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Abstract: The magnitude of saturation current in a power device significantly impacts its short circuit capability. In
conjunction with the unprecedented miniaturisation that GaN offers, there is a compelling rationale to examine this critical
parameter in GaN transistors for thermally stable and reliable power converter applications. This article presents a
comprehensive analysis of the physical behaviour that yields intrinsically low drain current saturation in GaN Polarisation
Super Junction (PSJ) HFETs. The analysis in this work has been performed using electrical characterisation data of
conventional and PSJ HFETs, supported by physics-based two-dimensional device simulations. Insight is gained on the

differing device architecture-dependent mechanisms that determine the magnitude of drain current density in both types
of devices when biased in the saturation region.

In the case of Polarisation Super Junction (PSJ), a ‘box’
like electric field is attained by engineering the polarisation
Gallium Nitride (GaN) power semiconductor devices property inherent to group IlI-V nitride compound
are emerging as chosen candidates for the next generation semiconductors and alloys with Wurtzite crystal structure.
advanced power electronics due to its superior intrinsic The basic device architecture is based on a GaN/AlGaN/GaN
material properties in comparison to Silicon (Si). One of the double hetero-structure where positive and negative
key challenges in the design of power semiconductor devicepolarisation charges of equal charge density coexist at the
is electric field management under off-state conditions suchalGaN (0001)/GaN (0001) interface with two-dimensional
that it provides the best trade-off between specific on-state|ectron gas (2DEG) accumulation and GARGAL)/AIGaN
resistance (Bv.A) and blocking voltage capability of the (oo01) interface with two-dimensional hole gas (2DHG)
device. This is typically accomplished in conventional gccymulation respectively. This has been illustrated
AlGaN/GaN HFETSs using field plates (FP) as illustrated in gchematically in Fig. 1 (b). With on-state characteristics as in

Fig. 1 (). conventional AlGaN/GaN HFETs utilizing the 2DEG for
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Fig. 1. Schematics and circuit model of device cross-section and simplified electric i#ldbudion under off-state

conditions (a) Conventional HFET (with/without FP{b) PSJ HFET
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Fig. 2. Simplified schemat-ic depiction of a short circuit
operating condition (Adapted from [9])

conduction, PSJ technology employs inherent charge balar
in the hetero-structure to enhance the blocking voltag
capability for a given drift length8l. As also demonstrated

in the circuit models of PSJ HFET, its base terminal can |
connected to source terminal internally to form a 3-termin
device and operates in the same way as conventional HFE

It has been observed in high voltage PSJ HFETS th
the drain saturation currentpl is less than half of the
magnitude of an equivalent conventional AlGaN/GaN HFE
with similar on-state characteristics [6]. This behaviour ca
prove useful in enhancing reliability and be leveraged i
power converter applications which demand robust shc
circuit performancé].

As illustrated in Fig. 2, during the operation of a powe
converter in an industrial environment, anomalous even
could inadvertently generate a short circuit across the lo
which is directly connected to the drain terminal of the powe
switching transistor. This condition results in the
simultaneous application of a high voltage{Vand a current
that is limited by the magnitude of theansistor’s drain
current at saturation. It leads to high power dissipation with
the device and can cause destructive failure if the faultis r
detected and cleared within the withstand time (in the ord
of microseconds typically) of the devit8.
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Fig. 4. Measured characteristics of (a) transfe¥ |

characteristics at p&10V  and derived

transconductance from (a).

(b)

The superior figuref-merit associated with a wide
bandgap semiconductor like GaN enables unprecedented
miniaturisation of devices and power management systems.
This critical attribute along with ultra-fast switching
capability of GaN devices mandates extremely fast-
responsive fault detection systems to keep the heat dissipation
during a short circuit under control. Huang et al., reported that
by operating at low on-state gate bias, the short circuit
performance in 650V AlGaN/GaN depletion-mode HFETs
could be improved from <0.5 ps to 30 ps in withstand time
and from 5 mJ to 85 mJ in energy tolerance, at a bus voltage
of 400 V114, However, such an approach will compromise
the efficiency due to an increase in on-state losses. Having
intrinsically low transistor saturation current to start with can
also alleviate the need to limit the current externally. The
physical mechanism that determines and vyields such a
characteristic in PSJ HFETSs has been examined in detail and
described in this work.

2. Device Fabrication

GaN/AlGaN/GaN heterostructure with layer thickness
of 20nm, 47nm and 800nm, respectively, was grown by
MOCVD on semi-insulating 6H-SiC substraté¥70um).
Drain and source electrodes (Ti/Al/Ni/Au) were deposited on
a selectively-etched AlGaN surface using ICP etching and
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| . 3. Electrical Characterisation Results
o
‘g’ Figs.3 (a)-(b) show micrographs and simplified cross-
] sectional schematics of monolithically fabricated
‘§ conventional HFET without FP @=3um, Les=3um,
§1E18- Lep=28.5um, Lps=34.5um, Width=50um) and PSJ HFET
2 —— Electron Conc. (Le=3pm, Les=3um, Lep=24.um, Lps=30.5um,
Hole Conc. Width=50um) respectively, used in this study.
i Amongst the co-fabricated conventional and PSJ
1E17 . r T r T T HFETs, those with equivalent geometrical and electrical
G0 902 084 000 008 040 09% Ol W characteristics were chosen for this evaluation. The devices
Position (um) L .
b are located within close proximity of each other and should
Fig. 6. (@) Energy Band Diagram (b) Carrie tr;]erefotre_ t_ShOV\f[t _bmtm(ljmtal dlffere_nce in . elec\t,Uc?l
concentration of PSJ HEET characteristics attributed to processing variations. Wafer-

level electrical characterisation was performed using Agilent
B1500A power device analyser. Measured transféf |-
in a two-step process with an initial deposition of thin Ni/Au characteristics and derived transconductance have been
on the p-GaN mesa layer (20nm) followed by a 500 °C anneakhown in Figs.4 (a)-(b) respectively. Both types of HFETs
in air (for ohmic contact to p-GaN layer/2DHG). This was have identical threshold voltage (V~ -2V). At Vps=10V,
followed by additional Ni/Au deposition to maintain for the conventional HFET, saturation starts at A*gs5V
continuity of metallisation from the surface of the mesa to 3nd reaches a drain current of 430mA/mm at Vgs=2V, while
pads. Gate electrode was formed using thermal evaporatioRaration starts at VgslV and reaches a drain current of
of Ni/Au (Schottky contact to 2DEG). Finally, SIN = 570mamm at vgs=2v for the PSJ structure at room
passivation layer was deposited using PECVD over thewmnerature when the base electrode is connected to ground
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Fig.5. demonstrates the reduction of the drain
saturation current with increasing temperature. As the
concentration of 2DEG is almost independent of the
temperature variation, the decre@seurrent can be largely
attributedto reduction in 2DEG mobility, increased contact
resistance between device metal contact and increased
phonon related scatteritig.

i
)

Bt 4. Numerical Simulation Results and Analysis
Physics-based two-dimensional device simulations
were performed using Silvaco ATLAS. The physical models
included for simulation of the on-state characteristics were
POLAR (spontaneous polarisation), CALC.STRAIN
(piezoelectric polarisation), SRH (Shockley-Read-Hall,
carrier generation-recombination), and FLDMOB (field
dependent mobility) to model electron mobility [14]. The
energy band diagram and concentration of carriers (thermal
equilibrium) within the drift region composed of the
GaN/AlGaN/GaN double heterostructure (to be referred to as
the PSJ region henceforth) of the PSJ HFET have been shown
in Figs. 6 (a)-(b).
GaN - The geometry of simulated structures was set based on
g f : 3 il 3 i T the actual design and processing parameters used for the
b fabricated devices. However, it is to be noted that the
objective of this simulation study was to gain an insight on
the physical mechanisms at play rather than fitting the exact
experimental results. The p-GaN layer (under the base
electrode) within the simulated PSJ structure was defined as
a uniformly doped p-type region with a doping density of 3 x

09

L0

Fig. 8. Electron concentration ap¥=10Vand és=1V
(a) PSJ HFET (grounded base) (b) Conventional HFET

18 r r T T 15 10' cmi®. This definition accounts for incomplete ionisation
_ """ngg::....,,- ‘:\ e and an activation of 1% within physical GaN structures doped
T 10d e f “eetesang,,, | 112 with Mg concentration of 3 x 28cnt3 at 300K [15]. The rest
219 A " a?feﬁﬁ’ of the regions were defined as undoped. Thickness of the
2 13__'_523"_' O il \.I. I, = AlGaN layer in conventional HFET was set as 20 nm. AlGaN
g0 | e ; s thickness in PSJ HFET was set as 47 nm in the PSJ region
§ € and as 20 nm in the remaining access region between source
S0 - ! - — 1 8 and drain electrodes. Al mole fraction in the AlGaN layer was
5 o RO fixed as 23% in both structures. Simulated transf& I-
§ o i 13 characteristics as well as derived transconductance at
i Vps=10V, have been shown in Fig. 7 and appear to be

generally aligned to the measured characteristics.
10°7 2 3 4 5 60 The differences observed such as simulated value of
Position (um) Vn being ~ - 3 V (instead of - 2V for the actual structures),

Fig. 9. Profiles of electron concentration (closed symbc  and generally higher normalised values of drain saturation
and potential (open symbols) along the AlGaN /G current can be attributed to non-ideality (AlGaN thickness in
interface at ¥s=10V and \és=1V the access regions post ICP etching and corresponding impact
on 2DEG concentration, finite contact resistance.) that is
potential PSJ HFET also shows reduced transconductance aintroduced during physical processing of the structures.
higher temperatures. Based on TLM characterisation of test structures within the
As can be observed from Figs.4 (a)-(b), linearity of the proximity of the devices, the specific contact resistance was
drain current over a wider range oty in conventional estimated to be in the range @0*10° ohm.cnf. I-V
HFETs translates to a higher magnitude of peak characteristics are essentially determined by the distribution
transconductance £ compared to that of a PSJ HFET. It of charge carriers (2DEG density) that are available and
should be noted that although having a high transconductancdependence of their transport characteristics under a given
can be useful during power switching; it is a more critical biasing condition. In order to understand the different drain
parameter for radio frequency (RF) applications that requirecurrent saturation characteristics between the conventional
the transistors to operate primarily in the saturation region.and PSJ HFETSs, carrier distribution within the structures
Trade-off between transconductance characteristics anwunder various bias conditions was examined. Electron
obtaining ideal charge balance condition within the device concentration within the simulated structures a§?V and
has been previously reported in Superjunction LDMOS onVps=10V, have been shown in Figs. 8 (a)-(rofiles of the
thick-SOI technology for RF applicatioH$!. electron concentration and electric potential along the AlGaN
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structures at =8V and \6s=1V

(0001)/GaN (0001) interface (ataé=1V and \bs=10V) have
been shown in Fig. 9.

region. This is observed in both conventional and PSJ HFET.
However, in PSJ HFET, substantial depletion of electrons
from the 2DEG is also observed under the PSJ region
(GaN/AlGaN/GaN double heterostructure). Compared to the
thermal equilibrium conditions, 2DEG density at the drain-
side edge of the PSJ region reduces by more than an order of
a magnitude at M = 10 V under grounded base condition.
As described in the earlier section of this article and as also
shown in Fig. 6 (b), the PSJ region has inherent charge
balance under thermal equilibrium in the GaN/AlGaN/GaN
double heterostructure where positive and negative
polarisation charges of equal charge density coexist at the

AlGaN (0001)/GaN (0001) interface with two-dimensional

electron gas (2DEG) accumulation and G&RQ01)/AlGaN
(0001) interface with two-dimensional hole gas (2DHG)
accumulation respectively. Although there is no metallurgical
junction, a PN junction is formed effectively by the 2DHG
(p-region) and 2DEG (n-region) intrinsically separated by a
thin AlGaN layer (< 50 nm). Under high drain bias conditions,
when the base (p-region) is connected to ground, the n-region
formed by 2DEG is biased to a high potential, leading to a
condition like reverse biasing ofRN junction. The reverse
biasing occurs non-uniformly within the PSJ region (causing
quasi-vertical depletion of carriers) as most of the drain-
source potential (¥s) drops along the PSJ region (as shown
in Fig. 9). Due to this, the magnitude of pinch-off that occurs
at drain-side edge of the gate is not as much as observed in
conventional HFET where drain-source potentialpd]V
primarily drops along the channel. In both cases, asi¥/
increased, electrons depleted due to pinch-off are replenished
only in the channel region. At this poing $aturates, as
further increase in %s leads to forward biasing of the
Schottky gate. In the case of PSJ HFETS, electrons depleted
in the PSJ region are not modulated by the gate electrode, and
saturation ofg with a low magnitude is primarily determined

by this physical behaviour.

The simulated output characteristics and temperature
dependence of drain current saturation behaviour with
variationin temperature from 300K to 450K are presented in
Fig. 10 and Fig. 11 respectivelyThe results are closely
aligned to experimental results within the measured
temperature range. While both structures show reduced
current level at higher temperatures, PSJ HFETSs are expected
to show superior saturation characteristics also at elevated
temperatures

Simulated breakdown characteristics and potential
distribution along the lower AlGaN/GaN interfacd a
conventional HFET (with Gate FP) and the PSJ HFET are
shown in Fig. 12 and Fig.13 respectivebthough only a
single approach has been shown for comparison here, the
authors recognize that there is no single method of designing
high voltage GaN HFETs using met@Ps. The techniques
can vary from using just Gate FP to including Source and
Drain FPs as well as optimised combinations. dégee of
device processing complexity varies depending on the
adopted technique. With the scenario considered for
numerical simulations, for a given drift length, significantly
higher breakdown voltage can be achieved using PSJ without
employing any metal EPThis makes PSJ technology based

It can be observed from Fig. 8 and Fig. 9 that the GaN power devices ideally suited for existing and emerging

channel (region under the gate electrode) gets pinched-off ehigh temperature power electronic applications.
the drain-side edge of the gate when biased into the saturation
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5. Concluding Remarks

The ability to sustain and respond to inadvertent fau
events during operation without compromising functionalit
and maintaining overall performance, is a key element th
governs the health and long-term reliability of a powe
management system. Although the intelligence embedded
the fault detection and protection systems is crucial i
achieving this, inherent power semiconductor devic
capability can be instrumental in devising innovative high
performance system level solutions. Polarisation Sup
Junction (PSJ) is a proven technology for developing ultri
high-performance power semiconductor devices in Gal
Attributed to its intrinsic design is also the capability to limit
the drain saturation current density to levels that are almc
half the magnitude of what is obtained in a conventioni
AlGaN/GaN HFET that can be achieved withou
compromising the normal on-state characteristics. Tt
resulting enhancement in short-circuit capability ca
therefore be leveraged in the overall system-level desic
This work presents a comprehensive analysis of drain curre
saturation behaviour in GaN PSJ HFETs combining electric
measurement data with the results of detailed physics-bas
device simulations.
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