Microelectronics Reliability 110 (2020) 113656

Contents lists available at ScienceDirect

MICROELECTRONICS
RELIABILITY

Microelectronics Reliability

journal homepage: www.elsevier.com/locate/microrel

High-energy proton irradiation effects on GaN hybrid-drain-embedded gate = M

injection transistors

Check for
updates

Alessandro Floriduz®, James D. Devine

Electrical Network Projects Section, Electrical Group, Engineering Department, CERN, CH-1211 Geneva 23, Switzerland

ARTICLE INFO ABSTRACT

Keywords:
Proton irradiation effects

The characterization of commercial-grade power transistors upon high levels of particle irradiation is required to
enable radiation tolerant LED power supplies for the new luminaires of CERN accelerator tunnels, which re-
GaN present a harsh environment for semiconductor devices. This work describes the effects of 24 GeV/c proton
HEMT . L irradiation on commercial GaN hybrid-drain-embedded gate injection transistors (HD-GITs) after a fluence of
gzs:;g{j::m'embedded gate injection 5.9 x 10** p/cmz. Measurements of drain leakage current, threshold voltage and Iys — Vs curves show that only
LED power supply a minor variation occurs in the electrical properties of GaN HD-GITs after the considered fluence; for example, an

average increase of =11-13 mV is found in the threshold voltage upon irradiation. We also put forward a
physical explanation of the observed degradation caused by proton irradiation; in particular, the electron drift
velocity in the 2DEG channel at high electric fields appears to decrease due to a radiation-induced increase in
phonon relaxation rate. Finally, an AC/DC LED power supply with current control using GaN HD-GITs is pro-
posed for the new luminaires of CERN tunnels, meeting the requirements in terms of radiation hardness and light

quality.

1. Introduction

CERN accelerator tunnels constitute a very harsh environment,
where the yearly radiation levels on tunnel walls can exceed 1 kGy(Si)
of absorbed dose and a 1 MeV neutron equivalent (neq) fluence in si-
licon of 5 x 102 n/cm? [1]. Development of rad-hard LED luminaires
for CERN tunnels is required to cope with the obsolescence of tradi-
tional fluorescent lamps with magnetic ballast. Commercial white GaN
LEDs have been recently irradiated with 24 GeV/c protons [2] and it
was found that, at a typical drive current of 200 mA, a 50% degradation
in light output occurs after a fluence of 4 x 10"® p/cm? (corresponding
to a 1 MeV neq fluence in Si of 2.3 x 10' n/cm?) which also deposited
~11 kGy(Si) of ionizing energy in the irradiated LEDs. These levels
correspond to > 5 years of radiation exposure in the typical section of
CERN tunnel walls, thus validating the use of white LEDs as light source
in rad-hard luminaires. Based on these results, all other components
comprised in such rad-hard LED-based lights shall present no de-
gradation at a 1 MeV neq fluence in Si of 2.3 x 10 n/cm? and an
absorbed dose of 11 kGy(Si). Commercial-grade optical materials ex-
hibiting no or negligible reduction in light transmission after these ra-
diation levels have been recently identified [3]. However, no com-
mercial LED power supply will be able to withstand the target radiation
levels [4]. A rad-hard LED power supply, based on a simple diode
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bridge rectifier, has been implemented in custom-designed LED emer-
gency lights which are now being installed in CERN accelerator com-
plex [4], however the same principle cannot be adopted in luminaires
for general lighting having higher power rating (> 30 W), as it would
provide insufficient tolerance to mains voltage variations and poor LED
current regulation, leading to light flickering. The AC/DC passive LED
power supply described in [5], which can be radiation hardened by use
of SiC Schottky diodes, is also unsuitable because of the activation of its
bulky inductors, posing problems from a radiation safety viewpoint.
Therefore an AC/DC power supply with current control capable of
withstanding the target radiation levels (2.3 X 10'® n/cm? and 11 kGy)
has to be designed. In particular, cost-effective power transistors rated
=500 V meeting our requirements in terms of radiation tolerance have
to be identified. Commercial Si and SiC MOSFETs cannot be used as
they fail after a few kGy(Si) [6,7]. Rad-hard Si MOSFETSs can present as
well a degradation in their characteristics at the target levels [6] and
their high cost is not compatible with budget constraints. On the other
hand, depletion-mode AlGaN/GaN high electron mobility transistors
(HEMTs) offer a much higher radiation tolerance than conventional Si
and GaAs transistors [8], however use of normally-ON transistors in
power electronics applications is cumbersome, as they require more
complicated control circuitries than normally-OFF devices.

In recent years, normally-OFF AlGaN/GaN HEMTs grown on Si
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substrate have appeared on the market. Different solutions are adopted
in commercial products to achieve normally-OFF operation of AlGaN/
GaN HEMTs: for example, Transphorm utilizes the cascode of an in-
sulated-gate depletion-mode AlGaN/GaN HEMT with a low-voltage
(LV) Si MOSFET [9]; in Texas Instruments 600 V GaN-based products
[10], a depletion-mode AlGaN/GaN HEMT is connected in series with a
LV Si MOSFET with the gates of the two transistors controlled sepa-
rately by a Si ASIC driver unit integrated in the device package; in
Sanken products, normally-OFF behaviour is achieved by use of a re-
cessed gate with a NiO,/Ni/Au electrode, in which NiOy acts as a p-type
material [11]; in EPC [12], GaN Systems [13] and Navitas [14] pro-
ducts, normally-OFF operation is obtained through a non-recessed p-
GaN gate; finally, Panasonic introduced hybrid-drain-embedded gate
injection transistors (HD-GITs), in which normally-OFF operation is
achieved through a recessed p-GaN gate with an ohmic contact on the
p-GaN layer [15]; HD-GITs also present a non-recessed p-GaN layer
close to the drain contact, electrically connected to it, which injects
holes during OFF-state so as to mitigate current collapse [15].

Over the past years, both research-grade (like e.g. [16,17]) and
commercial normally-OFF AlGaN/GaN HEMTs have been tested against
irradiation; in particular, commercial devices from Transphorm [18],
EPC (see e.g. [12,19-24]), GaN Systems [24-29], and Panasonic
[25-30] have been tested and studied. These works showed that nor-
mally-OFF commercial AlGaN/GaN HEMTs, in the same manner as
their depletion-mode counterparts, exhibit a very high resistance to
displacement damage and ionizing effects, far exceeding that of com-
mercial Si and SiC MOSFETs. In particular, Hommels et al. have re-
cently tested Panasonic HD-GITs and GaN Systems HEMTs against very
high levels of particle irradiation (such as a fluence of 5.8 x 10'® p/cm?
of 600 MeV protons) [26,27] and obtained very promising results, with
the devices showing only limited degradation after these radiation le-
vels; in addition, they found that HD-GITs exhibited more consistency
in their characteristics upon irradiation with respect to GaN Systems
HEMTs [27]. Moreover, HD-GITs have also been recently tested by
Mizuta et al. [30], and showed a great robustness against single event
effects (SEEs). Based on the results obtained in [26,27,30], and given
the lack of other previous reports on displacement damage of com-
mercial devices with voltage rating =600 V (reports [18,24,25,28] are
focused on SEE testing, and [29] describes only low-dose y-ray irra-
diation), we selected Panasonic HD-GITs as potential candidate tran-
sistors for rad-hard LED power supplies. Notwithstanding the en-
couraging results from Hommels et al., it remains important to
characterize HD-GITs at fluences lower than those reached in [26,27]
and comparable to those expected after a multi-year radiation exposure
on the tunnel walls of a typical section of CERN accelerators, in order to
quantify the amount of radiation damage after a fluence more similar
but still sufficiently higher than our minimum target value of
2.3 x 10'® n/cm? This is indeed required to verify if, at the expected
radiation levels, HD-GITs are still essentially unaffected or if they al-
ready exhibit a small (but non-negligible) amount of damage. For ex-
ample, Hommels et al. [26] found that the threshold voltage of HD-GITs
increased by =0.2 V after a 300 MeV pion fluence of 10'° 5t/cm?; if the
transistors were to be operated in semi-ON condition (and, as it will be
detailed further below, this is exactly the operation mode of HD-GITs in
our proposed rad-hard LED power supply), such threshold voltage shift
would already impact significantly the behaviour of the power supply
in which these devices are used. Therefore, knowledge of upper bound
limits of radiation damage is in general not enough to properly design a
rad-hard power supply and to select its components; a better under-
standing of radiation effects around the target levels is indeed required.
Since the interpolation of irradiation data of devices from different
manufacturers would lead to uncertain results (due to the differences in
technologies and device structures, as detailed above), a dedicated ir-
radiation campaign of HD-GITs at moderate radiation levels is neces-
sary.

This work presents the degradation of electrical characteristics of
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Panasonic PGA26E19BA and PGA26E07BA HD-GITs upon irradiation
with 24 GeV/c protons at a fluence of 5.9 x 10'* p/cm?. Apart from
describing for the first time the effects of high-energy protons on HD-
GITs at a moderate fluence, we also postulate a physical explanation,
not addressed in the previous publications on HD-GITs [25-30], of the
observed degradation in drain leakage current, threshold voltage and
output Iy — Vys characteristics. Finally, we propose a rad-hard LED
power supply with current control using HD-GITs, that can be im-
plemented in radiation tolerant luminaires for CERN accelerator tun-
nels.

This report is organized as follows: Section 2 provides the experi-
mental details; Section 3 illustrates the electrical characteristics of ir-
radiated devices. The proposed rad-had LED power supply is described
in Section 4, and Section 5 is devoted to the conclusions.

2. Experimental details
2.1. Devices under test

The enhancement-mode AlGaN/GaN transistors under test are hy-
brid-drain-embedded gate injection transistors (HD-GITs) from
Panasonic. Information on the HD-GIT structure (whose schematic
cross-section is illustrated in Fig. 1) can be found in [15,31-35]. The
devices are grown on 6-inch wafers of p-doped Si(111) by metal organic
chemical vapour deposition. From bottom to top, the structure com-
prises: i) a nucleation layer (NL) with an AlGaN layer on the top of an
AIN layer; ii) an AIN/GaN superlattice strain relief layer (SRL), to ef-
fectively relax the epitaxial strain due to lattice mismatch, so as to
improve crystal quality and reduce threading dislocation density; iii) a
semi-insulating GaN (i-GaN) layer, on the top of which a semi-in-
sulating AlGaN (i-AlGaN) barrier is grown. The piezoelectric and
spontaneous polarization fields at the AlGaN/GaN heterostructure in-
duce a 2DEG in the i-GaN layer. Normally-OFF operation is achieved
through a recessed p-GaN gate. Carbon doping is used to achieve semi-
insulating GaN layers, so as to obtain devices with high breakdown
voltage and low leakage current. However, the deep acceptor states
introduced by carbon ions in these layers induce current collapse, i.e.
an increase in the dynamic R,, due to hole emission in the epilayer
around the drain region during OFF-state at high V4. In HD-GITs,
current collapse is suppressed by the introduction of a non-recessed p-
GaN drain (hereafter p-drain), electrically connected to the drain
electrode, which injects holes during OFF-state operation, thus com-
pensating the aforementioned hole emission from deep traps in OFF-
state at high Vys. This growth and process technology is implemented in
the commercial devices under test: Panasonic PGA26E19BA and
PGA26E07BA HD-GITs, which present a maximum R,, of, respectively,
190 mQ and 70 mQ at a junction temperature of 25 °C.

Source  Gate

Drain
O

i-AlGaN

AIN/GaN
superlattice

Nucleation
layer

p-Si(111) substrate

Fig. 1. Schematic cross-section of a GaN-based HD-GIT (not to scale).
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2.2. Irradiation conditions and measurement setup

Three samples of both PGA26E07BA and PGA26E19BA HD-GITs
(hereafter denoted as E07 and E19, respectively) were irradiated at
IRRAD facility at CERN [36], using a 24 GeV/c proton beam. For ir-
radiation purposes, each HD-GIT (in a DFN8X8 package) was mounted
onab5 X 5 cm? sample holder made of cardboard, installed on an ir-
radiation table in IRRAD. Irradiation was done at atmospheric pressure
and room temperature, with the devices in OFF condition and with their
contact pads floating. This irradiation condition is representative of the
actual application of HD-GITs as transistors for power supplies in rad-
hard LED lights, since these lights and hence their power supplies need
to be turned on only when access by human operators to the accelerator
tunnels is possible, and this access can be permitted only when the
accelerator itself (i.e. the source of radiation) is switched off; this means
that power supply components will not be irradiated while they are in
ON state, as irradiation will occur only when the accelerator is oper-
ating and human access to the tunnel is prohibited, during which time
the lights are extinguished. The impinging proton beam has a nominal
Gaussian profile of 1.2 x 1.2 cm? (FWHM). The bunches composing the
irradiating beam were spaced enough so that heating of HD-GIT sam-
ples due to proton bombardment was negligible. Irradiation of the six
samples lasted 79 h. The fluence reached at the end of the irradiation is
5.9 x 10 p/cm? This 24 GeV/c proton fluence corresponds to a
1 MeV neq fluence in Si of 3.4 x 10'* n/cm? the experimental non-
ionizing energy loss hardness factor is used as conversion factor from
24 GeV/c proton fluence into 1 MeV neq fluence in Si, and is equal to
0.58 [37]. This fluence corresponds to > 20 years of radiation exposure
on the walls of a typical section of CERN accelerator tunnels [1]. In
addition, the absorbed dose in GaN HD-GITs corresponding to the
achieved fluence of 24 GeV/c protons is =157 kGy(Si) (the fluence to
dose equivalent conversion factor for 24 GeV/c protons is 2.67 x 10~ *°
Gy(Si) x cm?/p [38]).

Measurements were taken after a cool-down period of 10 days,
when the residual activation of the samples became acceptably low
(520 pSv/h at contact). During the cool-down period, samples were
stored at room temperature. We speculate that only marginal recovery
(if any) occurred in our samples during the cool-down period, in view of
the significant thermal stability of defects produced in GaN by high
fluence particle irradiation [39]. Results available in literature seem to
support our conjecture: for example, no recovery in electrical char-
acteristics after annealing at room temperature for several weeks was
detected in previous reports on proton-irradiated AlGaN/GaN HEMTs
[40,41]; nevertheless, we cannot exclude that some form of recovery
(associated to unstable radiation-induced defects) actually took place in
our samples during the cool-down period.

For each sample, the following quantities have been measured be-
fore and after irradiation: i) the drain leakage current I s, obtained at
Vgs = 0 Vand Vg4, = 600 V; ii) the transfer Iy; — Vi, characteristics,
measured with V4, = 10 V; iii) the output I3 — Vys characteristics,
measured at different values of Vg Two Keithley 2410 source-meter
units were used to perform the electrical measurements. All measure-
ments, before and after irradiation, have been taken at a chuck tem-
perature of 35 °C; this temperature was chosen to prevent condensation
of air moisture on the devices under test, which could have formed due
to uncontrolled humidity within the room where the probe station was
located.

3. Results and discussion
3.1. Drain leakage current

We now present the evolution of electrical characteristics of E19
and E07 HD-GITs with proton exposure, by starting with the analysis of

the variations in drain leakage current I4s. The experimental analysis of
leakage current in HD-GITs has been recently reported by Tanaka et al.
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in [35], where it is shown that Iy predominantly flows from the p-
drain to the substrate and mostly consists in recombination current of
injected holes and electrons from the 2DEG beneath the p-drain. Pre-
vious studies on AlGaN/GaN HEMTs grown on Si substrate with an
undoped GaN buffer on AIN/GaN/AIN NL or with a weakly p-type GaN
buffer (and undoped channel region) on SRL have shown that current
conduction from the GaN buffer to the substrate through the inter-
mediate layers (SRLs or NLs) occurs via thermally assisted multistep
tunnelling, hopping, and Poole-Frenkel emission [42,43]. In particular,
recent studies on full vertical stacks (AlGaN/GaN/SRL/NL/p-Si) and on
AIN/p-Si structures have identified the following leakage paths: i) de-
fect-assisted multistep band-to-band tunnelling [44] of electrons from
the valence band of the i-GaN layer to the 2DEG [45,46]; ii) leakage of
electrons from the p-Si substrate through the AIN layer via hopping,
Poole-Frenkel conduction, Fowler-Nordheim tunnelling and trap-as-
sisted tunnelling [47-50]. We assume that these mechanisms are also
responsible for the vertical leakage current observed in HD-GITs (which
have an i-GaN layer on AIN/GaN superlattice SRL and AlGaN/AIN NL,
cf. Section 2.1).

The values of Iy, before and after irradiation of E19 and E07 HD-
GITs are collected in Table 1. I4s increases on average by 0.1 pA and
0.34 pA in E19 and EO7 samples, respectively. We propose the fol-
lowing interpretation of the increase in Iy proton irradiation in-
troduces a wide range of defects in the AlGaN/GaN heteroepitaxial
structure and in the buffer layer, namely vacancies and interstitials of
Al, N, and Ga atoms and complexes thereof with each other, with pre-
existing defects and with growth impurities and dopants [8,39,51], thus
increasing the trap density throughout all device layers. The current
density for both hopping [52] and thermally assisted multistep tun-
nelling [53,54] is dependent on the trap concentration and, conse-
quently, the radiation-induced increase of defect density leads to an
increase in I4. In addition, also Poole-Frenkel conduction increases
upon irradiation, as long as radiation-induced defects do not compen-
sate each other or pre-existing traps [55]. In addition, unlike high-
temperature reverse bias tests on HD-GITs [35], the increase in Ig
upon irradiation is not correlated to its initial value. In any case, the
values are always well below the maximum specified in the datasheets
at 25 °C [56,57]. As a concluding remark, we note that a radiation-
induced increase in I was also obtained by Hommels et al. on Pana-
sonic GaN HD-GITs [26]; as in our measurements, the values of I after
irradiation were still within limits despite the use of even higher flu-
ences.

3.2. Threshold voltage

Let us now discuss the effects of proton irradiation on the transfer
characteristic and threshold voltage of GaN HD-GITs. Fig. 2a and b il-
lustrate the transfer Iy; — Vs curves of E19 and EO7 transistors, re-
spectively. Equivalent results were obtained for all HD-GITs of the same
variant, so only one representative curve per type is shown. As can be
seen for both variants, the transfer characteristics after 5.9 x 10'* p/
cm? present only very small changes with respect to the curves before
irradiation. This behaviour illustrates the higher robustness of GaN HD-
GITs against displacement damage and dose effects with respect to Si
and SiC power MOSFETs (see e.g. [6,7]). In particular, the Ij; — Vi

Table 1
I4ss before and after irradiation of E19 and E07 samples.

Sample I4ss before 145 after Alygs Relative variation
E19-01 0.408 pA 0.546 pA +0.138 pA +33.8%
E19-02 0.407 pA 0.494 pA +0.087 pA +21.4%
E19-03 0.487 pA 0.565 pA +0.078 pA +16.0%
E07-01 1.096 pA 1.251 pA +0.155 pA +14.1%
E07-02 1.124 pA 1.416 pA +0.292 pA +26.0%
E07-03 1.023 pA 1.584 pA +0.561 pA +54.8%
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Fig. 2. I4; — Vg curves of (a) PGA26E19BA and (b) PGA26E07BA samples
before and after irradiation, with Vg = 10 V.

curves after irradiation exhibit a very small shift towards positive vol-
tages and an increase in drain current at low values of Vg, (When the
transistors are in cut-off condition). We attribute this increase in I4 at
low Vi to radiation-induced increase in trap density, thus enhancing
current leakage mechanisms as described in Section 3.1. The shift of
Iqs — Vg curves towards positive values observed after irradiation for
Vgs 2 1 V induces a small variation in the threshold voltage, and its
origin is discussed later in this Section. As a combination of these two
effects (the increase in Iy at low Vi and the shift of Is; — Vi curves to
positive voltages), the subthreshold slope is seen to change upon irra-
diation, particularly for Is; < 10~ *A.

The values of threshold voltage Vi, were extracted from Iy — Vg
characteristics. For reasons of consistency, Vy, was defined as in the
product manufacturer's datasheets [56,57]: for E19 samples, Vy, is
computed as the Vg at which Iy, = 1 mA at Vg, = 10 V; for E07
samples, Vi, is computed as the Vg at which I3 = 2.6 mA at
V4s = 10 V. The values of Vy, before and after irradiation of E19 and
EQ7 samples are collected in Table 2. Vy, increases on average by
10.6 mV and 13 mV upon irradiation in E19 and EO7 samples, re-
spectively. AV}, seems to be anti-correlated to the value of Vy, before
irradiation, but we cannot draw definitive conclusions due to limited
sample size. This trend will be further investigated in future studies.
The small variations in V,;, we observed upon irradiation (Table 2) are
within the statistical manufacturing spread of GaN HD-GITs (see e.g.
[33]), and do not have any impact from a practical viewpoint.

We attribute the increase in Vy, to negatively charged traps induced
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Table 2
Vi before and after irradiation of E19 and E07 samples.

Sample Vi, before Vy, after AV Relative variation
E19-01 1.311V 1.328 V +17 mV +1.30%
E19-02 1.326 V 1.336 V +10 mV +0.75%
E19-03 1.378 V 1.383V +5 mV +0.36%
E07-01 1.304 V 1.311 V +7 mV +0.54%
E07-02 1.267 V 1.279 V +12 mV +0.95%
E07-03 1.154 V 1.174V +20 mV +1.73%

by radiation. Different types of acceptor-like defects can be introduced
in AlGaN/GaN heterostructures by proton irradiation. For example, in
[58] the positive shift of Vi, of AlGaN/GaN heterojunction Schottky
diodes is attributed to a radiation-induced acceptor state at
Ec — 3.25 eV in the undoped GaN layer. Puzyrev et al. [59], through
quantum molecular dynamics calculations, attributed the positive Vi,
shift to radiation-induced N interstitials, Ga-N divacancies, and Ga
vacancies, behaving as acceptor-like traps, formed in the AlGaN barrier
from pre-existing Ga vacancies and N antisites. Moreover, Roy et al.
[40] claimed that also radiation-induced N vacancies in the AlGaN
barrier behave as acceptors and hence contribute to shifting Vy, towards
positive values.

The positive threshold voltage shift we measured is in line with the
data from Hommels et al. [26], who found a positive AVy, of =0.2 V
after a 300 MeV pion fluence of 10'° 5t/cm? It is also interesting to note
that other commercial normally-OFF AlGaN/GaN HEMTs with p-GaN
gate from EPC [12,20-23] and Freebird [19] (which implements EPC
technology), as well as research-grade devices with p-AlGaN gate [16],
exhibit a negative AVy,, both under proton [16,19,20,22] and y-ray
[12,21-23] irradiation. In these works, the negative AVy, was attributed
to radiation-induced introduction of donor-like traps throughout the
device layers [19] and hole removal in the p-type gate [16]. We believe
that the different evolution of Vy, with radiation between Panasonic
HD-GITs and the devices tested in [12,16,19-23] is due to the different
growth and process technology adopted, leading to different radiation-
induced defects.

We would like to conclude the section with a consideration on the
relation between the acceptor-like traps responsible for the positive Vi,
shift and the defects causing the Iy increase discussed in Section 3.1.
Acceptor-like traps, being negatively charged, would not contribute to
hopping or trap-assisted tunnelling of electrons, in view of their small
cross-section for electron capture [60,61]. So, if radiation introduced
only acceptor-like defects in HD-GITs, then the drain leakage current
increase measured experimentally would be difficult to explain. We
therefore conjecture that proton irradiation introduces in GaN HD-GITs
not only acceptor-like traps, but also defects with other charge states
(such as N vacancies, which are donor-like traps in GaN [39]). These
such defects, being neutral or positively charged, will have higher cross-
sections and hence will be effective in promoting hopping and trap-
assisted tunnelling of electrons [54,60,61]. So, an increase in neutral
and positively charged trap density in HD-GITs will lead to an increase
in I4s. Although we did not perform a dedicated analysis to identify the
radiation-induced traps, we believe that the proposed mechanism could
be realistic. The overall Vy, shift would then be the result of the joint
effect of donor- and acceptor-like defects. We could suppose that ac-
ceptor-like defects are introduced by radiation in HD-GIT at a higher
rate than donor-like traps, the Vi, shift observed being positive. Alter-
natively, we could speculate that the density of acceptor-like traps
generated by radiation is higher in regions of the HD-GITs where their
influence on Vy, is stronger (like e.g. in the top AlGaN layer), and that
radiation-induced donor-like traps are more abundantly located in re-
gions where their impact on the vertical leakage is higher (like e.g. in
the AIN nucleation layer). Such decoupling in the spatial distribution of
donor- and acceptor-like defects might be due to different defect gen-
eration dynamics in the individual layers of the vertical structure of
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Fig. 3. I;s — Vg curves of (a) PGA26E19BA and (b) PGA26E07BA samples
before and after irradiation. The values of Vg are indicated. In panels (a) and
(b) are also shown, respectively, the curves with Vg of 1.4 V and 1.2 V (E19),
and 1.2 V (E07), which lay down close to the Vg, axis.

GaN HD-GITs, and would in turn lead to a decoupled behaviour upon
irradiation of I4s and Vy, shift. A decoupled evolution with radiation of
Vi and Iy is also found in [17], where the effect of neutron and Xe ion
irradiation on p-GaN gate HEMTs (grown on Si substrate) is studied.
There, it is reported that the drain leakage current increases under Xe
ion irradiation and decreases under neutron bombardment, while Vy,
shifts positively under both types of irradiation. Neutrons and heavy
ions introduce different defects in GaN materials (see e.g. [8,39]) and
this can account for the different change in I4s. This would suggest that
defects responsible for variations in Vi, and Iy are actually decoupled;
a different spatial distribution of donor- and acceptor-like defects might
be at the origin of this behaviour.

3.3. Output I;s — Vg curves

Fig. 3a and b illustrate the I3 — Vg4 characteristics before and after
irradiation of E19 and EQ7 transistors, respectively. Similar results were
obtained for all HD-GITs of the same type, so data of only one re-
presentative sample is shown. As can be seen from Fig. 3a-b, the var-
iations after 5.9 x 10'* p/cm?®in the I; — Vg5 curves are rather limited:
no degradation is found in the ohmic region, while in the active (sa-
turation) region the drain current for the same V4 and Vi, decreases
upon irradiation, and the difference between pre- and post-irradiation
curves increases with increasing values of V.

This behaviour is different from that of other proton-irradiated
AlGaN/GaN HEMTs (see, for example, [62-67]), in which I3 — Vg
curves after irradiation homogeneously decreased in both the ohmic
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and saturation regions. In those works, the degradation is attributed to
radiation-induced reduction of the 2DEG density and mobility (leading
to increased sheet resistance) and, especially at lower fluences, increase
in transfer resistance and contact resistivity, thus causing an increase in
Ron and a decrease in the saturation current (hence the uniform re-
duction of I4s in both ohmic and saturation regions of the Iy — Vs
curves). In our work, we obtained a different behaviour: we observed
negligible variations in the ohmic region for both types of transistors
(Fig. 3a-b); this result suggests that the transfer and sheet resistances
and contact resistivity of GaN HD-GITs are only marginally affected by
proton irradiation at the considered fluence. Moreover, we found a non-
uniform reduction of I4 in the active region, in which the difference
between drain currents before and after irradiation is very small at the
onset of saturation, and increases with higher V4. These results suggest
that, at least at the considered fluence, a physical mechanism different
from those observed in previous reports [62-67] is responsible for the
degradation of the Ij; — Vg, characteristics, i.e. the non-uniform de-
crease of Iy in saturation region. We recall that, in GaN HEMTs, the
onset of drain current saturation in Iys; — Vg, curves occurs when Vg
and, consequently, the longitudinal electric field E reaches sufficiently
high values leading to strong emission of longitudinal-optical (LO)
phonons thus causing a degradation of electron drift velocity v4 [68].
Therefore, we believe that the increasing reduction in I4s with higher
V45 observed upon irradiation may be attributed to a radiation-induced
decrease in v, at high electric fields. This distinctive behaviour of GaN
HD-GITs with respect to previous reports may be caused by differences
in device structure (particularly, in the use of a recessed p-GaN gate as
opposed to Schottky gates as in [62-67]), in crystal quality as well as in
fabrication methods and processing details.

More specifically, we propose the following mechanism to account
for reduced v4 upon irradiation in the saturation regime. First, we recall
that v4 (understood as the ensemble-average value) at steady state is
linked to the momentum relaxation rate 1/7,, and to the longitudinal
electric field E through the balance equation [69]:

_ eEn(T)
T me o))

where e is the electron absolute charge, m, the electron effective mass,
and T, is the temperature of the electron population in the 2DEG
channel; z,,, decreases with increasing T, [69]. Strong emission of LO
phonons at high values of E results in a large population of none-
quilibrium LO phonons (hot phonons), which in turn induces a slow-
down of the electron energy relaxation process, leading to overheating
of the electron gas, and to increased momentum relaxation rate 1/z,,
[69-71]. As a result, at high values of E, the differential mobility of the
2DEG decreases, i.e. the slope of the v4 — E characteristic at high E
decreases. We now recall that the dominant contribution to thermal
conductivity of GaN at room temperature comes from acoustic phonons
[72,73]. Defects induced by proton irradiation in the GaN and AlGaN
layers, such as Ga vacancies [72], increase phonon scattering (i.e. the
phonon relaxation rate) therein, thus leading to reduced thermal con-
ductivity [72,73] and hence higher 2DEG temperature T,. We justify the
increase in T, as follows. First, a reduced thermal conductivity leads to
higher lattice temperature T, in the 2DEG channel. In the hot phonon
(HP) temperature approximation [71], the power dissipated per elec-
tron P; = e - v4 - E at steady state is equal to:

N (w0, Tyn) — N(wro, Tr)
) ’ ©)

By = haro-

where hw;o is the energy of LO phonons in GaN (no dispersion is as-
sumed), 7, is the LO phonon lifetime, and N(w, T) is the occupation
number of phonons with frequency w at temperature T given by the
Bose-Einstein distribution N(w, T) = [exp(hw/kzT) — 1] ~1 where kg is
the Boltzmann constant. In Eq. (2), N(wo, T;) represents the equili-
brium LO phonon occupancy, while N(wio, Tpn) approximates the HP
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average occupancy assuming quasi-equilibrium conditions; Tpy is the
HP temperature, approximately equal to the 2DEG temperature:
T, = Tpn. As can be seen from Eq. (2), if T increases, the same value of
Py is obtained at larger values of N(wio, Tph), i.e. at higher T,. The HP
temperature approach is just an approximate model, but the same
conclusions are obtained in the full quantum-mechanical framework of
[70]. In this model, bulk LO phonons are replaced by interface (IF) and
half-space (HS) polar-optical modes, thus accounting for the AlGaN/
GaN heterostructure, so that P; can be expressed as:

P = 1 Z Z [hwnN(w"’ T.) —g,,(q)]

MpAop g " 7,.(q)

+ [hww

qz>0

N(wro, T) — &, (‘D}

7q, (@) 3)
where q is the in-plane phonon wavevector, g,(q) and g4(q) are the
nonequilibrium phonon occupation numbers of IF and HS modes re-
spectively, 1/7,(q) and 1/74,(q) are respectively the effective phonon
generation rates of IF and HS modes (which also account for phonon
absorption and stimulated emission), nyp is the 2DEG density, A,p is the
surface of the 2DEG, and N(w, T) has the same meaning as in Eq. (2).
The first addend of Eq. (3) represents the contribution of IF modes
(indexed by n = {1,2}) and the second addend HS modes (indexed by
the phonon wavevector in the growth direction z). IF modes have en-
ergies hw,, while HS modes have an energy %w; o, equal to that of bulk
LO phonons; again, no dispersion is assumed. The occupation numbers
g:.(q) and g,,(q) are, respectively:

gn(q)z[zv(wn, ) , N@n TL)]/[ 1 +L],
Tn ((I) T Tn (q) T (4)
and
_ | N(wro, &) | N(wro, ) 1 1
g, (@ = [ 70, @ + 5 ] / [ @ + Tp}, ©

where 7, is again the polar-optical phonon lifetime. It is straightforward
to verify from Eq. (3) to (5) that, for a given T,, P4 decreases if T;,
increases, i.e. if T} gets higher, then T, increases as well when the same
input power (i.e. Py) is supplied to the 2DEG. Now, we recall that 1/z,,
in GaN (also due to the contribution from HPs) increases with in-
creasing T, [69]; consequently, from Eq. (1), the drift velocity v4 (and,
hence, the differential mobility) at high E is expected to further de-
crease upon proton irradiation due to decreased thermal conductivity
(that is, increased T,), i.e. the v4 — E characteristic in the saturation
region becomes even flatter due to increased electron gas self-heating
with respect to pre-irradiation. This variation in the v4 — E character-
istics would then lead to the changes observed in the Iy — Vg5 curves
after irradiation. A decrease in thermal conductivity and an increase in
channel temperature have been recently observed in InAIN/GaN
HEMTs upon irradiation with 340 keV protons at a fluence of
5 x 10" p/em? [74], so we believe that the degradation mechanism
proposed above could realistically account for a reduction of v, at high
E and hence for the observed changes in the Ij; — Vys characteristics
after irradiation.

Finally, we would like to highlight that the increase in threshold
voltage upon irradiation (cf. Section 3.2) can also play a role in mod-
ifying the Iys — Vg5 curves of irradiated devices. Nevertheless, we be-
lieve that this contribution is actually marginal compared to the effect
of the increased phonon relaxation rate. Indeed, if the increase in Vi,
was the main cause of the changes in I;; — Vys characteristics then,
after irradiation, I4s would decrease not only in the saturation region
but also at the saturation knee (i.e. at the intersection of the ohmic and
saturation regions). However, this would not be consistent with the
experimental results of Fig. 3: indeed, I4 in irradiated devices decreases
only after the saturation onset, while it is essentially unchanged in the
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AC/DC stage

LED string

DC/DC stage

Fig. 4. Proposed linear power supply using GaN HD-GITs.

ohmic region and at the saturation knee. Therefore, we believe that the
observed changes in I3 — Vg, characteristics upon irradiation should be
principally ascribed to a reduction in v4 at high E due to radiation-
induced increase in phonon relaxation rate.

4. Power supply

By interpolating the results illustrated in the previous Section with
those of Hommels et al. [26,27], we expect any variation in electrical
characteristics of HD-GITs to be negligible at the target radiation levels
(2.3 x 10'® n/cm? and 11 kGy); this demonstrates the potential of HD-
GITs as candidate components for rad-hard LED power supplies for
CERN tunnel lights. In order to meet the requirements on the radiation
resistance, light quality and tolerance to mains voltage variations, we
propose the LED power supply illustrated in Fig. 4. It comprises a
single-phase diode bridge rectifier composed of 4 SiC Junction Barrier
Schottky (JBS) diodes, a capacitor to smooth the rectified voltage, and a
linear DC/DC regulator comprising 2 HD-GITs supplying a string of
white GaN LEDs. A working prototype of the proposed power supply
has been assembled, using four STPSC10H065G SiC JBS diodes from
STMicroelectronics (tested against radiation in [3]) for the diode
bridge, a 80 pF polypropylene capacitor, 2 Panasonic PGA26E19BA HD-
GITs and two resistors R; and R of 100 kQ and 16 Q, respectively; the
LED string consisted of 110 Osram Oslon Square GW CSSRM2 white
LEDs. This power supply is designed to operate at nominal mains vol-
tage Vac of 231 V at 50 Hz. The current of the LED string I} xp, is given by
the ratio Vza/Ro, where Vi is about the threshold voltage of T; (typi-
cally 1.2 V). The Vg4, of T, accounts for the difference between the ca-
pacitor voltage Vpc and the voltage of the LED string Vgp. The values
of the passive components and the number of LEDs in the string are
chosen so that both transistors T; and T, operate at any instant of time
in their active region for Vac = 220 V (i.e. =95% of the nominal
value); this ensures a constant DC current through the LEDs, insensitive
to mains voltage fluctuations, without any light flickering. The pro-
posed power supply is simple and intrinsically robust to radiation, as
SiC JBS diodes and GaN HD-GITs exhibit variations in their electrical
characteristics at radiation levels much higher than our target values,
meaning that the radiation tolerance of the whole luminaire is bound to
that of the LEDs (i.e. > 5 years in the typical conditions of CERN tunnel
walls). Compliance with IEC 61000-3-2 standard for harmonic currents
can be achieved, for example, by using an AC line filter comprising
polypropylene capacitors and compact bobbin inductors, or by inserting
a valley-fill circuit with voltage doubler [75] between the diode bridge
and the DC/DC linear stage.

Electrical measurements have been performed on the proposed
power supply with a Chauvin Arnoux CA8335 power analyser and an
Agilent DSO6054A oscilloscope. The waveforms of Vigp, Vpc, Vg2 (the
voltage on R, resistor), and Vg, (the gate voltage of T,) in the range
Vac = 210 — 231 V are shown in Fig. 5; these voltages are also



A. Floriduz and J.D. Devine

indicated in Fig. 4. In addition, Fig. 6 provides an experimental sum-
mary of the data derived from the waveforms illustrated in Fig. 5. For
Vac ranging from 220 V to 231 V, the measured Vygp is constant in time
and almost insensitive to the value of Vp, as illustrated in Figs. 5a—e
and 6a, which shows the measured Vi gp and the measured average Vpc
values; as can been seen, Vigp only changes by 1 V from 294 V at
Vac = 220 Vto 295V at Vac = 231 V. Consequently, the measured I g
and lumen output &;gp of the LED string are also constant in time and
almost unaffected by changes in Vac; they respectively change from
81 mA to =75 mA and from 4100 Im to 3780 Im when V¢ goes from
220 V to 231 V (see Fig. 6b). The small increase in I;gp (and conse-
quently &;rp) with decreasing values of V¢ is caused by the reduction
in high-frequency noise (in the MHz range) superimposed on Vz, and
Vg2 which, as can be seen from Fig. 5a—e, depends on V¢ (and hence on
Vpc): in particular, as shown in Fig. 5Se, the noise amplitude steeply
reduces when the instantaneous value of Vpc becomes lower than
=300 V. Such reduction in high-frequency noise leads to a slight in-
crease in the average value of Vz,, which therefore translates into a
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small increase in Lrp and &rpp. We attribute this noise to the non-op-
timal layout of the DC/DC power supply board; in the future version of
the board, we will address this issue by optimizing the PCB design and
by implementing suitable filters in the DC/DC stage (like e.g. a capa-
citor across transistor T;). Moreover, we note that, in the considered
range of Vac, Vigp remains essentially constant in spite of the changes
in Igp; we attribute this insensitivity to thermal effects in the LEDs.
Since in the range 220-231 V I gp, is constant in time, the light output is
stable and without any flickering; for this reason, we define the power
supply to be working in “continuous” mode for Vac = 220 V. The
measured input active power at Vac = 231 V is 24.5 W; hence, the
prototype LED luminaire produces more light while absorbing less ac-
tive power than a standard 36 W fluorescent tube with magnetic ballast
(which typically emits 3350 lm). Despite the use of a linear topology,
the efficiency 5pc of the DC/DC power supply is sufficiently high, with
measured values higher than 89% for voltages between 220 V and
231 V (see Fig. 6¢). The efficiency npc is computed as Ppgp/
(Prgp + Pioss), where Prgp is the mean value of Vigp X Lgp and
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Fig. 5. Waveforms of Vi ip, (yellow traces), Vzo (green traces), Vpc (purple traces), and Vi, (magenta traces) at different values of Vac: (a) 231V, (b) 228 V, (c) 225V,
(d) 223V, (e) 220 V, (f) 218 V, (g) 215V, (h) 214 V, (i) 213V, (j) 210 V. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 5. (continued)

Pioss = Pr1 + Pra + P + Pro is the sum of the time-averaged power
losses on Ry, R,, Ty, and Ts, respectively; these power losses are shown
in Fig. 6d. In particular, the increase in npc occurring for Vac from
231 V to 220 V is mostly due to the reduction in Pr.

For Vac < 218 V, the instantaneous value of Vpc becomes lower
than the design value of Vigp (294 V) during every 10 ms cycle, and
when this occurs T; switches off and T is driven from the active to the
ohmic region, resulting in a discontinuous I;gp and hence a 100 Hz light
flickering (see Fig. 5f—j). For this reason, we term the operation regime
of the DC/DC power supply for Vac < 218 V as “discontinuous” mode.
We note from Fig. 6b that I;gp reaches its maximum at Vac = 218 V,
despite not being any more constant in time (cf. Vg, in Fig. 5f, which
presents short dips when T; turns off and T, works in ohmic region).
Such further increase in I gp is due to the additional reduction in high-
frequency noise. Then, [;gp steadily decreases for Vac < 215V, as the
average value of Vzo reduces due to the decrease in the average value of
Vpc (cf. Fig. 6a); in particular, Vi, contains longer dips during each
period and eventually, for Voc < 213 V, T; is always off and T5 works
in ohmic region during the whole duration of the period (see Fig. 5g—j)
with I1gp entirely determined by Vpc. From Fig. 6¢, we see that pc,
after reaching a maximum at 218 V, decreases for Vac < 215 V. The 5pc
maximum is caused by the further reduction in Pr,. The decrease in 5pc
for lower values of V¢ occurs because, even if Py, and Pr, are negli-
gible for Voc < 215 V and Py, decreases due to the reduction in I;gp,
Ppg; still maintains high values despite the drop in Vpc and therefore
becomes the leading term of the DC/DC power supply losses (see
Fig. 6d). Consequently, for Vac < 215 V, 5pc decreases due to the re-
duction in P;gp.

5. Conclusions

In order to evaluate their potential application as power transistors
in rad-hard LED power supplies for the new lights of CERN tunnels,
samples of Panasonic PGA26E19BA and PGA26E07BA HD-GITs have

been irradiated with 24 GeV/c protons at a fluence of 5.9 x 10'* p/
cm? We found only small variations in their electrical characteristics
upon irradiation. For example, Vy, increases on average only by
~11-13 mV after irradiation, due to negatively charged traps induced
by proton bombardment. I increases on average by 25-30% upon
irradiation due to increased defect density, thus enhancing hopping and
thermally assisted multistep tunnelling conduction between the elec-
trodes. The I;; — Vg5 curves of both types of HD-GITs do not show any
variation in R,,, and highlight a decrease in Iy at high V4, which should
be caused by reduced electron drift velocity at high electric fields due to
radiation-induced increase in phonon relaxation rate. In summary, GaN
HD-GITs present only limited variations in their electrical properties
after a fluence > 10 times larger than the LED lifetime. Finally, we
proposed a rad-hard LED power supply for lighting of CERN tunnels
using HD-GITs as power transistors, capable of meeting the require-
ments in terms of light quality; the radiation tolerance of the proposed
lighting system is essentially bound to that of the LEDs, thanks to an
accurate selection of its semiconductor components.
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the measured waveforms shown in Fig. 5.
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