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An AlGaN/GaN HEMT with enhanced breakdown and a near-zero
breakdown voltage temperature coefficient”
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An AlGaN/GaN high-electron mobility transistor (HEMT) with a novel source-connected air-bridge field plate (AFP)
is experimentally verified. The device features a metal field plate that jumps from the source over the gate region and lands
between the gate and drain. When compared to a similar size HEMT device with a conventional field plate (CFP) structure,
the AFP not only minimizes the parasitic gate to source capacitance, but also exhibits higher OFF-state breakdown voltage
and one order of magnitude lower drain leakage current. In a device with a gate to drain distance of 6 pm and a gate
length of 0.8 pm, three times higher forward blocking voltage of 375 V was obtained at Vgs = —5 V. In contrast, a similar
sized HEMT with a CFP can only achieve a breakdown voltage no higher than 125 V using this process, regardless of
device dimensions. Moreover, a temperature coefficient of 0 V/K for the breakdown voltage is observed. However, devices
without a field plate (no FP) and with an optimized conventional field plate (CFP) exhibit breakdown voltage temperature

coefficients of —0.113 V/K and —0.065 V/K, respectively.
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1. Introduction

AlGaN/GaN heterojunction high electron mobility tran-
sistors (HEMTSs) have been under extensive investigation be-
cause of their projected superb performance as high power
switching devices,!"!!l including low on-resistance, high
breakdown voltage (BV), and high temperature operation. In
order to fully develop the potential of HEMTSs and suppress
the current collapse effect, it is important to suppress the drain
side gate edge electric field strength.!>!3] Recent work has
placed emphasis on improving the OFF-state blocking capa-
bility without introducing process complexity and parasitics.
Field plate (FP) structures have been shown to be effective
in enhancing the breakdown voltage and reducing Cyq for sil-
icon power devices.'¥ However, for commercially RF pro-
cess, only a limited breakdown voltage improvement can be
obtained with conventional FP structures due to the undesir-
able thickness of the SiN passivation (e.g., 150 nm). Based
on such a thin SiN passivation thickness, the FP is less effec-
tive. Boutros et al!'! fabricated an HEMT with a source FP
length of 0.7 um which can provide a breakdown voltage of
only 200 V. In addition, the source-connected FP structure re-

duces Cgq, but at the cost of a slight increase in Cgs, especially
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for long gate length.['6]

On the other hand, a negative temperature coefficient of
the breakdown voltage is one of the main hindrances to putting
the devices into real high power/high temperature applications.
Temperature related breakdown behavior has been studied by
many groups. Kotani et al. attributed the negative temperature
coefficient of breakdown voltage to electron hopping at the Al-

171 However, our recent investigation suggested

GaN surface.
that the negative breakdown voltage temperature coefficient is
mainly attributed to the native or generated traps/defects gate
tunneling and electric field induced hot electron injection from
the gate metal to the channel.[8]

In this paper, a novel source-connected air-bridge field
plate (AFP) is introduced to achieve high breakdown voltage
even with a very thin SiN passivation of 150 nm in an RF pro-
cess. HEMT devices with a conventional source-connected
FP over an SiN layer of the same thickness were also fabri-
cated for comparison purpose. Fabrication results indicated
that the proposed air-bridge devices exhibit a 3x improve-
ment in OFF-state breakdown voltage and show a near-zero
breakdown voltage temperature coefficient when compared to

devices with CFP and no FP devices.
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2. Device structure and simulation model

Devices with CFP and AFP are shown in Fig. 1, where
Lpp and Ly are the length of the CFP and the length of air-
bridge footprint, respectively. Lgr is the distance between the
gate edge and the air-bridge footprint. Figure 1(c) shows the
SEM view of the fabricated novel AFP HEMT. All the HEMTs
with no FP, CFP, and AFP feature the same physical device
dimensions. In the simulation, the Al mole fraction in the
AlGaN layer was 0.28. The thickness of the SiN passivation
layer is 150 nm. A sheet carrier density of 1.1 x 1013 cm~2
caused by the piezoelectric and polarization dipole was mod-
eled along the upper side of the AlGaN/GaN interface to
define the 2DEG sheet carrier concentration. According to
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Fig. 1. (color online) Cross-sectional view of the proposed HEMT
structure: (a) with a CFP, where Lgp is the FP length. (b) AlIGaN/GaN
HEMT with novel AFP, where Lgr, Lm, Lgp are the gate-to-air-bridge
field plate distance, air-bridge footprint width, and gate-drain distance
(drift region), respectively. (c) SEM view of fabricated novel AFP
HEMT.

the Chynoweth!'®! impact ionization model and Monte Carlo
simulation of the impact ionization in wurtzite GaN, the im-
pact ionization model in our simulation is

kn
o = oy exp l (?) ] : (1)

where (i, and F¢, are the impact ionization rate and critical
electric field for electrons, respectively. The same formula
can be obtained for holes. Electron ionization rates and hole

1 and

ionization rates can be calculated to be 2.6 x 108 cm
4.98 x 10% cm ™!, respectively. Critical electric fields for elec-
trons and holes can be calculated to be 3.42 x 107 V/cm and
1.95 x 107 V/cm, respectively, and these were used in the sim-
ulation.

Traps with a maximum concentration of 1 x 10'* ¢cm™3
and a relative energy level of 1.1 eV were also assigned to
model the semi-insulating substrate to suppress parasitic sub-
strate conduction. Electron mobility of 1800 cm? - V~!.8~!
was also modeled along the 2DEG channel. Other device pa-

rameter values employed for simulation are shown in Table 1.

Table 1. Material parameters for simulation.

Parameters AlGaN GaN
Bandgap/eV 4.15 3.47
Electron mobility/cm? - V1.~ 550 1100
Electron saturation velocity/cm-s~!  1.5x 107 2.1 x 107

3. Results and discussion

The devices were fabricated on a 3-inch RF GaN-on-SiC
process. The epitaxial layer structure consists of an unin-
tentionally doped AlGaN barrier layer (20 nm)/i-AIN spac-
ing layer (1 nm)/i-GaN channel layer (200 nm)/C-doped in-
sulating layer (2 wm)/AIN nucleation layer (20 nm). The
Al mole fraction in the AlGaN layer was 0.28. A sheet
carrier density of 1.1 x 10> cm™2 and an electron mobil-
ity of 1800 cm?-V~!.S~! were obtained by Hall measure-
ments. Transmission line measurement (TLM) indicates that
the Ohmic contact resistance varies from 0.52 Q-mm to
0.67 Q-mm across the wafer. The device active area was
first defined by mesa etching. The Ohmic contact using
Ti/Al/Ni/Au (285 nm) was deposited by e-beam evaporation
and annealed at 850 °C for 30 s in N, ambience. The Schottky
gate was formed by an e-beam evaporated Pt-based (430 nm)
layer without annealing. This was defined using lift-off pro-
cesses. A 150-nm plasma-enhanced chemical vapor deposi-
tion (PECVD) Si3N4 passivation film was deposited followed
by a 1000-nm thick layer of Au metallization, which can be
used to implement the AFP or CFP. The APF and CFP HEMT
on a thin dielectric can be fabricated by the same process at
the same time.
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Figure 2(a) illustrates the measured Cgs as a function of
Vgs for HEMTs with and without a conventional FP (Lgp =
1.2 um), and an AFP with Ly = 2 pum, Lgr = 0.5 pum. Since
the dielectric constant of air is 1, the air-bridge HEMT ex-
hibits much lower Cys when compared to the case with a CFP.
The OFF-state I-V characteristics of these devices are shown
in Fig. 2(b). For the conventional HEMT without an FP, a
forward blocking voltage of 37 V was obtained with a drain
leakage current of over 1072 A/mm before breakdown occurs
with Vgs = —5 V. The HEMT with a conventional optimized
FP (Lpp = 1.2 pm) has an improved breakdown voltage of no
higher than 125 V. The leakage current was also slightly sup-
pressed. The proposed HEMT with an AFP achieved a for-
ward blocking voltage of 375 V, which is three times higher
than the HEMT with a conventional FP. Furthermore, the leak-
age current for the HEMT with an AFP is one order of magni-
tude lower when compared to the conventional devices, from
1072 A/mm to around 1073 A/mm.
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Fig. 2. (color online) (a) Measured Cg as a function of Vgs. (b) OFF-
state of I-V characteristics of the fabricated AIGaN/GaN HEMTs. The
breakdown voltages (actual breakdown point) for devices without an FP,
with a CFP, and with the proposed AFP are 37 V, 125V, and 375 V, re-
spectively. Unless otherwise noted, the devices have the same designed
physical dimension, where Lpp = 1.2 pum, Lgs = 1.1 pm, Lg = 0.8 pm,
Lgg =0.5 um, Ly; =2 wm, and Lgp = 6 pum.

APSYS-TCAD?"! device simulations were carried out to
illustrate the device concept. In order to provide a fair com-
parison, CFP and AFP devices with individually optimized di-
mensions but with the same cell pitch were simulated at the
same drain voltage of 240 V. The AFP relies on the air gap

to increase the effective thickness of the field dielectric. As
illustrated in Fig. 3(a), the surface electric field distribution
along the AIGaN/GaN interface for the AFP structure exhibits
lower electric field strength near both the drain side gate edge
and FP edge. This clearly shows that the devices with an AFP
still have room to accommodate higher drain voltage and with
lower gate edge electric field induced leakage. Next, CFP and
AFP devices with the same equivalent FP dimensions and the
same cell pitch were also simulated at near-breakdown condi-
tions (E = E. = 3.3 MV/cm). The simulated drain voltage of
the HEMT with an AFP having Lyt = 2 um, Lgr = 0.5 um
is 450 V. The simulated drain voltage for the device with a
conventional FP having Lgp = 2.5 pum is 235 V. The electric
field distributions for HEMTs near breakdown with the same
effective FP length are as shown in Fig. 3(b). The low dielec-
tric constant of air can better modulate the surface electric field
distribution, allowing the device with an AFP to support higher
breakdown voltage even with the same device dimensions.
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Fig. 3. (color online) (a) Simulated electric field strength of an AFP
device with Lyy = 2 pm, Lgg = 0.5 pm, with the drain applied volt-
age of Vg = 240 V and a conventional FP device (simulated break-
down voltage BV() = 240 V) with Lgp = 1.2 um. The simulated break-
down voltage of the AFP device with Ly = 2 pm, Lgg = 0.5 pum is
450 V. (b) Simulated electric field for devices with the same effective FP
length (Ly + Lgr = Lpp = 2.5 pm). Critical electric field E; is around
3.3 MV/cm. Acceptor and donor like traps (density = 2 x 106 cm™3,
energy level E; = 0.9 eV) were modeled under the gate of the channel
area. Electron and hole ionization rates for the GaN buffer and channel
regions were specified as 2.6 x 108 cm~! and 4.98 x 10° cm™! , respec-
tively.

Measured breakdown voltages (Vgr) as a function of Ly
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with different Lgg are shown in Fig. 4(a). Three samples
from different wafers were measured. It can be observed that
breakdown voltage (2 mA/mm) has the best device dimension
tolerance as a function of Ly with Lgr = 0.5 um. Break-
down voltage degrades slightly from 375 V for Lyy = 2 um,
Lgr = 0.5 um to 325 V for Lyy =5 um, Lgr = 0.5 pm.
The breakdown voltage degrades dramatically for those de-
vices with Lgr above 0.8 um and Ly above 3 um. Breakdown
voltage also degrades dramatically for those devices with Lgp

above 0.8 um and Ly below 2 um. This can be explained by
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the fact that the premature breakdown occurs near the drain
side when Lgp above 0.8 um, Ly; above 3 pm and gate edge
when Lgr above 0.8 pm, Ly below 2 um. Breakdown voltage
of the device with conventional FP is also shown in Fig. 4(b).
The longest Lgp fabricated was 3 pm. Breakdown voltage in-
creases from 37 V without FP to 125 V with conventional Lgp
length of ~1.2 pm. No further increase in breakdown volt-
age was observed after this point. Surface electric field distri-
butions for those devices with Ly = 5 um, Lgp length from
0.2 um to 1 um are shown in Fig. 5.

0)

120: /-*/i\gg X

00 05 10 15 20 25 30
CFP Lgp/pm

Fig. 4. (color online) (a) Measured breakdown voltage (VgRr) as a function of Ly with different Lgr for AFP devices and (b) breakdown

voltage as a function of convention Lgp for CFP devices.

From Fig. 5(a), it can easily be observed that the surface peak electric field moves to the drain side with increasing Lgg.
Premature breakdown happens near the drain side. From Fig. 4(a), breakdown voltage also degrades dramatically for those
devices with Ly = 1 um and, Lgr above 0.8 pm. Surface electric field distributions for those devices are shown in Fig. 5(b) to
help understand the possible reasons. As illustrated in Fig. 5(b), the electric field strength near FP edge decreases with increasing
Lgr, while the peak electric field near the drain side gate edge increases with increasing Lgg. This can indicate that the premature

breakdown happens near the gate edge.
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Fig. 5. (color online) (a) Simulated electric field distribution along A1GaN/GaN interface as a function of Lgg, where Lyy = 5 pm. (b)
Simulated electric field distribution along AIGaN/GaN interface as a function of Lgg, where Lyy = 1 um.

Figure 6(a) illustrates the measured breakdown voltage with different temperatures. As we can see from this figure, break-
down voltage remains almost constant with increasing temperature. A near-zero temperature coefficient for the breakdown
voltage is observed from room temperature (RT) to 400 K. This can be explained in that the AFP can suppress the drain side gate
edge electric field induced gate to channel injection.!'8! However, as the temperature is further increased to 450 K, the break-
down voltage decreases from 350 V to 320 V. The Schottky gate leakage current increases and starts to dominate at elevated
temperatures. As illustrated in Fig. 6(b), the breakdown voltage temperature coefficients for HEMTs with and without an FP
were measured to be —0.065 V/K and —0.113 V/K, respectively.'8!
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Fig. 6. (color online) Measured breakdown voltage with different temperatures for (a) HEMT with an AFP, (b) temperature coefficient
of breakdown voltage for conventional HEMT (no FP), HEMT with CFP, HEMT with the novel AFP, respectively.

4. Conclusion

An AlGaN/GaN HEMT featuring a novel AFP has been
experimentally verified. When compared to HEMTs with a
conventional FP, a 3x higher breakdown voltage and one or-
der of magnitude lower drain leakage current is obtained via
layout changes only. High electric field hot carrier injection
is reduced. A near-zero breakdown voltage temperature co-
efficient is obtained via layout changes only for temperatures
ranging from RT to 400 K. The fabrication process for the AFP
HEMT is fully compatible with the commercial RF GaN tech-
nology without the need for any additional photolithography
or processing steps.
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