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In this study, a novel AlGaN/GaN power rectifier with an integrated lateral composite buffer diode (IBD-Rectifier) for reverse blocking
capability improvement is proposed and investigated by Sentaurus simulations (this paper includes only simulated data and no real
experimental result). AIGaN buffer layer under the anode is adopted to realise great high reverse blocking capability. A minimum turn-on
voltage of 0.6 V and a maximum breakdown voltage (BV) >1.3 kV are simultaneously obtained in the IBD-Rectifier, resulting in a high
Baliga’s figure of merits BVZ/R(,n,Sp (Ron,sp s specific-on resistance) of ~3000 MW/cm?. In comparison with MIS-gated hybrid anode
diode and conventional schottky barrier diode, the IBD-Rectifier delivers an excellent theoretical method to achieve superior performances

in high-efficiency GaN power applications.

1. Introduction: The III-V semiconductors are capable to be
applied in high-efficiency power electronics because of their
high-electron mobility, high-critical electric field, and wide
bandgap [1-5]. Among the power rectifiers based on -V
semiconductor materials, AlGaN/GaN power rectifier are
promising candidates to meet the demands of next generation
high-power applications [6]. Rectifiers with low-turn-on voltage
(V1) and high-breakdown voltage (BV) are required for
minimising the static power consumption [7]. High V't and low
BV are two major limitations of conventional schottky barrier
diode (conv. SBD). In recent years, tremendous efforts have been
made on developing novel structures and optimising the
performances of AlGaN/GaN power diodes [8§-20]. Meanwhile,
great attention has been attracted to replace GaN with AlGaN as
a buffer layer in order to obtain a high BV, which has been
demonstrated in HEMTs [21].

To further improve the BV, a novel high-reverse blocking
AlGaN/GaN power rectifier with an integrated lateral composite
buffer diode (IBD-Rectifier) is reported and investigated by
Sentaurus simulations (this paper includes only simulated data
and no real experimental result). AIGaN buffer layer under the
anode leads to a normally-off state because the polarisation
charge density at AlGaN-barrier/AlGaN-buffer interface is
reduced. AlGaN buffer which has the wider bandgap contributes
to the enhancement of the BV. Meanwhile, anode consisting of
ohmic contact and metal-isolator-semiconductor (MIS) structure
ensures a low Vp. Thus, AlGaN/GaN lateral composite buffer
layer is designed as an integrated diode. A minimum Vt of 0.6 V
and a maximum BV >1.3 kV are achieved. Therefore, the proposed
IBD-Rectifier with a high Baliga’s figure of merits (BFOM)
BV2/R0n,Sp (Ron,sp s specific-on resistance) of ~3000 MW/cm? pro-
vides with an excellent theoretical method to cater for the demands
of high-efficiency GaN power applications.

2. Structures and models: Fig. 1a is the schematic cross section of
the IBD-Rectifier structure model in simulations. The IBD-Rectifier
features that AIGaN material is used as the buffer layer under the
anode. The hetero-structures consist of a 25 nm Aly3Gag,N
barrier layer, a 1 um GaN buffer layer and 1 um AlGaN buffer
layer. The Al content of AlGaN buffer layers (Xg) is 0.13, 0.14,
and 0.15, respectively. A 50 nm nitride layer and a 10 nm HfO,
dielectric layer are also included. The IBD-Rectifier is able to be
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modified as an enhancement-mode transistor in the future. As
comparison, MIS-gated hybrid anode diode (MG-HAD) which
has been reported in [11] and conv. SBD are built as shown in
Figs. 1b and c, respectively. In addition, metal work function and
area factor are 5.1 eV and 1000 in simulations, respectively. The
line A and the two-dimensional-electron-gas (2DEG) channel are
also marked for future function (X-coordinate and Y-coordinate
are given in Fig. 1). Acceptor-like traps at three interfaces of
hetero-structures are also taken into consideration. A sheet
density of 5 x 10'* cm™ and an activation energy of 0.7 eV with
respect to the conduction band minimum (Ec) are adopted by
referencing [22, 23]. Meanwhile, it has been demonstrated that
AlGaN buffer layer has relative worse crystal quality because of
its high Al composition [24]. Thus, the amount of the traps in
AlGaN buffer layer (8 x 10'®cm™, Ec —1.5eV) is larger than
GaN buffer layer (4x10'®em™, Ec—1.3¢V) in simulations.
Material parameters of AIN and GaN are needed for input file.
The material parameters provided by Sentaurus material database
include lattice parameters, piezoelectric polarisation settings,
dielectric constants, lattice heat capacity, thermal conductivity,
hydro parameters, bandgap, mobility models, and recombination/
generation models. The lattice mismatch generated by strain
relaxation of materials could lead to a reduction of polarisation
charges. In piezoelectric polarisation settings, strain relaxation
degree of 0.2 is adopted to simulate the lattice mismatch of the
hetero-interface [25]. AlGaN material settings are able to be
proportionally calculated by the quantities of AIN and GaN.

At the interfaces of heterojunction, the total polarisation charge o
is given as follows [25]

o = Pgp(Buffer) — Pgp(Barrier) 4+ Pp(Buffer)
— Ppy(Barrier) 6y

where Psp(Barrier) and Psp(Buffer) are the spontaneous polarisa-
tion degrees, Ppz(Barrier) and Ppz(Buffer) are the piezoelectric po-
larisation degrees. The interface of two kinds of buffer layers is not
affected by polarisation-induced charges since the direction of this
hetero-interface is perpendicular to the polarisation direction [26,
27]. Ec profiles along the line A (the line A is marked in
Fig. la.) in IBD-Rectifiers are illustrated in Fig. 2. Ec is higher
than the Fermi level (Ef) under the forward voltage (V§) of 0 V.
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Fig. 1 Structure schematics of the simulation models with cathode-anode
distance of 8 um

a IBD-Rectifier

b MIS-gated hybrid anode diode (MG-HAD)

¢ Conventional SBD (Conv. SBD)
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Fig. 2 Ec profiles along the line A in the IBD-Rectifier with V=0V
and 3V

Different Xg corresponds to different Ec distributions, which is
caused by different polarisation degrees. For high X devices, Ec
at the interface of barrier/buffer is higher than that of devices
with low Xp because of the relative poor polarisation effect.
When applied Vg exceeds the threshold voltage of the
AlGaN-barrier/AlGaN-buffer interface, Ec begins to fall below
the Er and the device turns to on-state.

3. Results and discussions: The simulated forward characteristics
are plotted in Fig. 3. The Vr is defined as the Vg when the
forward current reaches 1 mA/mm. The simulated V1 of the
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Fig. 3 Forward characteristics
a Compared devices and the IBD-Rectifier with Xz =0.13
b IBD-Rectifiers with different Xg

MG-HAD (0.6 V) is in agreement with the experimental data
[11]. Turn-on voltages of the IBD-Rectifiers are obtained as
follows: 0.6, 0.9 and 1.3 V. V¢ of the IBD-Rectifier is determined
by the threshold voltage of the AlGaN-barrier/AlGaN-buffer
interface and could be modulated by changing Xg. Ec profiles
along 2DEG channel are illustrated in Fig. 4. Ec of 2DEG
channel in the MG-HAD is lower than that of the other two
devices when applying Vg, resulting in a relative higher forward
current. It is worth noting the depth of the 2DEG channel E¢ in
MG-HAD and the IBD-Rectifier with Xg=0.13 is closed, which
reveals the IBD-Rectifier devices have satisfying forward
performance as good as MG-HAD.

Fig. 5 demonstrates the 2DEG channel E¢ distribution of the
IBD-Rectifiers around buffer-buffer hetero-interface, together
with the equivalent circuit of the IBD-Rectifier. AlGaN/GaN
lateral composite buffer layer is designed as an integrated diode.
A low Vr makes this diode turn to on-state. When applying high
reverse voltage (Vr), the integrated diode holds the most reverse
voltage and the device will be disabled just once its breakdown.

The simulated reverse characteristics are illustrated in Fig. 6. The
BV is defined as the Vg when the reserve current reaches 10 pA/mm.
BVs are obtained as follows: 60, 510 1320, 1700 and 1830 V. The
BV of MG-HAD is calibrated by referencing the experimental data
[11], BVs (@10 nA/mm) of MG-HAD with cathode-anode distance
of 5 and 10 um are ~430 and 850 V, respectively). In this Letter,
cathode—anode distance of 8 um is adopted to ensure the conver-
gence of the calculation. High BVs (>1.3kV) of the
IBD-Rectifiers is superior than that of MG-HAD and conv. SBD.
Electric field distribution profiles along the 2DEG channel at
BVs, electrostatic potential distributions at BVs, and the total
current density distributions with Vx=500V are shown in
Figs. 7-9, respectively. The reverse blocking of the IBD-Rectifier
is dominated by the leakage current between the two ohmic contacts
through GaN buffer that bypassing the well depleted channel.
Compared with GaN material, AlGaN material which has
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Fig. 4 Ec profiles along the 2DEG channel
a Compared devices and the IBD-Rectifier with Xg=0.13
b IBD-Rectifiers with different Xg
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Fig. 7 Electric field distribution profiles along the 2DEG channel at BVs
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Fig. 9 Total current density with reverse voltage of 500 V
a IBD-Rectifier with X3=0.15
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wider bandgap leads to the lower carrier density. As a result, the
width of depletion region is longer in the IBD-Rectifier when apply-
ing high V. The extension of the depletion region contributes to
suppress the leakage current, significantly reducing the electrostatic
potential sharply and increasing the breakdown electric field peak
around cathode-side anode edge. A higher V'y is required to reach
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breakdown criteria (10 pA/mm) in the IBD-Rectifiers. For the
IBD-Rectifier with higher X, AlGaN buffer with wider bandgap
further suppresses the leakage current meanwhile makes an en-
hancement on BV. Therefore, the reverse blocking capability of
the IBD-Rectifiers is significantly improved.

The IBD-Rectifier achieves a maximum BFOM of ~3000 MW/
cm?, which means that the IBD-Rectifier with low Vy and high
BV shows great potential in high efficiency GaN power applica-
tions. The fabrication of the IBD-Rectifier could be realised by ref-
erencing metal organic chemical vapour deposition selective
growth technique [28, 29] in the future.

4. Conclusion: A novel high-reverse blocking AlGaN/GaN power
rectifier with an IBD-Rectifier is presented and investigated by
Sentaurus simulations (this paper includes only simulated data
and no real experimental result). The IBD-Rectifier has a high
BV (>1.3kV) meanwhile a low turn-on voltage as low as
0.6 V in simulations. A maximum BFOM BVZ/ROH,Sp (Ron,sp 18
specific-on resistance) of ~3000 MW/cm? is achieved. The results
demonstrate a new theoretical method to realise a low turn-on
voltage and great high reverse blocking by integrating a lateral
composite buffer diode, which is capable to be applied for
designing high efficiency GaN power devices prospectively.
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