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Abstract—pGaN Gate HEMTs are promising normally-OFF
transistors for which the use of magnesium (Mg) doping allows the
modulation of the threshold voltage (Vth) but at the cost of an ON-
state resistance (Ron) degradation. In this study, we propose
rigorous TCAD simulations that describe the Mg doping impact on
both electrical parameters (Vth and Ron) in agreement with
experimental data. We emphasize the importance of TCAD as an
additional tool to optimize this Vth-Ron process-window
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I. INTRODUCTION

The AlGaN/GaN High Electron Mobility Transistor
(HEMT) is an attractive structure for the realization of greener
converters in multiple domains. With wide band gaps, high
critical fields, the capability of high temperature operation,
GaN and its alloys allow the emergence of power devices with
aggressive scaling that enable high frequency power
conversion. A specific feature of the HEMT structure is the
presence of a two dimensional electron gas (2DEG) that
naturally occurs at the AIGaN/GaN heterojunction and which
presents a high carrier mobility combined to high carrier
density [1-2]. Nonetheless, in virtue of the 2DEG induced by
piezopolarisation, conventional HEMT are normally-on
devices. Several architectures have been recently proposed to
design normally-off GaN devices. Among them, Fluorine-
implanted MIS-HEMTs allow to obtain positive threshold
voltage [3]. Additionally, MOS-channel HEMTs have been
studied to obtain accumulation of even inversion channels in
the gate region [4]. Although these two structures have
appealing features, they face the challenge of the fabrication of
a robust and reliable MIS or MOS gate on a II-N
heterojunction. In this paper, we propose to study the pGaN
Gate HEMT that uses an epitaxial p-type gate material on the
heterojunction to reach positive threshold voltage [5-7]. We
first detail the principle of this architecture and the role of the
p-type dopant. The main objective of this paper being the gate
stack optimization of such a device by TCAD, we then
describe how to introduce the Magnesium dopant in our
simulations. We also present an in depth analysis of the
incomplete ionization mechanism inherent to the Magnesium
activation energy which is a deep acceptor. In the last part of
this paper, the Vth-Ron trade off evolution as a function of
Magnesium doping, AlGaN thickness and AlGaN mole
fraction is clearly exposed and explained. Finally TCAD is
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confronted to experimental data and is shown to be in good
agreement for various gate stacks.

II. INTEREST OF MAGNESIUM FOR PGAN GATE HEMT

When an AlGaN layer is grown on a GaN layer, positive
surface charges at the AlIGaN/GaN heterointerface are created
due to spontaneous and piezoelectric polarizations (in the case
of Ga face orientated crystal). A triangular potential well with
a two dimensional electron gas (2DEG) is induced to
compensate this positive charge, making a conventional
AlGaN-GaN HEMT normally-ON (Fig.1 black).
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Fig. 1: Conduction band energy for an 18nm/18% AlGaN barrier and different
pGaN configurations. Vg=0V. Schottky gate contact with Wf=4.5eV.

The pGaN Gate HEMT is an architecture that enables a
normally-OFF device through the addition of a pGaN layer on
the AlGaN barrier [5-7]. At the pGaN/AlGaN heterointerface,
a negative polarization charge is created that shifts the
conduction band upwards, thereby participating in the
depletion of the underlying 2DEG (Fig.1 red). Moreover,
Gallium Nitride possesses an important electron affinity (4.1
eV) which in combination to p-type doping and its wide band
gap also lifts up the conduction band at the AlGaN/GaN
interface (Fig.1 blue). From an integration point of view, it is
common to grow the Mg doped pGaN layer over the whole
wafer and form the gate post epitaxy [7-9]. This means that
diffusion of Mg through the AlGaN barrier and the GaN



channel have to be considered over the entire device. The
advantage of the use of Mg in the gate stack to modulate the
Vth can therefore become a drawback in the access region and
impact the Ron [8]. Through this study we show the
importance of TCAD environments to optimize pGaN Gate
HEMTs, in particular the need of a rigorous description of the
Mg doping to address the Vth-Ron couple.

III. MAGNESIUM SIMULATED PROFILE AND INCOMPLETE
IONIZATION

The simulated pGaN Gate device is represented in Fig. 2,
which also specifies its dimensions. It is considered as an ideal
device with, for example, no sheet resistance degradation
induced by pGaN etching in the access regions or ideal contact
resistances. In the case of an 18nm/18% AlGaN barrier capped
with a pGaN layer containing an Mg dose of 1.10' cm™, the
TCAD Mg profile has been calibrated on an acquired Mg
SIMS profile. Indeed, assuming that all the Mg atoms are on
substitutional sites and that the activation annealing has
removed all hydrogen passivation, SIMS can be used to
describe TCAD Mg doping profiles (Fig. 3 red). Note that
such profiles are described through an analytical expression
that depends on the Mg dose and that the same analytical
expression is used independently of the AlGaN barrier
(thickness and composition). It is illustrated in Fig. 3.
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Fig. 2: Simulated device architecture
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Fig. 3: TCAD doping Mg profiles for various Mg dose.
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The Mg activation energy is assumed to be the same in GaN
and AlGaN with an acceptor state at 170meV from the valence
band [7]. Because Mg is a relatively deep acceptor in III-N
semiconductors, the incomplete ionization is taken into
account through a Fermi-Dirac distribution as indicated in the
following equation and illustrated in Fig. 4 in the case of
acceptors [10].
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Fig. 4: Fermi-Dirac distribution describing the concentration of ionized
impurity atoms (N,') in the case of acceptors with N the substitutional
acceptor concentration, g, the degeneracy factor for the impurity level, E4 the
acceptor activation energy. Illustration: fraction of ionized dopant as a
function of the Fermi energy (Ea=170meV).

Fig 5 & 6 show band structures, simulated Mg doping profiles
and calculated ionized Mg profiles for sections perpendicular
to the electron transport in the access region and in the gate
region at zero bias (sections are represented in Fig 2). In the
access region (see Fig. 5), Mg dopants are fully ionized in the
AlGaN layer due to the built electric field, whereas in the GaN
layer a compensation mechanism and low Mg concentration
allows to account for, again, complete ionization. Note that the
position of the Fermi level, close to the conduction band at the
vicinity of the heterojunction, is in clear agreement with total
ionization of acceptors (Ea — Epermi << 0). In the gate stack
(see Fig. 6), 4 regions can be distinguished: (i) close to the
AlGaN/GaN interface, the arguments raised previously apply
the same way and full ionization is observed once again (ii)
close to the pGaN/AlGaN interface, where a negative
polarization charge plane is present due to spontaneous and
piezoelectric polarizations, one observes that the Fermi level
drops to the valence band and Mg ionization becomes
negligible (Eo — Eremi > 0). At this interface, we see an
accumulation of holes mainly coming from thermal generation
from the wvalence band that compensates the negative
polarization charge; (iii) at the metal/pGaN interface, the gate
workfunction (Wf=4.5¢V) is lower than the pGaN
worfunction, therefore electrons transit from the metal to the
pGaN where they recombine with holes thus creating a
depletion region at equilibrium. The resulting large electric
field induces a complete ionization of Mg; (iv) in the middle
of the pGaN layer, where the Fermi level is mainly influenced
by p-doping, the Mg is partially ionized (about 4% for
[Mg]=1.10"cm™ at 300K) with a concentration of holes
equals to the Mg ionized concentration.
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Fig. 5: Band structure, Mg doping, ionized Mg concentration, electron density
and hole density extracted in the access region at Vgs=Vds=0V.
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Fig. 6: Band structure, Mg doping, ionized Mg concentration, electron density
and hole density extracted in the gate region at Vgs=Vds=0V.

IV. VTH-RON TRADE-OFF

Electrical simulations were performed using Synopsys S-
Device module [11]. The piezoelectric polarization strain
model with Vurgaftman values [12] is used to take into
account the piezo-polarisation effect. A mobility model
including phonon scattering (with pma=1500 cm?/(V.s) for
electrons in GaN), doping dependent mobility degradation and
high field saturation is assumed. Figure 7 show variations of
electron density extracted from the access region (ns) as a
function of Vth. Figure 8 show variations of Ron as a function
of Vth. For these two figures a pGaN Gate HEMT with an
18nm thick AlGaN barrier containing 18% of Aluminum and a
pGaN layer doped with an Mg dose of 1.10' cm™ is taken as
reference. When the Aluminum content or the AlGaN
thickness increase, the electron density (ns) at the AlIGaN/GaN
interface increases and therefore the Ron decreases.
Consequently, it is more difficult for the gate to deplete the
channel resulting in a Vth decrease. When the Mg dose
increases, the conduction band is shifted upwards resulting in
a decrease in ns and an increase in Ron and Vth.
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Fig. 7: ns variations as a function of Vth for different AlGaN barrier
thicknesses, AlGaN barrier compositions and Mg doses in the pGaN.
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Fig. 8: Ron variations as a function of Vth for different AlGaN barrier
thicknesses, AlGaN barrier compositions and Mg doses in the pGaN.
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The AVth-ARon trade-off obtained by TCAD simulations is
compared with experimental measurements on Fig. 9. An
overall good agreement is demonstrated. We thus validated the
relevance of our TCAD approach for the simulation of the
gate stack of a pGaN Gate HEMT in order to optimize the
Vth-Ron trade-off.

V. CONCLUSION

In this study, TCAD simulation is proposed as an
additional tool to optimize the gate stack of the pGaN-Gate
HEMT in a Vth-Ron trade off point of view. The Mg doping
profile from the pGaN was introduced into a TCAD
simulation by comparison with a representative SIMS profile.
A rigorous investigation of the incomplete ionization of Mg is
proposed through the analysis of the band structure in the gate
stack and in the access regions. Clear explanations are given
about the evolutions of the Vth-Ron trade-off as a function of
the Magnesium doping dose, the AlGaN thickness and the
AlGaN aluminum mole fraction. Finally TCAD is shown to be
consistent with experimental data obtained on various gate
stacks. We show thereby the relevance of TCAD as a powerful
and reliable tool to define an optimized process-window to
adress the trade-off between Vth and Ron.
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