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Abstract— Sustainable avalanche operation was demon-
strated and investigated on lateral E-mode GaN HEMT
devices with sub-micrometer gate length. Through an
extensive analysis: a) we demonstrated that sustainable
avalanche operation is made possible by the presence of
a subthreshold drain-source leakage, that initiates impact
ionization; b) this process clamps the drain voltage to
values lower than the dielectric breakdown voltage, thus
preventing the catastrophic failure of the devices; c)
avalanche operation is sustainable, and the related voltage
strongly depends on the device geometry; d) spectrally
resolved electroluminescence measurements demonstrate
the presence of band-to-band luminescence, ascribed to
recombination of holes, generated by impact ionization
during the process. Finally, e) the positive temperature
coefficient of avalanche voltage has been demonstrated.
Support to the interpretation was obtained based on TCAD
simulations.

Index Terms— Avalanche breakdown, dielectric break-
down, electroluminescence, Power transistors.

I. INTRODUCTION

NORMALLY-OFF GaN HEMTs with p-GaN gate are
currently widely employed in high-efficiency power con-

version systems [1], [2]. Recently, significant research was
carried out to improve the OFF-state robustness of the devices
[3], [4], thus ensuring high voltage operation, stability of
the ON resistance [5], [6], [7] and reliable switching perfor-
mance [8], [9].
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Fig. 1. Device structure and schematic depicting a band diagram at
VGS = 0 V with high drain bias. Holes generated by impact ionization
lower the barrier for electron injection from the source, resulting in a
steep increase in drain current.

A desired property of power devices is the avalanche
capability, since unexpected voltage spikes are common in
power applications. This has been widely demonstrated for
silicon and SiC devices [10], [11], [12], [13]. On the contrary,
UIS (unclamped inductive switching) tests performed on GaN
devices show how such devices may not be able to dissipate
avalanche energy, but they rather reach dielectric breakdown
due to high drain voltage spikes during turn off transient [14].

In this letter we present an extensive analysis of sustain-
able breakdown on 100V p-GaN HEMT with sub-micrometer
gate length. Specifically, (i) we demonstrate that sustainable
breakdown is observed in the presence of a low (<nA) drain-
source leakage current; (ii) sustainable breakdown is ascribed
to impact ionization and avalanche multiplication in the drain
access region; avalanche prevents catastrophic failure, since
it clamps the drain voltage at values lower than breakdown
voltage of the dielectric. In addition, (iii) hole generation is
proved by electroluminescence measurements, and the positive
temperature coefficient of the avalanche voltage is demon-
strated.

II. DEVICE STRUCTURE AND MEASUREMENT
DESCRIPTION

The analyzed devices are designed for mid-voltage
(< 100 V) applications; the structure is schematically repre-
sented in Figure 1: it consists of a lateral GaN-on-Si normally
OFF p-GaN HEMT with LG < 1µm.

IDSVDS curves in OFF-state under different pinch-off con-
ditions (obtained by biasing the gate at several values of
VGS < VTHVGS < VTH) show the impact of the drain-source
leakage on the breakdown mechanism. Devices with different
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Fig. 2. a) OFF-state IDSVDS characteristics performed in strong and
reference pinch-off. Strong pinch-off (VG = -7V) results in catastrophic
failure; in reference pinch-off (VG = 0V), the onset of avalanche is
observed. b) Repeated OFF state IDSVDS curves on the same device
in presence of avalanche (sustainable avalanche-related operation is
demonstrated).

Fig. 3. DC characterization prior (black curves) and after (red curves)
IDSVDS measurements in (a) reference (device still operative) and
(b) strong pinch off condition (device failed).

LG and LGD were tested, to study the dependence on the device
geometry.

IDSVDS curves in OFF-state were also performed at different
device temperatures to evaluate the temperature dependence
of the sustainable breakdown voltage. Spectrally resolved
electroluminescence was carried out to give a proof of the
generation of electron hole pairs in the drain region via impact
ionization (i.i.) process. Details concerning the measurement
setup can be found in [15]. Finally, devices were submitted
to constant current stress (in avalanche regime) to carry out a
preliminary trapping analysis.

III. RESULTS AND DISCUSSION

.A. OFF State IDSVDS Characteristics
OFF state IDSVDS characteristics were measured in two

pinch-off conditions, leading to two different breakdown (BD)
mechanisms on the same devices (Figure 2a): (i) in strong
pinch-off (VGS = −7 V), a negligible drain-source leakage is
present and device reaches breakdown (BD) at VDS = 223 V
(device breakdown is ascribed to the failure of the dielectric
between gate and drain, and the related voltage is referred
to as VDIEL in the following [16]); (ii) in reference pinch-off
(VGS = 0 V) a higher drain-source leakage current is observed,
with a sustainable avalanche voltage equal to VDS = 160V
(such voltage is related to the onset of avalanche and will be
named VAVAL in the following).

Differences between the two results can be explained with
the DC characterization prior and after the measurements
(Fig. 3): device measured in reference pinch-off is still oper-
ative (Figure 3a), with negligible degradation in both IDSVGS
and IGSVGS curves; on the other hand, the device subject
to breakdown in strong pinch-off resulted in a failed device
(Figure 3b), with drain-gate shunt.

Fig. 4. Dependence of OFF state IDSVDS on geometry. (a) Dependence
on LG and (b) on LGD. All lengths are referred to standard ones.

These results can be explained by considering the different
drain-source leakage current observed in the two pinch-off
conditions: in reference pinch off, the weak sub-threshold
conduction is responsible for impact ionization (i.i.) and
avalanche onset; as discussed for GaAs devices in [17],
the holes generated by avalanche multiplication are injected
towards the source and the buffer. This results in a positive
charge storage, that reduces the potential barrier seen by the
electrons injected from the source (qualitative band diagram
in Figure 1), resulting in an abrupt increase in drain current.
This process can clamp the drain voltage, preventing the device
from catastrophic dielectric failure. The sustainable avalanche
operation is confirmed by repeated IDSVDS measurements done
in reference pinch-off conditions (Figure 2b).

This mechanism does not happen in strong pinch-off, since
the higher potential barrier induced by gate voltage is blocking
electrons and minimal leakage current is present. In these
conditions, impact ionization is not initiated (due to the lack
of sub-threshold leakage current), and the drain voltage can
increase until reaching the breakdown of the dielectric between
gate and drain, causing the failure of the device.

A confirmation of the hypothesis on the impact of drain-
source leakage current was obtained by carrying out OFF state
IDSVDS measurements on devices with different gate lengths
(i.e. with different short channel effects and sub-threshold
leakage, Figure 4a). The increase in LG results in a reduction of
drain-source leakage, thus increasing the drain voltage needed
to initialize the avalanche process. Eventually this can result
in a device failure, if sub-threshold leakage is suppressed and
so that VAVAL ≈ VDIEL(as happened for LG = 2std device).

Another important geometry dependence comes from
measurements carried out on devices with different LGD
(Figure 4b) where we observed a similar leakage current, but
significantly different avalanche voltages. This result indicates
that avalanche voltage depends on the value of the electric
field in drain access region: an increase in LGD results in
a decrease in peak of the electric field, as a result, device
avalanche voltage increases with gate-drain spacing.

.B. Evidence for Avalanche Operation
The presence of avalanche was further demonstrated by two

different set of measurements: (1) temperature dependent mea-
surements and (2) spectrally-resolved electroluminescence.

1) Temperature Dependence: Sustainable breakdown mea-
surements were carried out at different temperatures. Since the
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Fig. 5. Dependence of avalanche voltage on temperature; a) IDSVDS
curves; b) temperature dependence of VAVAL.

Fig. 6. a) Spectrally-resolved EL: Bremsstrahlung radiation is observed,
together with band-to-band component. b) optical microscope image of
the device position during EL, c) spatial distribution of 365nm EL: B2B
emission is not localized, but distributed along the gate edge.

drain-source leakage current is strongly dependent on temper-
ature (the higher the temperature, the higher the leakage), we
adjusted the gate voltage to obtain similar levels of leakage
at all temperature. This was done by small modifications (less
than 0.5 V) in the gate-drain voltage, thus not significantly
affecting the peak field.

Results (Figure 5a) were in agreement with the avalanche
theory [18]: higher temperatures result in a reduction of the
mean free path, with consequent increase of the voltage needed
to accelerate the electrons and initiate avalanche process. The
variation of the VAVAL as a function of temperature is reported
in Figure 5b. The linear correlation between avalanche voltage
and temperature confirms the positive temperature dependence
previously observed on vertical p-n diodes [19], [20].

2) Electroluminescence Measurements: To confirm the gen-
eration of holes in off-state, the devices were submitted
to normally OFF constant current stress, while performing
electroluminescence (EL) measurement.

EL spectra (Figure 6a) showed two main components: 1) a
low energy tail, related to hot electron scattering with crystal
lattice (Brehmsstrahlung radiation) [21]; 2) a 3.4eV emission,
ascribed to B2B recombination between electrons and holes
generated during i.i..

Spatially resolved EL was carried out with a bandpass
filter centered at 365 ± 20 nm: results showed that B2B
recombination happens across all device width, proving that
such emission is related to a conduction mechanism rather
than a leaky spot (Figure 6b, c).

IV. AVALANCHE SIMULATIONS

Support on the role of impact ionization on the analyzed
process was obtained through numerical (TCAD) simulations.
Avalanche multiplication was modeled by adopting the coef-
ficients described by Maeda et al. in [22]. Realistic device

Fig. 7. (a) Simulated vs measured IDSVDS characteristics (measured
data are the same as in Fig. 2(a)). Simulated curves are obtained by
adopting a realistic device/doping structure, and by modeling impact
ionization through the coefficients described by Maeda et al. in [22]];
b) false color plot of the electron current density simulated in
avalanche (at 1 µA).

parameters were implemented. Current-voltage simulations
were found a) to accurately reproduce the observed avalanche
process (Figure 7a); b) to demonstrate that in avalanche con-
ditions drain current consists of an electron current, whereas
hole current is much smaller (Figure 7a)); to describe the flow
of sub-threshold electron current below the gate and field-plate
depleted regions (Figure 7b)), consistently with the proposed
hypothesis.

V. CONCLUSION

We demonstrated sustainable breakdown operation for
E-mode GaN HEMTs with sub-micrometer gate length, in
presence of a (low) sub-threshold leakage. The onset of
avalanche was found to clamp the drain voltage, thus protect-
ing the devices against the failure of the dielectric between
gate and drain. The analysis of the dependence on geometry
shows that the avalanche process depends on both leakage
current and electric field. In particular, with a reduction in
drain-source leakage (i.e. with negative gate bias), the electric
field required for avalanche onset becomes larger than that
required for dielectric breakdown, and device reaches failure
due to dielectric breakdown. Hole generation was confirmed
by spectrally resolved EL measurements; the positive temper-
ature coefficient of avalanche was also demonstrated. Finally,
simulations carried out with realistic impact ionization coef-
ficients confirm the observed results, and the role of impact
ionization in the observed processes.

The results presented within this letter are of high impor-
tance for understanding the role of avalanche in protecting
against device failure at high drain-source voltage.
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