about 30 minutes at each junction
temperature presented in Fig. 8. Then, a DC current pulse of
1A and 120 us pulse-width is applied to measure the Rpgon
per each temperature setting. The measured Rpson curves are
presented in Fig. 8. It can be noticed that the fresh device
(Device 1) reached an Rpsoy, value of 500 mS2 at a T; value of
170 °C, whereas the fairly degraded device (Device 2) reached
an Rpsen value of 500 m2 at a 7; value of 150 °C. Hence,
when it is needed to maintain the junction temperature cycling
window fixed during the degradation process (where T; is
estimated based on the Rps,, measurements), the Rpg,, limit
needs to be adjusted after every certain number of thermal
cycles according to a newly extracted Rpson Vs. Tj curve with
the aging time.

The results showed matching characteristics for each group
of devices under each thermal cycling window performed
for those particular devices. The percentage of the Rpsen in-
crease per each thermal cycling window can be due to various
degradation mechanisms that become more pronounced with
continued thermal cycling, such as prolonged thermal cycling
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FIGURE 9. GaN devices’ thermal cycling characteristics for two devices.
(a) Multiple thousands of Ryg,, curves for a GaN DUT were measured at
different accumulated thermal cycle counts under a fixed Rpsen limit of
0.475 . (b) Estimated Tj — based RDS,, limit operation for thermal cycling
of DUT to keep the Tj window in the range of ~25 °C to ~150 °C; the Rpgen

limit is adjusted according to Rpson change measured at 25 °C with aging
after about every thousand thermal cycle counts.

can lead to the formation of new defects, which can scatter
carriers and increase resistance; high temperature can cause
metal contacts between the die and the device package surface
to diffuse, potentially changing the contact resistance; and
degradation of passivation or insulation layers which can de-
grade over time, leading to increased surface leakage currents
or trapping of carriers.

A detailed physical analysis of the device before and after
thermal cycling may be required to pinpoint the underlying
mechanisms. It often involves a combination of the factors
mentioned above and can also be influenced by the specifics
of the device structure, fabrication process, and the materi-
als used. Furthermore, preliminary X-ray imaging of GaN
DUTs is provided next, highlighting the possible degradation
mechanisms induced. Fig. 9 shows the Rpsen curves during
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the heating time for thousands of ATC for two devices with
almost the same stress level, where Fig. 9(a) is a device op-
erated under a fixed Rpson limit of 0.475 Q, while Fig. 9(b)
is a device operated with fixed T; limit (via adjusted Rpson
limit) to keep the 7; window in the range of ~25 °C to
~150 °C. The starting point of the Rpg,, curves presents the
Rpson value at room temperature (i.e., the starting point of
the thermal cycle), as shown in Fig. 9(a). It can be observed
that the Rpson value at room temperature increases with age.
Additionally, the results in Fig. 9(a) reveal that the heating
time taken for the Rpsen to reach a specific limit (i.e., Rpson
-limit of 0.5 €2) decreases with the aging of the device. To
represent it in a different way, 7; is calculated based on the
Rpson measurements, as shown in Fig. 9(b), the heating time
for the GaN device from room temperature (about 25 °C) to
a T;-limit (here, 150 °C) gets reduced with the aging of the
device. Hence, T; transient time from room temperature to a
specific temperature threshold under a certain mission profile
can also be considered a potential alternative for the device’s
health monitoring. The change in the T; transient time might
be caused not only by the higher Rpsen and corresponding
higher power losses in the aged device, but also by a higher
resistance caused by solder degradation. Furthermore, higher
resistance can also be caused by bond wire degradation. The
degradation characterization here is fully packaged individual
GaN DUT’s degradation where the packaging, bond wires,
metallic contacts, and other degradation mechanisms are in-
herited. It is worth noting that the ATC tests affect the aging of
the wire bonds, packaging, etc., in addition to the dies, which
cause faster degradation of the overall device, as captured in
this research.

IV. ANALYSIS OF THE AGING CHARACTERISTICS OF THE
DUTS" TEMPERATURE COEFFICIENT OF ON-STATE
RESISTANCE

Another study is conducted considering the devices charac-
terized in Fig. 8 with different aging profiles to assess the
variation of the DUTSs’ temperature coefficient of on-state
resistance (Rpson). The Rpson temperature coefficient (o) for
each device is calculated at the beginning of the ATC (ther-
mal cycle count < 50 cycles) and after the DUTs are fairly
degraded (~18k thermal cycles), as shown in Fig. 10. The
temperature coefficient of resistance (Rpson) Of each device
can be calculated using (17).

( RDSon—max—RDSm—25¢ )
J—max—1 j-25C

a7

o =
Rpson-—25c

where RpSon—max 18 the RDSontimit; RDSon_25c 1S the Rpsen
measured at 25 °C, T;_max is the junction temperature mea-
sured at Rpsen — limit, 7; —25C is the room temperature
where Rpson — 25C is measured. It can be noticed that the
devices have slightly different Rpson thermal coefficients at
the beginning because the devices start from Rpsqn slightly
different from the datasheet value measured at room tempera-
ture (i.e., 25 °C), and the net ‘¢’ value of the FET is a result
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FIGURE 10. Rpg,, thermal coefficient for multiple devices at two
degradation statuses: low thermal cycles and relatively degraded stage
with about 18k thermal cycles count.

of different elements in the components. However, accord-
ing to each device’s assigned thermal cycling window limit,
the Rpson temperature coefficient tends to decrease with the
DUT aging. Furthermore, the higher the peak thermal cycling
temperature, the higher the slope of the Rpso, temperature
coefficient, as seen in Fig. 10. In other words, the temperature
coefficient decreases with the aging of the device according
to the thermal coefficient equation (i.e., (17)) as ‘Rpson -25¢C°
increases with the aging time of the devices under test- caused
by mechanical and electrical degradation mechanisms of the
fully packaged GaN DUTs. The larger the thermal cycling
window (higher AT;), the more slope of « is observed, as
shown in Fig. 10.

For a GaN DUT degraded with a thermal cycle window
of 25 °C to 185 °C and after several months of continuous
thermal cycling tests where the number of cycles reached
about 18k, 3D X-ray Microscopy with nanoscale resolution
capability (model SKYSCAN 2214) is used to construct the
3D model of the GaN DUT, as shown in Fig. 11(a). The
dimension of the smallest past observed from the 3D model
of the GaN DUT is 40 x 30 um?. For a fresh GaN device
where no thermal cycles have been carried out, the micro-CT
scanner image, as presented in Fig. 11(b), which is sliced
from the 3D model, clearly shows no voids. After 18k thermal
cycles, the CT scanner of the GaN DUT shows significant
voids and de-lamination development, as shown in Fig. 11(c).
While the research considered single e-mode GaN HEMTSs for
testing as fully packaged individual GaN DUTSs, separation
of the degradation mechanisms (electrical and mechanical) is
complicated, and both are inherited in the measurements with
no separation. According to initial failure analysis imaging of
the GaN devices considered in the research, the increase in the
Rpson is expected to be caused by the die-attach de-lamination
and possibly bond-wire cracking, which is not clear in the 3D
constructed model, as similar degradation for other devices
reported in [29] and [30]. Some voids are observed under the
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FIGURE 11. 3D X-ray micro CT imaging for a GaN FET. (a) 3-D model
showing the internal bond wires within the DUT. (b) A fresh device (zero
thermal cycles) has not been placed in thermal cycling testing. (c) Fairly
degraded devices (60% increase in RDSon after about 18k thermal cycles)
with thermal cycling window of (25 °C to 185 °C).

die area. Consequently, the area of contact for heat conduction
has decreased, resulting in a decrease in the thermal dissipa-
tion performance of the device with aging. This will contribute
to higher T; for the operation of an aged device. assuming
that the power dissipation and the ambient temperature remain
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fixed, as shown in Fig. 9(b), where the heating time for the
GaN device from room temperature (about 25 °C) to a Tj-limit
(here, 150 °C) gets reduced with aging.

Thermal cycling stresses the DUT due to mismatched co-
efficients of thermal expansion (CTEs) among packaging
layers, leading to mechanical stresses from different expan-
sion rates caused by self-heating effects (conduction losses).
This results in solder joint cracks and wire bond lift-offs,
with the degradation observable through changes in on-state
resistance and thermal resistance, as noted in references [7]
and [31], [32], [33], [34], [35]. An increase in the switching
power devices’ thermal resistance and Rpgq, due to void for-
mation in the die-attach solder, as evidenced by X-ray and
scanning acoustic imaging, indicates degradation over stress
time [36]. The fast power cycling (the time is in the order
of tens of seconds) and higher temperature swing (AT >
100 K) leads to wire-bond failure, while slow power cycling
(the time is in the order of minutes) and lower temperature
swing (AT < 80 K) leads to solder fatigue related fail-
ures [7]. The abovementioned degradation mechanisms are
mainly triggered by the temperature cycling, but they are
also affected by the average temperature and the heating
time.

V. COMPARATIVE ANALYSIS AND DISCUSSIONS

A comparative study of parametric changes in relevant Si-
based power devices with almost the same power rating is
provided in Table 4. However, some detailed information
about the thermal cycling profiles for the results presented
in [14] and [37], [38]. Typically, the higher AT is, the more
are the electrical parametric changes and failures reported.
Comparing Si MOSFET degradation data presented in [37] to
the GaN devices presented in this research, it can be noticed
that a significant increase in the Rpson, has been observed in
Si MOSFET for almost the same ATC profile (fheating, fcooling
and AT;) and device power ratings under much less thermal
cycle counts performed for the Si MOSFET. Similarly, Si
IGBT thermal cycling results in a much higher increase in
the on-state voltage drop, as presented in [37], compared
to the GaN HEMTs considered in this research for almost
the same ATC profile and device power ratings. Thermal
cycling tests of SiC MOSFETs are presented in [38]. The
results show that SiC MOSFETs have longer Rpsq, stability
for a period of time before starting to increase drastically
compared to the GaN devices considered in this research,
as reported in Fig. 6(b). This difference might be associated
with the devices’ packaging and the material’s thermal prop-
erties. Comparing E-mode GaN HEMTS’ degradation results
presented in [14] to the GaN devices considered in this re-
search under the same ATC profile, almost similar changes
in Rpsen have been reported. Cascode GaN device (Si MOS-
FET and GaN HEMT) results show a minor increase in the
Rpson after significant thermal cycles count — compared to
Si MOSFET, GaN HEMT, SiC MOSFET, and Si IGBT. It is
reported that the change in Rpsen, of Cascode GaN device is
insignificant with the V. This may be implying that the Rpson
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TABLE 4. Comparative Parametric Changes of Si and GaN-Based Devices
Under Thermal Cycling Tests

Thermal cyeling ) .
Ref bur condition Observation
Power 81 MOSFET
Rated DC blocking AT =130°C (50- Increase in Rpsy, ~
voltage/ DC current 180 °C), fheating = 66% after 2.7k
are 400V/11A 20s, and feooling = thermal cycles
s Rpsen = 350 mQ at 40s count
3 ambient temp.
$i IGBT AT, = 180 °C (40- stfl‘::r“fz;‘;“; 2‘“
Rated DC blocking ~ 220°C), fiuine= 9700 atior 1 61
voltage/ DC current 208, and feooling = thermal evoles
are 1200V/11A 40s s
Increase in Rpgy ~
_ . 7% after 20k
SiC Power MOSFET ~ ATi=90.5°C thermal cycles
: (30-120.5 °C), v
in SOT-227b i count, but it is
and heating i
package ey increased by ~
_ Rated DC blocking e e 107% after 50k
& voltage/ DC current thermal cycles
are 1200V/68A count
Rpson =34 mQ) at ATi=70.5°C Barely increase in
ambient temp. (ie., (50-126.5 °C), Ros.n after S0k
25°C) and heating thi;;al cycles
current = 22.5A counf
DC
E-mode GaN HEMT
(p-GaN gate)
DC blocking Increase in R
DiSon ™
voltage/ DC current £ _ 15500 (25 10% after 28k
are 650V/30A
150 °C) thermal cycles
Rpsen = 50 mL} at it
ambient temp.
GaN Systems
package
= )
Cascode GaN device
(Si MOSFET and
Galy HEMT) Increase in R
& . DSan ~
%"Cbl"‘kmg voltagel 7 1250C(25- 8% after 500Kk
Ut are 150 °C) thermal cycles
650V/36A TS
R|m = 60 m at
ambient temp,
TO-247-3 package.
AT =125°C (25- 2
. Increase in Rpso, ~
150 °C), heating 8% after abﬁl
current = 2.5A 20k thermal
DG, freine - 1 cycles count
and Looling = 458
E-mode GaN HEMT AT =01 S0°C (.2 i Increase in Ry ~
- with an integrated 170 C)‘_Eleat'"g 21% after about
3 gate driver ST = E‘jA 15k thermal
E Rated DC blocking ]?C» Iheating = 18s, cyeles count
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change is reasonably affected by package-related degradations
in addition to the channel degradation. However, for the GaN
HEMTs, the increase in the Rpson is significant as Vg, gets
reduced. Therefore, channel resistance mainly contributes to
the increase in GaN HEMTS’ net on-resistance with aging
time.

V1. CONCLUSION

A framework for analyzing the characteristics of acceler-
ated thermal cycling (ATC) test setup is presented in this
paper, along with an evaluation of the effects of non-linear
dissipated power-based degradation profiles in e-mode GaN
HEMTSs’ channels. The proposed thermal modeling method
can also be applied to other switching devices operating un-
der accelerated thermal cycling tests — to model the thermal
impedance and calculate the thermal time constant of the
components involved in the measurement of 7;. The modeling
is based on the experimental GaN HEMT DUTSs’ junction-
ambient temperature measurements. The analysis shows that
the thermistor-based DUT junction temperature monitoring
method suffers from a significant time constant of the thermis-
tor’s time constant (i.e., 4 s). Thus, an indirect approach using
Rpson measurements is utilized to calculate the DUT’s junc-
tion temperature. Therefore, a wide range of thermal cycling
tests were conducted with almost no failure/ thermal runaway
experienced on the DUTs compared to adapting traditional
thermal sensors (like thermistors) available in the market. The
experimental tests, including the characterization of the DUT
using the power device curve tracer, validated the Rpsqn-based
T; estimation method - in terms of its concept, operating prin-
ciple, and performance. This method shows a promising ap-
proach suitable for the reliability assessment and in-situ health
monitoring of GaN devices and the encompassing power
converters.

A comparative study of parametric changes in relevant Si-
based power devices with almost the same power rating was
presented. Compared to Si MOSFET, SiC MOSFET, and Si
IGBT, GaN HEMTs experienced less increase in the Rpsen
with aging under ATC. However, SiC MOSFETs have longer
thermal stability where very minor increases in the Rpson
were reported for a long period at the beginning of the ATC
time.

The experimental results highlight an alternative aging indi-
cator during device degradation, i.e., the Tj rise time from the
base temperature to the 7; steadily decreases with the aging
of the devices. It is a promising indicator for aging moni-
toring of semiconductor switching devices (including GaN).
Moreover, the experiments also validated that the temperature
coefficient of Rpsy, resistance reduces with aging, and the
rate of reduction is significantly related to the thermal stress
applied.

The analysis of the temperature-coefficient of the Rpson
validated the devices aging, where the reduction in the temper-
ature coefficient for GaN HEMTS can be partially attributed to
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the increase in the conduction channel resistance, drain-source
contacts degradation, and reduction in the electrons’ density in
the 2DEG channel as the devices age.

REFERENCES

[11

[2]

[3]

41

[5]

(6]

[71

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[

[18]

M. Meneghini et al., “GaN-based power devices: Physics, relia-
bility, and perspectives,” J. Appl. Phys., vol. 130, no. 18, 2021,
Art. no. 181101.

JEDEC, JESD47L, “Stress-test-driven qualification of integrated
circuits,” Dec. 2022. [Online]. Available: https://www.jedec.org/
standards-documents/docs/jesd-47g

JEDEC, JESD22-A108G, “Temperature, bias, and operating life.”
Nov. 2022. [Online]. Available: https://www.jedec.org/standards-
documents/docs/jesd-22-a108c

Automotive Electronics Council, AEC-Q100-Rev-1, “Failure mech-
anism based stress test qualification for integrated circuits,” May
2017. [Online]. Available: http:/faecouncil.com/Documents/AEC_
Q100_Rev_Lpdf

Automotive Electronics Council, AEC-Q101-Rev-E, “Failure mech-
anism based stress test qualification for discrete semiconductors in
automotive applications,” Mar. 2021. [Online]. Available: http://www.
aecouncil.com/Documents/AEC_Q101_Rev_E_Base_Document.pdf
Texas Instruments, Application Report, Jul. 2018. [Online]. Available:
https:/fwww.ti.com/lit/an/snoa994/snoa994.pdf?ts=1669065625682
&ref_url=https%253A %252F%252Fwww.google.com%252F

L. R. GopiReddy, L. M. Tolbert, and B. Ozpineci, “Power cycle testing
of power switches: A literature survey,” IEEE Trans. Power Electron.,
vol. 30, no. 5, pp. 2465-2473, May 2015.

M. A. H. Khan, R. Debnath, A. Motayed, and M. V. Rao, “Acceler-
ated stress tests and statistical reliability analysis of metal-oxide/GaN
nanostructured sensor devices,” IEEE Trans. Device Mater. Rel., vol. 20,
no. 4, pp. 742-747, Dec. 2020.

P. P. G. Microsemi, “Gallium nitride (GaN) versus sili-
con carbide (SiC) In the high frequency (RF) and power
switching applications,” Digi-key, 2014. [Online]. Available:
https:#/shop.richardsonrfpd.com/docs/rfpd/Microsemi- A-Comparison-
of- Gallium- Nitride-Versus-Silicon-Carbide.pdf

E. O. Prado. P. C. Bolsi, H. C. Sartori, and J. R. Pinheiro, “An overview
about Si, superjunction, SiC, and GaN power MOSFET technologies
in power electronics applications,” Energies, vol. 15, no. 14, 2022,
Art. no. 5244,

X.Hu, S. Lin, S. Stanton, and W. Lian, “A foster network thermal model
for HEV/EV battery modeling,” IEEE Trans. Ind. Appl., vol. 47, no. 4,
pp. 1692-1699, Jul /Aug. 2011.

H. Chen, B. Ji, V. Pickert, and W. Cao, “Real-time tempera-
ture estimation for power MOSFETs considering thermal aging ef-
fects,” IEEE Trans. Device Mater. Rel., vol. 14, no. 1, pp. 220-228,
Mar. 2014.

E. Gurpinar, Y. Yang, F. Tannuzzo, A. Castellazzi, and F. Blaabjerg,
“Reliability-driven assessment of GaN HEMTs and Si IGBTs in 3L-
ANPC PV inverters,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 4, no. 3, pp. 956-969, Sep. 2016.

C. Xu, F. Yang, E. Ugur, S. Pu, and B. Akin, “Performance degra-
dation of GaN HEMTs under accelerated power cycling tests,”
CPSS Trans. Power Electron. Appl.. vol. 3, no. 4, pp.269-277,
2018.

A. M. Bouchour, A. El Oualkadi, P. Dherbécourt, O. Latry,
and A. Echeverri, “Investigation of the aging of power GaN
HEMT under operational switching conditions, impact on the
power converters efficiency.” Microelectronics Rel., vol. 100, 2019,
Art. no. 113403.

C. De Santi, M. Meneghini, G. Meneghesso, and E. Zanoni, “Re-
view of dynamic effects and reliability of depletion and enhancement
GaN HEMTs for power switching applications.” IET Power Electron.,
vol. 11, no. 4, pp. 668674, 2018.

K. Li, P. L. Evans, and C. M. Johnson, “Characterisation and modeling
of gallium nitride power semiconductor devices dynamic on-state re-
sistance,” IEEE Trans. Power Electron., vol. 33, no. 6, pp. 5262-5273,
Jun. 2018.

S. H. Ryu et al., “A comparison of high temperature performance of SiC
DMOSFETs and JFETS,” in Proc. Mater. Sci. Forum, 2007, vol. 556,
pp. 775-778.

VOLUME 5, 2024

[19]

[20]

[21]

[22]

[23]

241

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

M. Mudholkar, S. Ahmed, M. Nance Ericson, S. S. Frank, C. L. Britton,
and H. A. Mantooth, “Datasheet driven silicon carbide power MOSFET
model,” IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2220-2228,
May 2014.

GaN FETs Datasheet, Tagore Technology, Aug. 2023. [Online]. Avail-
able: https://fwww.tagoretech.com/PartNumber/TP44200NM-Rev1.6.
pdf

B. Sun, N. E. Iversen, Z. Zhang, and M. A. E. Andersen, “Research
of gap filler material in the GaN transistor thermal management,”
in Proc. IEEE 10th Int. Conf. Power Electron. ECCE Asia, 2019,
pp. 1-6.

GaN FETs Datasheet, GaN Systems Inc., 2022. [Online]. Available:
https://gansystems.com/wp-content/uploads/2022/07/GS-065-008-1-
L-DS-Rev-220712.pdf

U.S. Naval Sea Systems Command, SD-18, “Thermistors, parts
requirement and application guide,” Mar. 2000. [Online]. Available:
https://www.navsea.navy.mil/Home/Warfare- Centers/NSWC-Crane/Re
sources/SD- 18/Product- Archive/Thermistors/

Vishay, NTC Thermistors’ Application Note, Jan. 2021. [Online].
Available: https://www.vishay.com/docs/29053/ntcappnote.pdf
JEDEC Standard JEP173, “Dynamic ON-resistance test method Guide-
lines for GaN HEMT based power conversion devices, version
1.0, Jan. 2019. [Online]. Available: https:/www.jedec.org/standards-
documents/docs/jep173

G. S. Kulothungan, H. Sayed, and H. S. Krishnamoorthy, “Novel
method for accelerated thermal cycling of gallium nitride power devices
to perform reliability assessment,” in Proc. IEEE Appl. Power Electron.
Conf. Expo., 2022, pp. 909-914.

A. Vaccaro and P. Magnone, “Influence of power cycling test method-
ology on the applicability of the linear damage accumulation rule for
the lifetime estimation in power devices,” IEEE Trans. Power Electron.,
vol. 38, no. 5, pp. 6545-6554, May 2023.

R. Schmidt, F. Zeyss, and U. Scheuermann, “Impact of abso-
lute junction temperature on power cycling lifetime,” in Proc.
IEEE 15th Eur Conf. Power Electron. Appl., 2013, pp.1-10,
doi: 10.1109/EPE.2013.6631835.

I. R. Celaya, A. Saxena, P. Wysocki, S. Saha, and K. Goebel, “Towards
prognostics of power MOSFETs: Accelerated aging and precursors
of failure,” in Proc. Annu. Conf. PHM Soc., vol. 2, 2010, pp. 1-10.
[Online]. Available: https://doi.org/10.36001/phmconf.2010.v2i1.1761
H. Sayed. G. Sambandam Kulothungan, and H. Sarma Krishnamoor-
thy, “Dynamic remaining useful lifetime (RUL) estimation of power
converters based on GaN power FETSs,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., 2022, pp. 985-990.

C. Durand, M. Klingler, D. Coutellier, and H. Naceur, “Power cycling
reliability of Power module: A survey,” IEEE Trans. Device Mater. Rel.,
vol. 16, no. 1, pp. 80-97, Mar. 2016.

U. Scheuermann and S. Schuler, “Power cycling results for differ-
ent control strategies,” Microelectronics Rel., vol. 50, pp. 1203-1209,
Jan. 2010.

U. M. Choi, F. Blaabjerg, and S. Jgrgensen, “Power cycling test meth-
ods for reliability assessment of Power device modules in respect
to temperature stress,” IEEE Trans. Power Electron., vol. 33, no. 3,
pp. 2531-2551, Mar. 2018.

A. Tbrahim, J.-P. Ousten, R. Lallemand, and Z. Khatir, “Power cycling
tests in high temperature conditions of SiC-MOSFET power modules
and ageing assessment.” in Proc. JEEE 9th Int. Conf. Integr. Power
Electron. Syst., 2016, pp. 1-6.

H. Luo, F. lannuzzo, and F. Blaabjerg, “Solder layer degradation mea-
surement for SiC-MOSFET modules under accelerated power cycling
conditions,” in Proc. IEEE 10th Int. Conf. Integr. Power Electron. Syst.,
2018, pp. 1-5.

J. R. Celaya, A. Saxena, S. Saha, and K. F. Goebel, “Prognostics of
power MOSFETs under thermal stress accelerated aging using data-
driven and model-based methodologies.” in Proc. Annu. Conf. PHM
Soc., 2011.

S. Dusmez, S. H. Ali, M. Heydarzadeh, A. S. Kamath, H. Duran, and
B. Akin, “Aging precursor identification and lifetime estimation for
thermally aged discrete package silicon power switches,” IEEE Trans.
Ind. Appl., vol. 53, no. 1, pp. 251-260, Jan./Feb. 2017.

S. Baba, A. Gieraltowski, M. Jasinski, F. Blaabjerg, A. S. Bahman, and
M. Zelechowski, “Active power cycling test bench for SiC power MOS-
FET s—Principles, design, and implementation,” IEEE Trans. Power
Electron., vol. 36, no. 3, pp. 2661-2675, Mar. 2021.

1733



SAYED AND KRISHNAMOORTHY: THERMAL MODELING AND DEGRADATION PROFILING OF E-MODE GAN HEMTS FOR AGING CHARACTERIZATION

HUSSAIN SAYED (Graduate Student Member,
IEEE) received the bachelor of science degree in
electrical engineering from the University of Tech-
nology, Baghdad, Iraq. in 2010, and the master’s
of science degree in systems engineering from the
University of Arkansas, Little Rock, AR, USA, in
2016. Since 2020, he has been working toward
the Ph.D. degree with the Electrical and Computer
Engineering Department, University of Houston,
Houston, TX, USA. His research interests include
reliability studies of wide-bandgap power semi-
conductor devices (SiC and GaN FETs) to improve power electronics quality
and reliability and the designing fault-tolerant high-density DC-DC power
conversion units for mission-critical applications. He has many accredited
journals and conference publications. He was the recipient of many Awards
including the IEEE APEC 2022 Technical Session Best Presentation Award
and the 2022 IEEE Joseph John Suozzi INTELEC Fellowship Award in
Power Electronics.

1734

HARISH S. KRISHNAMOORTHY (Senior Mem-
ber, IEEE) received the B.Tech. degree from the
EEE department, National Institute of Technology
Tiruchirappalli, Tiruchirappalli, India, in 2008, and
the Ph.D. degree from the ECE department, Texas
A&M University, College Station, TX, USA, in
2015. From 2008 to 2010, he was with GE Energy,
Hyderabad, India, and received the Lean 6-Sigma
Green Belt certification. From 2015 to 2017, he
was with Schlumberger, Houston, TX. He has also
with the Ford and Google. Since 2017, he has been
with the ECE Department, University of Houston (UH), Houston, TX, USA,
where he is currently an Associate Professor. He has authored or coauthored
more than 105 conference and journal papers in refereed publications, and
two granted U.S. patents. He is an Associate Editor for [EEE TRANSACTIONS
ON POwWER ELECTRONICS. He was the recipient of the UH College of En-
gineering’s Research Excellence Award in 2022 and Teaching Excellence
Award in 2021. He was named as an OTC Emerging Leader by the Offshore
Technology Conference, in 2022, and an Early Career Research Fellow by
the Gulf Research Program of the U.S. National Academies. He was also the
recipient of the NSF CAREER Award, IEEE PELS Young Professional Ex-
ceptional Service Award, and NIT Tiruchirappalli’s Young Achiever Award
in 2023.

VOLUME 5, 2024



