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Abstract. This paper investigates a degradation
of three types of automotive power MOSFETSs through
repetitive Unclamped Inductive Switching (UIS) test
typically used to evaluate the avalanche robustness
of power devices. It is not uncommon in switching ap-
plications that greater than the planned voltage for volt-
age spikes can occur, so even the best electronic designs
may encounter frequent avalanche events. Hence, there
is a need to analyse the impact of repetitive avalanch-
ing on the electrical performance of power transis-
tors. This article focused on the shift of main electri-
cal parameters: on-resistance Ropn, breakdown voltage
VBRr, threshold voltage Vg, and corresponding char-
acteristics, as well as capacitances. Analysis proved
that DMOS transistors are less vulnerable to repeti-
tive avalanching. The most impacted parameter was
on-resistance Rpson, where a 14 % increase was ob-
served after 6 - 107 stress pulses. The parameters shift
18 attributed to hot carrier injection in the space charge
region of blocking PN junction and involves mainly
defects generation/activation in the drain side region
of the gate oxide. For the TrenchMOS transistor,
a significant shift of I —V curves was observed with
considerable tmpact on the Ron where an increase
of 22 % was observed. The trench corner is verified
to be the mainly degraded region by Synopsys Tech-
nology Computer Aided Design (TCAD) simulations.
Degradation of drain-gate capacitance Cpg and input
capacitance Cyiy, was observed in all three types of anal-
ysed structures. DLTS was used to verify the gemer-
ation/activation of defects invoked by stress. An in-
crease of DLTS signal corresponding to energy levels

of oxygen vacancies and impurities in SiOy and on in-
terfaces were detected on stressed samples.

Keywords
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1. Introduction

Silicon power MOSFETs have still a dominant
role in automotive and industrial electronics where
the power devices drive relatively high inductive
loads [1], [2], and [3]. Therefore, high voltage and high
current operations are common requirements for semi-
conductor devices in power applications [4], [5], and [6].
When a power MOSFET is used in circuit applica-
tion, an unclamped inductive load presents extremely
stressful switching condition. During the switching all
of the energy stored in the inductor during on state
is dumped directly into the device during its turn off
typically by driving it into avalanche mode conduc-
tion [4], [7], [8], and [9]. As a consequence, the ability
of the MOSFET to withstand instances of Unclamped
Inductive Switching (UIS) is an important performance
metric.
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Thus, a UIS test condition represents the cir-
cuit switching operation for evaluating the avalanche
ruggedness of the device [10], [11], and [12]. Typically,
a standard UIS test described by JEDEC standards is
a single pulse test, but power MOSFETS in real au-
tomotive systems can be subjected to events of UIS
over the lifetime of their application. Therefore, stan-
dard UIS tests cannot fully reveal possible risks arising
from repetitive avalanche operations [I3] and [14].

An excellent example of an application where repet-
itive avalanching occurs is the antilock braking sys-
tem. The system is typically composed of a low-side
power MOSFET switch that connects the brake pump
to the battery and is switched by a pressure control sys-
tem connected to the gate [15]. Every time the MOS-
FET is switched on, the brake pump is connected
to the battery and energy is stored in the inductors
of the brake pump. When the MOSFET is switched
off, the energy in the brake pump is dissipated through
the MOSFET by driving it into the avalanche and this
event can occur over 500 million times in the operating
life of the vehicle’s automotive system [15].

During avalanching, High Concentrations of hot
electron-hole pairs (HC) are generated in close prox-
imity of blocking PN junction and gate interfaces [16].
Due to high kinetic energy, hot carriers can be in-
jected and get trapped in insulating layers and inter-
faces. They are able to break atomic bonds thereby
creating interface states or electrically activating de-
fects. This may lead to the change of threshold volt-
age Vrpg, breakdown voltage Vppg, and on-resistance
Ron [14]. These changes during the lifetime operation
of the device pose considerable risks against the re-
quirement of long-term reliability of automotive power
MOSFETs.

2. UIS Test

A custom-built avalanche test equipment (Fig.
was used for repetitive ruggedness testing to perform
more than 10® stress pulses. A commercial UIS tester
ITC55100 was used for reference measurements and
calibration. Commercial tester is not suitable for long-
term measurements because each set of 100 pulses is
followed by the time period needed for communication.
This represents a considerable delay for a larger num-
ber of pulses.

In Fig. the circuit diagram and typical volt-
age and current waveforms during the test are shown.
The test circuit conditions (Fig. were defined by
following parameters: supply voltage Vpp = 20 V,
peak inductance current I45 = 5 A, inductive load
L = 1 mH, max gate voltage Vo = 10 V, and gate
resistance Rgen, = 25 . The duty cycle was set

to 10 % to maintain temperature of tested device un-
der 130 °C controlled by an IR camera. The Device
Under Test (DUT) is connected to the power supply
through the inductor and high side switch HSW. When
both DUT and HSW are turned ON, current, limited
by the inductor, starts to rise linearly. When the cur-
rent through inductance reaches the preset value I4g,
DUT and HSW are turned off by the control unit, and
the Vpp source is disconnected from the test circuit,
therefore active part of the test circuit now consists
only of the DUT, charged inductive load L, and FWD
diode.

As DUT is turning off, the current through the tran-
sistor channel is decreasing until the channel is com-
pletely closed. However, the current through in-
ductance cannot change instantaneously.  There-
fore, the magnetic field of charged inductor induces
a counter Electromagnetic Force (EMF) against this
change to keep current flowing through inductor. EMF
induces high potential across the inductor and DUT
which drives DUT to the electric breakdown [8]. Cur-
rent from the inductor now flows through DUT as
an avalanche current, and the current loop is closed
by the FWD diode. If no protective circuits are added
in parallel to the switch, all build-in energy of the in-
ductor is dissipated directly into the device [12].

Different types of automotive-grade MOSFETS were
used for investigations: vertical DMOS rated to 24 V
and two Trench MOS transistors rated to 30 V and
90 V. To analyze parameter degradation, I — V
and C' — V measurements were performed first on vir-
gin samples, and then after each set of stress pulses.
To support the analysis of parameter shift due to HCI,
TCAD simulations and modeling were performed.
Deep Level Transient Spectroscopy (DLTS) measure-
ments were accomplished to analyze parameters and
the possible origin of generated/activated electrically
active defects.

3. Results and Discussion

First, DMOS transistors were subjected to repetitive
UIS stress for up to 6 - 107 of stress pulses. Measured
on-resistance Roy, transfer and C' — V characteristics
are shown in Fig.[2] The impact of stress on I —V char-
acteristics was very low and non-uniform. Increase by
14 % of on- resistance was observed after 6-107 of stress
pulses. We assume that the increase of on-resistance
can be more attributed to the material degrada-
tion (degradation of the top side metallization due
to the cyclic thermal stress) than to the degradation
of channel Si/SiO, interface caused by HCI [13], [14]
and [I5].
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Fig. 1: (a) Custom-built repetitive avalanche test equipment. (b) Basic UIS test circuit and (c) typical waveforms of current,
voltage and junction temperature of the DUT under UIS test conditions.
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Fig. 2: DMOS transistor - impact of repetitive UIS stress on shift of electrical parameters and characteristics: (a) on on-resistance
Ron, (b) transfer characteristics, (c) input capacitance Cjyjp, (d) drain to gate capacitance Cpg and (e) drain to source

capacitance Cpg.

It is a well-known fact that long-term thermal cy-
cling leads to degradation of top metalization. Degra-
dation of power metal leads to increased serial resis-
tance of transistor but has minimal effect on C — V
characteristics. Our assumptions are also confirmed
by the fact that only a small change in the thresh-
old voltage was observed. From C' — V' measurements
(Fig. Fig. and Fig. 2(e))), it is clear that
the most considerable impact of applied stress was
observed for capacitances C;y and Cgp whilst shift
of drain to source capacitance Cpg was negligible.
Change of capacitances C7y and Cgp was saturated
after 6-10° of stress pulses, and no further change was
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observed. This is in good correlation with results ob-

served in published works [16], [17], [18], and [19].

To explain the shift of gate to drain capacitance,
TCAD simulations in Synopsys TCAD were per-
formed to visualize the location and distribution of hot
electrons in the device’s volume at the beginning
of the discharging period when the highest voltage
and current are present on the device (Fig. . For
this reason, hydrodynamic simulations were performed
using the University of Bologna (UniBo) model for
avalanche generation. Models of structures (for DMOS
as well as TrenchMOS) were generated from simulation
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Fig. 3: (a) Distribution of hot electrons in the volume of DMOS transistor during the avalanching period of UIS test. (b) Simulated
CV curves with defined traps on SiO2/Si interface on the drain side of the gate electrode.
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Fig. 4:
RON, (b) breakdown and (c) transfer characteristics.

of technological processes provided by samples manu-
facturer. This also ensured a good match of simulated
and real characteristics.

Most of the generated hot carriers at the bottom
of the P-well are sufficiently far from the transis-
tor channel; therefore, their influence on threshold
voltage and on-resistance is limited. Only a small
amount of HC is close to the gate dielectric. Injection
of HC to the gate dielectric in this part of the struc-
ture is therefore responsible for the change of Ciy
and Cgp capacitances. This was verified by TCAD
simulation with added traps (fixed charge Ny = 5 -
10 em~2) to the SiO,/Si interface in the exposed part

of the structure (Fig. [3(b)).

Furthermore, 30 V Trench MOSFETs were sub-
jected to repetitive UIS test. In this case shift
of transfer and breakdown characteristics were ob-
served (Fig. [4]) as well as a small increase of on-
resistance. Performed TCAD simulations indicate that
the drain side of the gate dielectric and channel area
is more exposed to hot electrons generated during
the avalanching period of the test (Fig. . There-
fore, the shift of the characteristics and parameters is
more significant than in the case of DMOS transistors.
The fact that different increase of on-resistance was ob-
served for different gate potentials indicates HCI ori-
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gin of on-resistance degradation. We think that, in our
case, metal degradation invoked by thermomechanical
stress during temperature excursions from avalanche
pulses was negligible [20], [21], [22], and [23]. Degra-
dation of source metal would cause the increase
of metal serial resistance independent from gate volt-
age. To simulate the impact of trapped /injected charge
in the SiO4/Si interface, simulations with defined posi-
tive fix charge were performed. Fix charge was defined
only on the small part of the SiO5/Si interface (crit-
ical area) where high concentrations of hot holes are
present during the avalanching period. The results are

shown in Fig.

Last analyzed devices were 90 V rated TrenchMOS
transistors; the results are shown in Fig. [(] Whilst
in the case of the 30 V devices, only a small impact
of repetitive UIS on the Vgr was observed, in the case
of 90 V rated devices, impact on the Vgg voltage dom-
inates for the first million pulses and then it saturates
on the value Vgr = 98 V (Fig. . The impact
of repetitive avalanching on the on-resistance Roy
and transfer characteristic was initially minimal, but
for the higher number of stress pulses it becomes
more significant (Fig. and Fig. [6(c)). To en-
sure high breakdown voltage and low on-resistance,
more deep trenches with superjunction technology are
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Fig. 6: Repetitive UIS invoked shift of electrical parameters and characteristics of 90V rated Trench MOSFET: (a) breakdown
voltage, (b) transfer characteristic, (c¢) on resistance, (d) drain-gate capacitance and (e) drain-source capacitance.

used in high and middle voltage range Trench MOS-
FET technology [8]. Breakdown typically occurs at
the same depth as the bottom of the trench. There-
fore, channel area and the gate oxide dielectric are only
affected by a small amount of generated hot carriers.
Therefore, higher number of stress pulses is needed
to invoke change of the transfer characteristic or on-
resistance. On the other hand, the value of the break-
down voltage in super junction structures strongly
depends on the additional charge that may disrupt
the charge balance and therefore decrease the value
of breakdown voltage.

To analyze the generated/activated traps, DLTS
study was performed using DLTFS system Bio-Rad DL
8000. Measurements were performed on 30 V Trench-
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MOS transistors using Cgp capacitance and different
sets of parameters. Measured spectra confirm the large
number of defects generated or activated on the drain
side of the gate oxide due to hot carrier injection. Ob-
served DLTS spectra for the virgin and stressed sample
are shown in Fig. [7] for two parameter sets:

e Set 1: T, = 400 ps, t, = 200 ps, Up = —10 V,
Up=-0.05V.

e Sct 2: T, = 200 ps, t, = 200 ps, Ug = —1.5 V,
Up = —0.05 V.

One can clearly see a significant increase of DLTS
signal for the stressed sample, indicating the presence
of a full set of different traps. Because of the high
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Fig. 7: (a) Obtained DLTS spectra of the virgin and stressed sample with simulated positions of dominant trap peaks.
(b) Arrhenius plot of the DLTS spectra measured on the stressed sample for parametric set 2.

complexity of DLTS spectra and the non-exponential
character of many transients during measurements, we
were able to determine only a few deep levels, mostly
metals and corresponding vacancies, which were in per-
fect congruence with results from the literature.

A direct evaluation method was used for this evalua-
tion. The parameters and position of each trap in spec-
tra was verified by simulation. Results of simulations
are also shown in Fig. [7] Parameters and possible ori-
gin of each trap are in Tab. Traps that we were
not able to verify by simulation are not listed. Based
on the character of observed traps, we assume that
most of the defects are not generated by HCI, but
rather that they are electrically activated. Only trap
T1 - Oxygen vacancy can be attributed to the degra-
dation of SiO5/Si interface due to HC bombardment.

Tab. 1: Parameters of dominant traps.

Trap Possible origin Ei—FEvy Sigma
# |24] and [25] (eV) (cm?)
T1 O-Vac 0.180 3.00-10" 14
T2 Metal impurities in SiOs 0.293 9.48.10 14
T3 Au-Vac 0.320 2.00-10~1°
T4 Metal impurities in SiOg 0.365 1.73-10~ 12
T5 Metal impurities in SiO2 0.489 1.68-10— 14
T6 Metal impurities in SiO2 0.389 1.46-10- 12
T7 Au 0.526 1.12-10~ ™

4. Conclusion

The influence of repetitive avalanche stress on the elec-
trical performance of DMOS and two types of Trench-
MOS transistors has been studied using custom-built
UIS test equipment. Degradation of drain-gate capac-
itance Cpg and input capacitance C;, was observed
in all three types of analyzed structures. However, sig-
nificant degradation (shift) of I—V curves was observed
only in Trench MOS devices. DLTS measurements
also confirmed the degradation influence of repetitive
avalanche stress on the defect distribution.

From the performed analysis, it can be argued that
DMOS transistors are less vulnerable to HCI in case
of repetitive avalanching than Trench MOS devices.
Moreover, we observed that the breakdown voltage
in modern middle and high voltage Trench MOS de-
vices is more affected by the repetitive avalanch-
ing than in standard low voltage TrenchMOS de-
vices. Using DLTS, several deep levels were observed
on stressed samples corresponding to vacancies gener-
ated on Si/SiOy interface and metal impurities origi-
nating from the manufacturing process.
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