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Abstract—Dynamic Avalanche (DA) phenomenon poses a
fundamental limit on the operating current density, turn-off
power loss as well as reliability of MOS-bipolar devices.
Overcoming this phenomenon is essential to ensure their safe
operation in emerging electric transport. In this work, detailed
analysis of 1.2 kV trench gated IGBTSs are undertaken through
experiments and calibrated TCAD simulations to show the
fundamental cause of the DA as well as a method to achieve
DA free design for ultra-high current density operation and
reliability in 1.2 kV Si-IGBTs.

L INTRODUCTION

Trench Gated Insulated Gate Bipolar Transistor (TIGBT) is
a key component in power electronics applications today. More
recently, new approaches to improve its performance by the
enhancement of Injection Enhancement (IE) effect with narrow
mesa and CMOS scaling rules have been reported [1]-[5]. The
improvements in the switching loss (E,y) and on-state voltage
drop (Veepay) trade-off have resulted in not only low loss
operation but also increases in current density and improved
cost performance of TIGBT modules. Low E,y (high dV/dt)
can reduce the system size, because passive component can be
shrunk with high frequency operation. However, high current
density and high dV/dt during switching can induce DA [6].
TIGBTSs have high concentrations of mobile carriers in the on-
state, well above the background doping concentration. During
turn-off, an increase in the potential drop occurs within a small
space charge region of the device with a large part of stored
carriers still present, as depicted in Figure 1. Dynamic
avalanche (DA) will take place if the resulting electric field
exceeds the critical electric field (E.,), which can occur even at
a voltage well below the static breakdown voltage. DA occurs
in the vicinity of the trench gate and the generated charges due
to Impact Ionization (I.I.) can have enough energy to be injected
into the oxide thus degrading it and affecting reliability of the
device [7]. Therefore, DA poses a fundamental limit on the
operating current density, turn-off power loss [8] as well as
reliability.

In this paper, an in-depth analysis of the TIGBT switching
behavior focusing on the DA is presented through calibrated 3D
TCAD models to show, for the first time, that removal of the
high electric field concentration beneath the trench gates is the
most important solution to manage the DA in TIGBTs.
Moreover, for the first time, a DA free turn-off operation is
demonstrated in a trench Clustered IGBT (TCIGBT) [9],
through in both simulation and experiment. Moreover, the
impact of device scaling design [1] on the DA is investigated in
detail.

II. DYNAMIC AVALANCHE IN TIGBTS

To analyze the DA in silicon TIGBTs, the 3D Sentaurus
Device [10] is utilized to simulate the switching behavior, with
a circuit configuration for mix-mode simulation as specified in
Figure 2. The simulations were carried out at room temperature
because the surge in voltage during turn-off is largely
independent of the temperature [8]. The dependence of switch-
off characteristics of a 1.2 kV TIGBT in Field-Stop (FS)
technology on gate resistance (R.) is shown in Figure 3. In
practice, smaller R, should induce large dV/dt; however, the
DA decreases the dV/dt, which results in decrease in surge
voltage even with small R, conditions, as shown in Figure 3.
This clearly indicates that DA occurs in the cases of R;<20 Q.
In Figures 4(a) and (b) are shown a comparison of turn off
curves, maximum electric fields (Enqx) and maximum LI. rates
in the cases of Rg=0.1 Q and R,=50 Q, respectively. In the case
of R=0.1 Q, due to DA, excessive holes created due to LI. flow
along the trench bottom because the peak electric field strength
exceeds the critical value. Under large R, conditions, the time
to reach supply voltage takes longer, during which stored
charges are removed and DA does not materialize. However,
this comes at the expense of increased switching loss. Moreover,
the saturation of £,y with Avalanche Generation (AG) model at
small R, conditions is due to the DA, as shown in Figure 5.

III. DANAMIC AVALANCHE FREE DESIGN: CIGBT

Recently, a new asymmetric gate oxide approach with a
designed variable thickness to realise stable long-term
operation in trench IGBTs and to reduce the switching delay
and gate charge without sacrificing the electrical performance
has been reported [11]. However, the DA phenomena cannot be
suppressed in this design as well.

As a fundamental solution towards the DA suppression,
TCIGBT is attractive because of its design for electric field
management and does not suffer from DA as shown in Figure
5. Figure 6 shows the 3D cross-sectional view of a TCIGBT.
The TCIGBT device features a MOS-gated thyristor structure,
which consists of P-anode, N-drift, P-well and N-well. Its turn-
on mechanism has been explained in [9]. During turn-off
transient, due to the internal self-clamping feature of the
TCIGBT, the N-well layer is punched through at collector
voltages of less than 20 V and any further increase in voltage is
supported by the P-well/N-well junction. Moreover, the
inversion layers formed along the sidewall of trench gates
connect the P-well layer with P-base region (PMOS). Such
design provides a direct evacuation path for excess holes to be



collected within emitter region. The E,4 is thus significantly
reduced compared to a TIGBT structure, as shown in Figure 5.

Figures 7(a), (b) and (c) show a comparison of the electric
field distributions, LI. rates and hole densities at the time point
of V.. increases to 600 V between TIGBT and TCIGBT under
R~0.1 Q and identical V. .sqy conditions, respectively. As can
be seen, the trench gates of TCIGBT are protected from high
electric field concentrations during turn-off. This is because,
due to self-clamping, the potential of the N-well goes as high as
the self-clamping voltage, thus turning on the PMOS formed
between P well, N-well and P-base along the sidewall of the
trench and the Ej.4, which is much less than E.,, appears at the
P-well/N-drift junction. However, in comparison, the TIGBT
shows a strong electric field crowding in excess of the E. under
the trench bottom and leads to a high LI. rate.

Absence of the DA in TCIGBT is clearly evident from the
experimental results of the switching waveforms of 1.2 kV, 40
Ampere devices measured as a function of R, at different
temperatures. For this purpose, a number of 8-Ampere devices
fabricated using 6” wafers were connected in parallel as they
have positive temperature coefficient of voltage. These devices
show a Veesay of less than 1.8 V at 140 A/cm’ at room
temperature and can support 1.6 kV and are short circuit proof
[12]. Although the demonstrated devices were made in Non
Punch-Through (NPT) technology, moving to a thinner FS
technology has no impact on the DA, as discussed later. The
differences in the slope of the surge voltage peak between the
measured data in Figure 8 and in Figure 9 is mainly due to the
parasitic capacitance in the measurement setup and has no
impact on the DA. Figure 9(b) shows that TCIGBT does not
show DA even at J=500 A/cm?. This confirms that TCIGBT
can be operated at ultra-high current density without DA and
associated reliability concerns and with very low power losses.

Iv.

To understand the impact of the 3D scaling on the DA
performance of the devices, scaled TIGBTSs [5] as well as scaled
TCIGBTs [13] in FS technologies are considered, as shown in
Figure 10 and Figure 12, respectively. The structures were
evaluated through 3D modelling with models calibrated against
measured data as shown in Figure 11. Note that the device
thickness in all structures are identical as in [5] in order to
compare the electrical characteristics. In Figure 13 is shown
comparative I-V curves of k3-TIGBT and k3-TCIGBT under
identical threshold voltage and same P-anode conditions. The
k3-TCIGBT yields a low Veegay of 1.67 V even at J,=500 A/cm?
and 7=300 K, which is 23 % lower than that of £3-TIGBT.
Furthermore, the non-saturated /-J behavior of narrow mesa
TIGBTs is effectively suppressed in k3-TCIGBT due to
enhanced self-clamping feature [13]. The E,ydependence on R,
between scaled TIGBTs and TCIGBTs were compared under
same Veesay conditions, as shown in Figure 14, which is
achieved by adjusting P-anode concentration. The low
switching losses of both devices decrease as a function of
scaling rule. Moreover, the lower losses of A3-TCIGBT is
clearly evident as shown in Figure 14 In TIGBT, 3D-scaling
rule does not suppress DA, because enhanced IE effect

IMPACT OF 3D SCALING ON DA

influences are stronger than relaxation of electric field
concentration as shown in Figure 15. However, as can be
observed from Figure 14, A3-TIGBT does not show any
obvious increase in E,, which is due to fast hole evacuation by
shallow trench. In any case, care must be taken to address
reliability concerns with thinner gate oxides in TIGBTs.

The impact of the on-state carrier profile on DA in k3-
TIGBT was analyzed by changing the resistance R, between
the p-float region and the emitter, as shown in Figure 16(a). The
carrier concentration at the emitter-side can be increased with
high R,rdue to the IE effect. The rate of change of voltage is
increased with decrease in R, (Figure 16(b)). Both LI. rates and
Enqx values are enhanced by the positive charge of excess holes
around the trench gate bottom (Figure 16(c)). Most importantly,
these results shown in Figure 16 demonstrate that diversion of
holes away from the trench bottom alone does not suppress DA.
In Figures 17(a), (b) and (c) are shown some analysis of DA
due to the increase in carrier concentration at the collector-side.
Although the turn-off time can be increased by increasing P-
anode concentration (Figure 17(b)), the collector-side carrier
concentration has no influence on the DA (Figure 17(c)).

V. CONCLUSIONS

Dynamic Avalanche (DA) phenomenon poses a
fundamental limit on the operating current density, turn-off
power loss as well as reliability of MOS-bipolar devices. 1.2
kV trench IGBT switching behavior focusing on the DA was
analyzed through calibrated 3D TCAD models for the first time.
Management of the electric field concentration beneath trench
gates is the most critical way to minimize the DA. In addition,
a DA free turn-off operation is demonstrated in a trench
Clustered IGBT (TCIGBT), through in both simulation and
experiment. As a MOS controlled thyristor device, TCIGBT
can be operated with very low power losses and at ultra-high
current densities without DA and associated reliability
concerns. This is because of the in-built self-clamping effect,
which enhances PMOS behavior and reduction of electric field
crowding at trench edges during turn-off. The impact of device
scaling design on the DA has also been analyzed.
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