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A novel p-GaN gate GaN high-electron-mobility transistor (HEMT) with an AlGaN buffer layer and hybrid dielectric
zone (H-HEMT) is proposed. The hybrid dielectric zone is located in the buffer and composed of horizontal arranged HfO,
zone and SiNy zone. The proposed H-HEMT is numerically simulated and optimized by the Silvaco TCAD tools (ATLAS),
and the DC, breakdown, C-V and switching properties of the proposed device are characterized. The breakdown voltage
of the proposed HEMT is significantly improved with the introduction of the hybrid dielectric zone, which can effectively
modulate the electric field distribution in the GaN channel and the buffer. High breakdown voltage of 1490 V, low specific
on-state resistance of 0.45 mQ-cm? and high Baliga’s figure of merit (FOM) of 5.3 GW/cm?, small RonQoss of 212 mQ-nC,
high turn-on speed 627 V/ns and high turn-off speed 87 V/ns are obtained at the same time with the gate-to-drain distance

Lgq of 6 um.

Keywords: GaN HEMT, breakdown voltage, high-permittivity dielectric, low-permittivity dielectric

PACS: 73.40.Kp, 73.61.Ey, 78.30.Fs, 77.22.Ch

1. Introduction

Gallium nitride (GaN) high electron mobility transis-
tors (HEMTs) based on AlGaN/GaN heterojunctions have
attracted a great deal of attention recently owing to their
better characteristics, i.e., high mobility, high-electron satu-
ration velocity, and high breakdown voltage (BV).['>! For
power electronics applications, GaN HEMTSs are more attrac-
tive compared with silicon-based power devices because of
their higher critical breakdown electric field and higher cur-
rent driving capability.[®”] For safe-failed operation and sim-
ple drive circuits, designs of normally-off GaN devices are
essential,[®°! and several techniques to realize normally-off
GaN devices have been proposed like thin AlGaN barrier, !
fluorine implantation,[!!! trench gate.['?! Recently p-GaN gate
technique has become the most prevalent method to achieve
normally-off GaN HEMTs,!'3-13] and based on this tech-
nique several high breakdown voltage GaN HEMTs with
high breakdown voltage and high switching speed have been
released.!'®!71 As far as we know for p-GaN gate GaN
HEMTs the highest average breakdown electric field and fig-
ure of merit (FOM) are 1.4 MV/cm and 3.9 GW/cm?.['%! The
highest turn-on speed (dV 4,/ dr) for GaN power devices as we
know is 267 V/ns (with f, of 1.2 ns),['8] and the highest turn-
off speed for GaN power devices as we know is 285 V/ns (with
tp of 1.12 ns).[10

Although many efforts have been taken to p-GaN gate
GaN HEMTs to obtain high breakdown voltage and high
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switching speed, there is still huge space to promote GaN
HEMTS’ breakdown and switching performances. Indeed sim-
ilar with conventional normally-on GaN HEMTs, under off-
state breakdown conditions p-GaN gate GaN HEMTs also face
the problem of electric field crowding at the drain electrode
or gate electrode. One usual method to admire the electric
field crowding is field plate technique, ! however it could in-
troduce an additional parasitic capacitance and could result in
the degradation of the switching performances of the devices.
Another usual method to solve the problem of electric field
crowding is AlGaN back barrier technique,''”! however the av-
erage breakdown electric field strength is still far from reach-
ing the GaN’s critical breakdown electric field (3 MV/cm).
To improve GaN HEMTs’ breakdown voltages and
switching speeds a novel GaN HEMT with p-GaN gate, Al-
GaN buffer and high-k/low-k hybrid dielectric zone structure
is proposed, simulated and optimized. Owing to the difference
of relative permittivity of HfO, and SiN, the hybrid dielectric
zone structure could modulate the electric field distribution
in the channel to be more uniform under breakdown condi-
tions, thus the BV of the proposed H-HEMT can be signifi-
cantly promoted. In addition, the back barrier produced by the
AlGaN buffer can also improve the confinement of the two-
dimensional electronic gas (2-DEG) and modulate the elec-
tric field distribution, which can further improve the break-
down voltage and switching speed. The numeric simulation of
the proposed device is conducted using the Silvaco tools (AT-
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LAS), and during the simulation the polarization model, low
field mobility model, high field mobility model and Selber-
herr’s impact ionization model are comprehensively consid-
ered. To obtain the switching performances of the proposed
device a hybrid simulation based on Silvaco tools is also es-
tablished. For comparison, a GaN HEMT with p-GaN gate
and GaN buffer (Conv HEMT) and a GaN HEMT with p-
GaN gate and AlGaN buffer (A-HEMT) are also simulated and
analyzed. With proper design and optimization the proposed
H-HEMT possesses 1ow Ron,sp, high breakdown voltage, high
Baliga’s figure of merit (FOM) and high switching speed at
the same time, demonstrating a great prospect in power elec-
tronics applications.

2. Device structure and simulations
2.1. Device structure and fabrication process

Figure 1 shows the device structures of the conventional
p-GaN gate GaN HEMT (Conv HEMT) with GaN buffer
(Fig. 1(a)), the p-GaN gate GaN HEMT (A-HEMT) with
Alg25Gag 75N buffer (Fig. 1(b)), and the proposed p-GaN gate
GaN HEMT (H-HEMT) with Aly,s5Gag 75N buffer and hy-
brid dielectric zone (Fig. 1(c)). For the proposed H-HEMT
the buffer is composed of the Alj,5Gag 75N, HfO, zone and
SiN, zone, and the interface of HfO,/SiN, is set between gate
and drain. The width of HfO, zone and SiN, zone are set as
1 um and 1.5 pum, respectively. For all the three kinds of de-
vices in this study the Al composition of the AlGaN barrier,
doping concentration of the p-GaN layer, and the gate width
were all set as 0.26, 3x10'7 cm™3 and 1 mm, respectively.
Other main structural parameters of the three devices are set
as the same and their ranges are listed in Table 1. For the pro-
posed H-HEMT the location of the HfO/SiN; interface (Lg;),
distance between the hybrid dielectric zone and GaN channel
(T:), gate-to-drain distance Lyq have been optimized.

Table 1. Main parameters of the proposed GaN HEMTs.

Parameters ~ Units  Values Parameter captions
L pm 1 Length of source electrode
Ly pHm 1 Length of gate electrode
Ly wm 1 Length of drain electrode
Lg; pm 1-5 Gate-to-interface distance
Lygs pHm 1 Gate-to-source distance
Lgg wm 5-20 Gate-to-drain distance
Tp—Gan nm 110 Thickness of p-GaN layer

Toar nm 15 Thickness of AlGaN barrier
Ten nm 85 Thickness of GaN channel
Touft pm 2 Thickness of buffer layer
Tei wm 0-2 Al composition of Al,Ga;_,N

The fabrication process of the proposed H-HEMT can be
the same as that of the reported p-GaN gate GaN HEMT with
AlGaN buffer.[?”) The p-GaN/AIGaN/AlGaN heterostructures

are grown by MOCVD on Si substrates. Ohmic source

and drain contacts are defined and metalized after selectively
plasma-etching a p-GaN cap layer, except for the gates. The
devices can be isolated by nitrogen implantation and can be
passivated with plasma-enhanced chemical vapor deposition
(PECVD) SiN,. Then the Si substrate beneath the high-k/low-
k hybrid dielectric zone is removed by SF¢ plasma etching to
make the AlGaN buffer exposed. A partial AlGaN buffer is re-
moved by BCl3/Cl, gas plasma to the designed location. Then
PECVD SiN, would fill the etched AlGaN zone and be par-
tially etched as design, after which the high-k dielectric HfO,
is deposited in the etched SiN, zone.

Yy GaN channel

[ GaN buffer

YY GaN channel

[ Alp25Gag.7sN buffer

15 nm

\ GaN Ichannel 85 nm
= | L ; —— | Tci
|
|
Alo25Gao.7sN buffer

Tour] | SiN

W ymll.s
pml.5pn

Fig. 1. Schematic figures of the Conv HEMT (a), A-HEMT (b) and the
proposed H-HEMT (c). S: source, D: drain.

2.2. Simulation models and calibration

The proposed devices have been simulated and opti-
mized using Silvaco TCAD tools (ATLAS), and during the
simulations the Shockley—Read-Hall model (SRH), Fermi—
Dirac model, polarization model, low field mobility model,
high field mobility model (velocity saturation mobility model)
and Selberherr’s impact ionization model are adopted. In
the unintentional doped GaN buffer or AlGaN buffer ac-
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ceptor trap with energy level of E. = 0.5 eV and concen-
tration of 1x10'7 cm~3 is inserted.?!) A normally-on GaN
HEMT fabricated and measured by us??! is used to calibrate
the simulations for the proposed devices. The normally-on
GaN HEMT is composed of Si substrate, 3-um-thick GaN
buffer layer, 100-nm-thick GaN channel layer, and 15-nm-
thick Alp»3Gag 77N barrier layer, 20-nm-thick LPCVD SiN,
as gate insulator, source electrode, drain electrode, gate elec-
trode and 150-nm-thick PECVD SiN, as surface passivation
layer. For the fabricated normally-on GaN HEMT the gate
width (Wy), gate length (L, ), gate-to-source distance Lgs and
the gate-to-drain distance Lgq are 250 pm, 2 pum, 2 pm,
and 2 pm, respectively. The normally-on GaN HEMT has
been fabricated using the regular GaN fabrication process in-
cluding mesa isolation, source and drain electrode deposition
(Ti/AlNi/Au), gate insulator deposition (LPCVD SiN,), gate
electrode deposition (Ni/Au) and surface passivation (PECVD
SiN,). The normally-on GaN HEMT has been simulated using
the Silvaco ATLAS tools and the models discussed above are
adopted to calibrate the simulation model and parameters. The
simulated normally-on GaN HEMT has a threshold voltage of
—7.8 V, which is consistent with the experimental results. 22!
The output characteristics of the measured and simulated re-
sults for the GaN HEMT are shown in Fig. 2. The simulated
results show great fitting accuracy compared with the mea-
sured results, demonstrating the good accuracy of the simula-
tion models we used for GaN HEMTs.

500 ©® measured in Ref. [16]

/é\ simulated
g [Ves=—8 V to —2\/..-'
g 400 fstep=—1V T eee cee 0000 000
< 300 o
= s e o o v ¥
£
3 200_ - an 0008 6 O o e 0000 e O
8
© 100 ce® ® © 00 0cs000 0000 s0000e
A L
0 I ! .
0 2 4 6 8 10

Drain voltage/V

Fig. 2. Experimental and simulated output characteristics for the
normally-on GaN HEMT after calibrating the simulation models.

2.3. Device-circuit hybrid simulation for switching proper-

ties

To characterize the switching performances of the pro-
posed device, a device-circuit hybrid simulation system based
on Silvaco has been established. The hybrid simulation sys-
tem is composed of two parts, i.e., static part and dynamic
part. The simulation is firstly conducted with the static part
to get the initial static results, and then the initial static results
are loaded in the dynamic part as preliminary solutions. The
circuit used for the switching simulation is shown in Fig. 3,
in which the 0.2 mH inductance acts as the load and the diode

acts as the freewheeling diode. During the simulation the static
part is obtained when the device is biased by 0 V gate voltage
and 400 V drain voltage. In the transient part the gate driver
signal is a voltage pulse signal with period of 1 ps (1 MHz and
duty ratio of 50%). In the simulation, 7. and #; are defined as
the times for Vg to climb from 10% to 90% and decline from
90% to 10%, respectively.

0.2 mH L Zdiode C) Vae (400 V)

GaNN device
50

Vin (pulse)

(VY

Fig. 3. Schematic figure of the electric circuit used for the hybrid simu-
lation for switching performances of the GaN HEMT devices.

3. Results and discussion
3.1. DC properties

Figure 4(a) shows the simulated electron concentration
distributions in different zones for the Conv HEMT, A-HEMT,
H-HEMT (T;; = 0) and H-HEMT (T; = 50 nm) under zero
bias (Vgs =0V, Vg = 0 V). The A-HEMT and proposed H-
HEMT with AlGaN buffer or hybrid AlGaN buffer have bet-
ter confinement for 2-DEG in the GaN channels. The H-
HEMT (7; = 50 nm) has better 2-DEG confinement than the
H-HEMT (T;; = 0), because for the H-HEMT (T;; = 0) the Al-
GaN back barrier between GaN channel and the high-k/low-k
hybrid dielectric zone is gone. Figure 4(b) shows the extracted
electron concentration distributions along the GaN channel,
where Y is fixed at 15 nm. The A-HEMT and H-HEMTs have
slightly lower electron concentration in the GaN channel than
that of the Conv HEMT, which would make them to undertake
higher off-state drain voltage with slight sacrifice of output
current.

The simulated transfer and output properties of the Conv
HEMT, the A-HEMT and the proposed H-HEMT devices are
shown in Figs. 5(a) and 5(b), respectively. For the Conv
HEMT, the threshold voltage Vi, is 1 V, which is consistent
with the reported results of the p-GaN gate GaN HEMT.!!7]
Owing to the Al 5Gag 75N back barrier the Vi, values of the
A-HEMT, H-HEMT (T; = 0) and H-HEMT (7T; = 50 nm)
Vin are increased to 1.8 V compared with the Conv-HEMT.
For the Conv-HEMT, the A-HEMT, H-HEMT (7; = 0) and
H-HEMT (T; = 50 nm), the saturation current densities at
Ves =3 V are 0.62 A/mm, 043 A/mm, 0.41 A/mm and
0.41 A/mm, respectively. Extracted from Fig. 5(b) the spe-
cific on-state resistance (Ron,sp) of the Conv-HEMT, the A-
HEMT, H-HEMT (T;; = 0) and H-HEMT (T; = 50 nm) are
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identified as 0.4 mQ-cm?, 0.45 mQ-cm?, 0.45 mQ-cm? and
0.45 mQ-cm?. Compared with the Conv-HEMT the Ronsp 18
slightly increased for the proposed H-HEMT. However, the
Ron sp for the proposed H-HEMT is still lower than that of the
reported GaN HEMTs. [23:24]

Al2Gag 4N barrier

(a) GaN channel

Electrons/cm-?
=185

Conv HEMT—» 167

GaN buffer

H-HEMT—
Ti=0

H-HEMT o
T =50 nm

Alg.26Gag. 74N barrier
(b) p-GaN GaN channel
SiN ] SiN,

3x101

2X1019 i Lga =06 pm, Thy=2 pm

Vae=0V, V=0V

Electron concentration/cm=3

1011
—— Conv HEMT
10%0 ~__A-HEMT
109 - H-HEMT T;=0
108 -~ H-HEMT Ty;=50 nm
01 2 3 4 5 6 7 8 9 10

Fig. 4. Electron concentration distributions in the whole device (a) and along
the GaN channel where Y = 15 nm for the HEMT devices (b).
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Fig. 5. Transfer properties (a) and output properties (b) of the GaN
HEMT devices.

3.2. Breakdown properties

During the breakdown simulation the gate is biased by
a —3 V voltage to shut down the devices, and the off-state
breakdown voltage is defined as the drain voltage Vg, @l =
1 pA/mm. Figure 6 shows the electric field distributions
between gate and drain for the GaN HEMT devices under
breakdown conditions. For the Conv HEMT the electric field
in the buffer is concentrated near the gate electrode (about
2.4 MV/cm), and the electric field in the other buffer zone is
as low as 0.4 MV/cm. For the A-HEMT the electric field in
the middle of the buffer was elevated to be about 1.4 MV/cm.
For the proposed H-HEMT the electric field in the HfO, zone
is higher than the electric field in the SiN, zone. According to
Gauss’s law the horizontal electric fields in the HfO, zone E;
and in SiN, zone E; have a relationship as follows:

& E1 =8k, (1)

where € and & are the relative permittivity for HfO, and
SiN,, respectively. Due to the difference between €; and &,
there is a discontinuity of the horizontal electrical field at the
HfO,/SiN, interface, which can be seen in Fig. 6. The high
electric field in the SiN, zone would elevate the electric field
in the GaN channel above the SiN, zone, thus the electric field
in the GaN channel could be modulated to be more uniform
which could improve the BV of the H-HEMT.

gate drain Electric field

p-GaN G MV/cm
4 MV/ecm
GaN channel 3 MV/em

0.4 MV/ecm 2 MV/em

Conv HEMT 1 MV/em

GaN buffer

GaN channel 26MV/em 2.2 MV/cm

A-HEMT

1.4 MV/em

75N buffer
1.2 MV/em

26MV/em

2 MV/em

1.4 MV/c
GaN channel

H-HEMT 1.2 MV/cr

0.4 MV/cm

A]0_35Gao_75N buffer HfO,

Fig. 6. Electric field distributions between gate and drain for GaN
HEMT devices under breakdown conditions.

Figure 7(a) shows the electric field distributions along the
GaN channels extracted from Fig. 6 under breakdown condi-
tions for GaN HEMT devices with different buffer structures.
It can be seen that for the Conv HEMT and the A-HEMT the
electric field crowding phenomenon is observed. For the Conv
HEMT the electric field crowding is near the gate edge, but for
the A-HEMT the electric field peak near the gate edge is weak-
ened and another higher electric field peak is generated at the
drain edge similar with the experimental results.['”] As shown
in Fig. 7(a) for the proposed H-HEMT the HfO,/SiN, struc-
ture could introduce an electric field peak in the GaN channel

127701-4



Chin. Phys. B Vol. 29, No. 12 (2020) 127701

above the Al,Ga;_,N/Al,Ga;_,N interface, and the electric
field distribution along the channel becomes more uniform.
Figure 7(b) shows the simulated off-state breakdown curves of
the GaN HEMTs with different buffer structures. Simulated
breakdown voltage (BV) for the Conv HEMT, the A-HEMT
and the proposed H-HEMT is identified as 500 V, 817 V and
1490 V, respectively. Compared with the Conv HEMT and the
A-HEMT devices the proposed H-HEMT shows higher break-
down voltage and maintains a relative small Ry sp, demon-

strating its great superiority for power electronics applications.

5
s | (a) —s—Conv HEMT
g —e— A-HEMT
O 4 —a—proposed H-HEMT
<
E L
= 3k
=
e L
)
= 21
2
= [ HfO3/SiN, interface
g 1
€

gd =6 pm, Ty =06 pm
50 nm, Lg=4.5 ym
L 1 L 1 L 1 L 1

1 1 1
2 3 4 5 6 7 8 9 10

ci

X /pm
—6
10 Lgq=6 pm, Thu=6 upm

= 10-7 Tei=50 nm, Lg=4.5 um *
z _
= T

—8
S‘/ 10
< I\
2 107K —a—Conv HEMT 1
® —e—A-HMET
5 10-10f —a—proposed H-HEMT
3 i
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@)

1 1 1 1 1 1 1
800 1200 1600

Drain voltage/V

1 1 1 1
0 400

Fig. 7. Simulated breakdown curves (a) and electric field distributions
along the GaN channels (b) for GaN HEMT devices under breakdown
conditions.

Breakdown voltages for the proposed H-HEMT with dif-
ferent locations of the HfO,/SiN, interface have been simu-
lated to obtain the optimal value of L. Figure 8(a) shows
the electric field distributions along the GaN channels for the
proposed H-HEMT devices with different Ly under break-
down conditions. When Lg; is smaller than 4.5 um the electric
field peak near the gate is weakened compared with the Conv
HEMT (Fig. 8(a)), and the electric field peak near the drain is
also weakened compared with the A-HEMT (Fig. 8(a)). When
Ly; is 5 um the electric field distributions along the GaN chan-
nel is similar to that for the A-HEMT, and the influence of the
hybrid dielectric zone on the electric field distributions can be
neglected. The most uniform electric field distributions for the
GaN channel are obtained when Ly; is 4.5 pm, for which the

electric field crowding near the gate and drain are not signifi-

cant and the electric field between the gate and drain is close
to be flat. Figure 8(b) shows that the highest BV (1490 V) is
obtained for the proposed H-HEMT with L,; of 4.5 um, thus
the optimal value of Ly; for the proposed H-HEMT with Lyg of
6 um is identified as 4.5 pm.

Electric field/(MV/cm)

1600 —m—proposed H-HEMT (b)
L d:6 pm, Tbuff:2 pum
1400 Ti =50 nm
> 1200
Z
>
M 1000f
l\././.
800N A-HEMT BV =817 V
600 / Conv HEMT BV =500 V

0 1.0 2.0 3.0 4.0 5.0 6.0

Lgi/um

Fig. 8. Electric field distributions along GaN channels (a) and BV of
the proposed H-HEMT devices (b) versus Lg;.

The distance between the top surfaces of the hybrid di-
electric zone and the bottom of the GaN channel has also
been optimized to obtain higher BV. As shown in Fig. 9(a)
with given values of Lg;, the electric field strength near the
gate is decreased with the increase of T;. The electric field
strength near the drain is increased with the increase of T,
which means that the modulation of the electric field would
be weakened with large Ti;. When T¢; is O the hybrid dielec-
tric zone surfaces are contacted with the bottom of the GaN
channel, for which the AlGaN back barrier between the GaN
channel and the hybrid dielectric zone is gone. The electric
field peak is transferred from the drain edge to the HfO,/SiN,
interface when Tg; is O, thus it is better for the T; to be larger
than 0. Figure 9(b) shows the simulated BV for the proposed
H-HEMT devices with different T;. It can be seen that the
highest BV (1490 V) is obtained with T; of 50 nm. Therefore
the optimal value of T is identified as 50 nm considering the
breakdown properties.

For the proposed H-HEMT when the gate-to-drain dis-
tance Lyq is increased the optimal value of Lg; is also increased,
and the optimal L; for the H-HEMT with different Lyq has
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also been simulated and identified as Lyj = Lgg — 1.5 um. Fig-
ure 10 shows the simulated BV, Ry, p and calculated FOM for
the proposed H-HEMT devices versus Lgq, where the Ly; is set
as the optimal value and T;; is set as 50 nm. It can be seen that
the breakdown voltage of the proposed H-HEMT increases lin-
early with the increase of Lgq, and when Lyq is increased from
5 pm to 20 um the BV is increased from 1200 V to 3600 V.
The trade-off between BV and Roy s is usually characterized
by the figure-of-merit (FOM) of BV2 /Ron,sp, and the FOMs
for the proposed H-HEMT devices with different Lsq have
been calculated as shown in Fig. 10. The value of FOM main-
tains higher than 4 GW/cm? when Lgq increases from 5 um to
20 um, and the FOM is as high as 5.3 GW/cm? for the pro-
posed H-HEMT with Lgg of 6 um.

Lga=6 pm, Thug=2 pm A (a
4N 45 um 1ntcrf?c_o§'l_?<,_“\l( )
g 74 \'.\\\

3 e A\
~ ,,»'l Vs,
> 3F LAY
= {/ LN
< -
% 2F . - Tci =0
2 ingrease of Ty _ _ -7 =50 nm
9 T =200 nip
-
B 1 =--=T¢ =300 nrh
B Y T.i =400 nth
= ol - = -T,;=1000 nm

%ﬂ —-—=-T,=1500 nm
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Fig. 9. Electric field distributions along the GaN channels (a) and break-
down voltages (b) for the proposed H-HEMT devices versus Tg;.
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Fig. 10. Simulated breakdown voltages, Ron,sp and FOM (BV2 /Ron,sp)
versus Lgq for the proposed H-HEMT devices.

Figure 11 shows the benchmark plot of BV versus Roy sp
for the Conv HEMT, A-HEMT and the proposed H-HEMT
devices. The H-HEMT shows great superiority of high break-
down voltage and low on-state resistance compared with the
Conv HEMT and the A-HEMT devices. Other reported results
for GaN devices are also compared as shown in Fig. 11,[25:20]
and compared with other reported results the proposed H-
HEMT devices also show good trade-off between BV and
Ronsp. With little sacrifice of the Ronsp the hybrid dielectric
zone structure could effectively modulate the electric field dis-
tributions in the buffer and the GaN channel, thus the BV and
FOM of the H-HEMT is significantly improved. Therefore the
proposed H-HEMT shows great prospect in power electronics
applications due to its high breakdown voltage and low on-

state resistance.

10 —#— proposed H-HEMT
I Si limit m Conv HEMT

A A-HEMT

Ref. [24] Ref_[2]

O Ref. [17]

@ Ref. [16]
Ref. [26]@ Lg=154.5 un

[y

u GaN limit

Ron,sp/m-cm—2

[}
Ref. [25]

[ Lga=6 um, T; =50 nm
Thour=2 pm

0.1 NP
100 1000

BV/V
Fig. 11. Benchmarking the BV and Ry, sp for the proposed H-HEMT

devices compared with the Conv HEMT, A-HEMT and other reported
results for GaN HEMTs.

10000

3.3. The C-V and switching properties

The C-V characteristics of the three HEMTSs have been
simulated and the results are shown in Fig. 12. The three inter-
electrode capacitances Cgs, Coq and Cys are simulated, and they

are converted into Cigs, Coss and Cyg by!?7!

Ciss = Cgs +ng7 Coss = ed +Cas, Ciss = ad- )

During the C-V simulations, gate voltage (Vys) is set as
0V and frequency f; is set as 1| MHz. As shown in Fig. 12(a),
the Cigs values of the Conv HEMT, the A-HEMT, and the pro-
posed H-HEMT are 0.12 pF, 0.11 pF, 0.09 pF and 0.095 pF,
respectively, at Vgs = 0V and Vg5 = 400 V. Compared with the
Conv HEMT the Cig of the proposed H-HEMT at Vg3 =400 V
is slightly lower due to the electrons in the GaN channel de-
pleted by the AlIGaN back barrier.

Similar to Ciss the Coss and Ciss of the H-HEMT are
slightly lower than that for the Conv HEMT at V4 = 400 V.
Output charge Qqss can be derived from the Cogs—Vys charac-
teristics shown in Fig. 12(b) by the integration of the Cyss from
0 V to 400 V, and the calculated Qs of the Conv HEMT,
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the A-HEMT and the H-HEMT are 0.03 nC, 0.033 nC and
0.047 nC, respectively. The figure of merit of RonQoss for the
H-HEMT is identified as 212 mQ-nC, which is much lower
than that of 940 mQ-nC reported in Ref. [16]. The degree of
the decrease of the Cigs (from 0 V to 400 V) for the proposed
H-HEMT is larger than that of the Conv HEMT, which means
more significant depletion zone extension for the H-HEMT,
thus the proposed H-HEMT could undertake higher break-
down voltage and have higher switching speed. The C-V re-
sults indicate that the proposed H-HEMT shows great prospect
in power switching applications due to its small Cig, Cogs and
RonQoss-

—s—Conv HMET (a)
—o— A-HEMT

—a—proposed H-HEMT
Lga=6 pm, Thupr=2 pm
Ves=0V, fo=1 MHz

Clss/pF

0 100

300 400

200

Drain voltage/V
10
—s— Conv HMET (b)
—e— A-HEMT
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= V=0V, fs=1 MHz
5
Q?
0.1
. 1 1 1 1 1 1 1 1
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—e— A-HEMT
1E —a—proposed H-HEMT
Lgg =06 pum, Tiu=2 pm
By Ves=0V, fi=1 MHz
£
£ 0.1
Q
0.01

200 300 400
Drain voltage/V
Fig. 12. Simulated C-V results of the Conv HEMT, the A-HEMT, and

the proposed H-HEMT, where (a) refers to Cig, (b) refers to Coss and
(c) refers to Cis.

0 100

Based on the hybrid simulation shown in Fig. 3 the
switching performances of the HEMTs have been simulated at
1 MHz switching frequency. Figure 13 shows the Vs, Vys and

I4s waveform during turn-on and turn-off processes. It can be
seen that the H-HEMT has smaller turn-on time and smaller
turn-off time compared with the Conv HEMT. The # and #
and the switching speed dV 4, /dt are extracted from Fig. 13,
as listed in Table 2. The Conv HEMT has ¢, of 1.26 ns similar
to the reported results in Ref. [16], and the #; is reduced to as
small as 0.51 ns for the proposed H-HEMT (with dV . /d¢
of 627 V/ns). For the H-HEMT, # is also significantly re-
duced compared with the Conv HEMT, and the dV,/dz is
still as high as 87 V/ns for the H-HEMT at 1 MHz switch-
ing frequency. The calculated switching loss extracted from
Fig. 13(a) for the Conv HEMT, A-HEMT and H-HEMT are
50 mW, 11 mW, and 11 mW, respectively. With optimiza-
tion of Ly, Tt and Ly the proposed H-HEMT possesses high
breakdown voltage (1490 V), low Ropsp (0.45 mQ~cm2), low
RonQoss (212 mQ-nC), high turn-on speed (627 V/ns) and high
turn-off speed (87 V/ns) at the same time, demonstrating its

great prospect in power electronics applications.
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Fig. 13. Simulated turn-on waveform (a) and turn-off waveform (b) for
the Conv HEMT, the A-HEMT, and the proposed H-HEMT.
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Table 2. Turn-on and turn-off speeds of the GaN HEMTs.

HEMT te dVygs/dt (turn-on) tr dVys/ dt (turn-off)
Conv HEMT 1.26 ns 254 V/ns 38.43 ns 8.33 V/ns
A-HEMT 0.49 ns 653 V/ns 3.02 ns 106 V/ns
Proposed H-HEMT 0.51 ns 627 V/ns 3.66 ns 87 V/ns
Ref. [18] (200 kHz) 1.2 ns 266 V/ns - -
4. Conclusions [10] HanP C, Wu C H, Ho Y H, Yan Z Z and Chang B Y 2019 31st IEEE

A novel p-GaN gate GaN HEMT with AlGaN buffer and
high-k/low-k hybrid dielectric zone is proposed and optimized
using the Silvaco TCAD simulation tools. During the sim-
ulations the DC, breakdown, C-V, and switching properties
of the proposed H-HEMT have been characterized, and the
Lgi, Tp and Lgq have been optimized. High breakdown volt-
age of 1490 V, low on-state resistance of 0.45 mQ-cm? and
high Baliga’s figure of merit of 5.3 GW/cm?, small RopQoss
(212 mQ-nC), high turn-on speed (627 V/ns@1 MHz) and
high turn-off speed (87 V/ns@1 MHz) are obtained at the same
time for the proposed GaN H-HEMT with Lgg of 6 um, Ly; of
4.5 um, T; of 50 nm. Compared with the Conv HEMT BY,
turn-on speed, turn-off speed of the proposed H-HEMT is in-
creased by 990 V, 373 V/ns, and 78 V/ns, respectively.
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