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ARTICLE INFO ABSTRACT

Keywords: Al,Ga; 4N heterojunction FETs (HFETs) have been an eye catcher for high voltage power electronics with its
HFET potential to outperform the predecessors by virtue of high critical breakdown field of the material, which can be
AlGaN tuned by varying Al mole-fraction. In this work, we demonstrate Alj 23Gag 77N channel HFETs on bulk AIN with a
U‘,NBG . maximum drain current density > 300 mA/mm and a specific Rop, = 4 mQ-cm?>. A buffer electric breakdown field
High Voltage Power Electronics . . .

AIN >10 MV/cm was measured. A high voltage robustness comparison of Al 23Gag 77N channel HFETSs and thin GaN
HEMT HFETs close to their respective hard breakdown voltages is also concluded, which reveals the superior reliable

operation of Alg 23Gag.77N channel HFETSs up to 80% of hard breakdown voltages along with a consistent Ion/Iorr
ratio subsequent to 2000V voltage sweep.

1. Introduction

Insulated Gate Bipolar Transistors (IGBTs) and Metal Oxide Semi-
conductor Field Effect Transistors (MOSFETs) have been leading the
high voltage power electronics since decades delivering optimum per-
formances withstanding multiple kilovolts. In 2013, Wolfspeed, Inc.
(formerly CREE, Inc.) demonstrated the highest rated SiC IGBTs with an
active area 42 mm? with a breakdown voltage of 20.7 kV using a drift
layer of 160 um corresponding to a peak electric field of 1.58 MV/cm
[1]. This structural thickness eventually increases device footprint and
bulk in high voltage convertor modules. Nowadays, GaN high electron
mobility transistors (HEMTs) and SiC MOSFETs are leading the indus-
trial development of high voltage and radio frequency (RF) power
electronics with highest rated commercial devices available up to 1700V
and 325A with junction temperatures up to 423K [2]. However, for
lateral device architecture the critical electric field strength of these
materials are already at peak that is < 3.4 MV/cm, limiting their oper-
ation in multiple kilovolt regime. In the last decade, ultra-wide band gap
(UWBG) semiconductors such as AlGaN, AIN that can provide up to 15
MV/cm electric breakdown field have shown prominent candidacy for
the development of high voltage FETs paving a way towards thinner
heterostructures alongside reducing the overall device dimension.
Nevertheless, the increase in Al mole fraction in AlGaN channel even-
tually makes the contacts rectifying on applying the conventional
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Ti/Al/Ni/Au metal stack followed by rapid thermal annealing (RTA) <
800°C. First demonstration of Alg 53Gag 47N/Alg 38Gag.e2N HEMTs was
made by T. Nanjo et.al in 2008 with breakdown voltage of 1650V for
gate-drain spacing (Lgp) =10 um [3]. In 2019, Sandia National Labora-
tories, USA demonstrated extreme temperature operation of
Alg g5Gag.15N/Aly 7Gag 3N HEMTs with 58% reduction in DC output with
low leakage current at 500°C along with minimal loss in switching
current [4]. In 2021, I. Abid et.al, demonstrated AIN/AlysGagsN tran-
sistors withstanding up to 4300V with leakage current density below 1
pA/mm with Lgp= 40 pm.

Many different types of substrates such as sapphire, silicon, AIN etc.
have been utilized to grow high quality AlGaN channel heterostructures
and demonstrate their extreme voltage and temperature performances
for the next generation of power devices [5-7]. The major drawback of
AlGaN/AlGaN heterostructures is the poor electron mobility in the
2-dimensional electron gas (2-DEG) due to high alloy disorder scat-
tering, which brings low output currents at device level as compared to
GaN HEMTs. In 2022, a detailed study on the charge control and
transport properties of polarization induced 2-DEGs in AIN/AlGaN/AIN
double heterostructures with Al mole fraction up to 0.74 has been shown
by J. Singhal et al. giving an overview on alloy scattering based on
temperature dependent transport properties [8]. The quality of 2-DEG
also depends on the choice of substrate used for the epitaxy. Thus, the
2-DEG properties and overall crystal quality of AlGaN/AlGaN

Received 5 May 2023; Received in revised form 2 July 2023; Accepted 29 August 2023

Available online 30 August 2023

2772-6711/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:jashrinku.mehta@univ-lille.fr
www.sciencedirect.com/science/journal/27726711
https://www.elsevier.com/locate/prime
https://doi.org/10.1016/j.prime.2023.100263
https://doi.org/10.1016/j.prime.2023.100263
https://doi.org/10.1016/j.prime.2023.100263
http://creativecommons.org/licenses/by/4.0/

J. Mehta et al.

e-Prime - Advances in Electrical Engineering, Electronics and Energy 5 (2023) 100263

N 510 nm

Ah,,zaGa“'"

AIN Bulk

5.4 nm 4.96 nm

| RMS=076nm

Intensity (a.u.)

1000000 T T T T T T Iz
—— Sample_A IN
—— Sample_B
100000 g
10000 g
Alp 23Gag 77N
1000 GaN 4
Aly 3Gag /N
100 4 <
10 P
1 T 1
77 78
2-Theta (degrees)
(b.)

Fig. 1. (a.) Schematic cross sectional diagram of Aly 3Gag 7N /GaN and Alg ¢0Gag 40N/ Alp 23Gag 77N channel Heterostructures along with their respective AFM scans

and (b.) HRXRD /26 scans of GaN and AlGaN.

heterostructures may be improved by employing bulk AIN substrates. In
this study, we compare sub-micron GaN channel HEMT with
Alp 23Gag 77N channel HEMT fabricated on bulk AIN, analyze their
transfer and output characteristics along with their high voltage
operation.

High voltage reliability and robustness of FETs are critical pre-
requisites for pushing the devices towards real applications. Extensive
work have been done over the years on GaN HEMTs for RF and power
devices, to understand the trapping, de-trapping and material degra-
dation mechanisms using time dependent step stress measurement
technique [9-15]. For instance, 650 V lateral GaN power switching are
qualified by several industrials, but are significantly overdesigned
because of the absence of avalanche breakdown, which still plague large
volume market penetration. Therefore, enlarging the safe operating area
closer to the breakdown voltage enables reduced device dimensions for a
given voltage range. In this work, we experimentally demonstrate reli-
ability and robustness of these devices close to their hard breakdown
voltages, eventually evaluating safe operating voltages.

2. Structural Properties and Device Fabrication

The heterostructures were grown by ammonia source molecular
beam epitaxy (NH3-MBE) in a Riber Compact 21 reactor [16] on c-plane
Al-polar 2-in. diameter commercial bulk AIN substrate from HexaTech,
Inc. (AIN-10 series). First, a 90 nm and a 250 nm thick AIN buffer layer
was regrown in the 850-900°C temperature range for AlGaN channel
heterostructure and for GaN channel heterostructure respectively [17,
18]. Then, the growth temperature was reduced to 790-800°C for both
heterostructures to grow the remaining epilayers as shown in Fig. la.
Atomic force microscopy (AFM) confirms the smoothness of the surface
for both heterostructures with root mean square roughness (RMS) below

Table 1
Hall Effect measurements at room temperature.
Sample Sheet Resistance Mobility Concentration
[ohm/sq.] [em?/V.s] [em™2]
GaN channel 895 840 8 x 10'2
Alg 23Gag 77N 1550 342 1.18 x 103
channel

1 nm for scans on 2 x 2 um? and 10 x 10 um? areas. High-resolution
X-ray diffraction (HRXRD) analysis as shown in Fig. 1b indicates that
the strain relaxation rate of the GaN channel layer is limited to 71% and
the full width at half maximum (FWHM) of the (302) omega scan peak
corresponding to this layer is 0.7°. These results indicate that the GaN
thickness is not sufficient to efficiently filter the majority of threading
dislocations nucleated at the interface with the AIN buffer layer as
observed in a series of similar structures grown with GaN channel
thickness varying from 8 nm to 500 nm [17]. On the other hand, the
Alp 23Gag.77N channel HRXRD analysis reveals that the layer is almost
entirely strain relaxed (86% relaxation rate). The FWHM of the (302)
omega scan peak corresponding to this layer is 0.64°. Therefore,
Al 23Gag77N channel has slightly better crystal quality than GaN
channel heterostructure with less threading dislocations owing to the
smaller lattice mismatch strain with AIN combined with a larger thick-
ness. Furthermore, as the main part of dislocations is nucleated and bent
in the vicinity of the channel/AIN interface [17], one main difference
between both structures is that the thicker channel allows to increase the
distance between the 2DEG induced at the top of the channel and the
defective bottom interface.

Device Fabrication started by partially etching the AlGaN barrier in
both cases using BCl3/SFg chemistry with inductively coupled plasma
(ICP) etching followed by surface wet treatment using buffer oxide etch
solution. Electron beam evaporation of Ti/Al/Ni/Au contacts was per-
formed in a Plassys MEB550SL followed by a RTA of 825°C and 850°C
for GaN and AlGaN channel HFET, respectively. The devices were mesa
isolated by ICP all the way down to AIN substrate. Prior to e-beam
evaporation of Ni/Au gate contacts, a 30 nm SiN dielectric layer was
deposited by plasma enhanced chemical vapor deposition (PECVD) to
passivate the device surface. The Lgp in the mask is varied from 5-40 ym
whereas the gate length (Lg) is 3 um and the gate-source spacing (Lgs) is
2.5 pm. Finally, Ti/Au pads were evaporated concluding the metal
insulator semiconductor (MIS)-HFETs fabrication process.

3. Device Characterization and Results

Hall measurements were performed on wafer using Van der Pauw
pattern. The 2-DEG mobility of GaN channel device is as expected to be
degrading with channel downscaling due to increased scattering effects
and possible involvement of regrowth interface which is much closer to
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Transfer characteristics measured after each Vpg ramp Alg 60Gag 40N/ Alg.23Gag.77N channel MIS-HFETs with their insets showing gate leakage current density.

the 2DEG than AlGaN channel HFET [19]. The GaN channel HFET
showed around 840 c¢cm?/(V.s) for 100 nm thick channel, which is
typically above 1500 cm?/V.s for thick GaN channel [17]. The AlGaN
channel HEMTs deliver a decent electron mobility of about 340 cm?/(V.
s) with a 2DEG electron density in the range of 10'3 cm™2 as shown in
Table 1. High voltage electrical measurements were carried out using
Keysight BI505A Power Device Analyzer/Curve Tracer together with
Keysight N1268A Ultra High Voltage Expander Unit, with samples
immersed in fluorinert FC-40 to avoid arcing in air. The transfer char-
acteristics of the samples are shown in Fig. 2a at drain-source voltage
(Vps) = 10V along with their respective gate-leakage current charac-
teristics. It can be observed that the measured devices have low trapping
below gate as confirmed by the low hysteresis between forward and
reverse transfer characteristics. The output characteristics of GaN and
Alp 23Gag 77N channel HFETSs as shown in Fig. 2b, reveals a maximum
drain current density (Ips) of around 180 mA/mm and 320 mA/mm
respectively. The specific R, calculated at Vgs= OV in the linear regime
is around 4 mQ.cm? for transistors with Lgp= 5 um for both devices
despite the ohmic contact resistances that can still be optimized. Over
the last decade, many research groups are working towards the devel-
opment of different techniques such as graded contacts, doped barrier
contacts, various metal stack scheme to obtain ohmic contact resistance
as low as 1.9 x 1075 Q em? [20-22].

The AIN lateral breakdown characteristics for a 1 um contact spacing
with contact area of 100 um x 100 um is shown in Fig. 3a with an
electrical breakdown voltage mean value > 1000V for a leakage current
density < 10 pA/mm. The buffer breakdown field for both structures can
be seen in the inset of Fig. 3a as high as 10 MV/cm for low contact
spacing revealing the potential of UWBG materials. The AIN two ter-
minal breakdown characteristic with different contact spacing is shown
in Fig. 3b with breakdown voltages reaching 7kV for 63um contact
spacing, the inset diagram shows the mesa height of 380 nm and 620 nm

for GaN and Alp 23Gag.77N channel HEFTs respectively well inside the
AIN substrate.

The 3-Terminal breakdown characteristics (see Fig. 4a) shows that
the hard breakdown is initiated by gate-leakage current in both the
samples. Alg23Gag77N channel HFETs provides up to 4 times higher
breakdown voltage (Vggx= 2500V) than thin GaN channel HFETs for
large Lgp. Fig. 4b shows transistor blocking voltage variation with
different gate-drain spacing fixed at a gate leakage current density of
100 pA/mm. As expected, this reveals that Alg 23Gag 77N channel HFETs
hold 5 times more blocking voltage per micron than GaN channel
HFETs.

4. Robustness Test at High Voltages

We demonstrate an off-state stress experiment based on ramping Vpg
of transistors with Lgp= 40 pm close to the hard breakdown voltage for
GaN and Al 23Gag 77N channel HFETs. As shown in Fig. 5(a), the devices
were ramped up to multiple voltages in steps. The measurements were
repeated 30 times at each Vpg in order to stabilize the device off-state
leakage path and thus detect any device degradation. Each Vpg ramp
is completed within 20s. After each ramp, the transfer characteristics of
the devices were measured within 10s. It can be noticed that off-state
leakage current density is quite stable until Vpg ramp = 200V fol-
lowed by a two-fold increase in gate leakage current from Vpg ramp =
300V for GaN channel HFETs. This creates an irreversible gate current
leakage path (see Fig. 5b) checked after several weeks confirming the
permanent degradation which may be supported by the inverse piezo-
electric effects [10]. Al 23Gag 77N channel HFETs shows excellent per-
formance with stable device operation up to 2000V (close to hard
breakdown voltages) as shown in Fig. 5c. The superior robustness of
Alg 23Gag 77N channel HFETs under high voltages reflects the benefit of
using wider bandgaps.
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Considering the robustness test, a transistor voltage derating can be
derived based on defining the safe operating off-state blocking voltage
from hard breakdown voltage. The hard breakdown voltage for
measured GaN and Alg 23Gag 77N channel HFETs were 780 V and 2500 V
respectively. As shown in Fig. 6a, the safe operating off-state voltage for
the GaN and Al 23Gag 77N channel HFETs is defined at the voltage after
which the devices show degradation in off-state leakage current as
shown by the green lines. It can be observed that a 65% voltage derating
in thin GaN channel transistors is required for safe off-state operation.
On the other hand, Alg23Gag77N channel transistors show only 20%
voltage derating from hard breakdown voltage despite the lack of
maturity, which is even lower than the 30% voltage derating as seen in
state-of-the-art commercial GaN HEMTs and FETs [23,24]. The
maximum change in gate leakage current during robustness tests is
shown in Fig. 6b for multiple Vpg ramp voltages normalized at 100%
considering fresh devices. The Alg23Gag 77N channel HFETs shows
maximum change in gate leakage < 200nA/mm up to 2000V demon-
strating the stability of gate leakage current thus giving a highly stable
Ion/Iorr ratio (see inset of Fig. 6b). On the other hand, GaN channel
HFETs delivers significant leakage fluctuations from fresh device after
every Vps sweeps due to the generation of permanent leakage path.

5. Conclusion

AlGaN channel and GaN channel HFET heterostructures were grown
on bulk AIN substrates. HRXRD and AFM scans revealed the better
crystal quality and low surface roughness of Aly23Gag 77N channel
HFETs as compared to GaN channel HFETs owing to the lower lattice
mismatch with AIN substrate. Aly 23Gag.77N channel devices showed Ip
up to 320 mA/mm with specific Ry, as low as 4 mQ.cm? in the linear
regime despite drain/source ohmic contacts that can still be optimized.
The lateral breakdown measurements revealed high quality of AIN bulk
with critical breakdown field reaching 10 MV/cm for low contact
spacing. The transistor breakdown voltages scales with gate —drain
spacing for both devices. Alg 23Gag 77N channel devices reached hard
breakdown value up to 2500V against 780V for GaN channel HFETs. The
Baliga power figure of merit for the fabricated Aly 23Gag 77N and GaN
channel HFETSs is around 120 MW/cm? and 32 MW/cm?, respectively.
Interestingly, Aly 23Gag 77N channel HFET delivered robust performance
up to 2000V compared to GaN channel HFET showing permanent
degradation after ramping up to 300V. The robustness tests also confirm
the reliability of Alp23Gag 77N channel HFET with only 20% voltage
derating against more than 50% in the case of GaN channel HFETs. This
work confirms the interest of employing an AlGaN channel in terms of

high voltage robustness enabling safe operating off-state voltages much
closer to the hard breakdown than that GaN HEMTs.
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