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Abstract
Characterizations were conducted in this work to
investigate the stability and reliability of the E-mode
GaN MIS-FETs with fully recessed gate structure and
highly reliable LPCVD-SiNx gate dielectric. The timedependent dielectric breakdown (TDDB) test reveals a
large maximum forward gate bias of 11 V for 10 years’
lifetime at a failure rate of 63.2 %. Combining the
positive bias temperature instability (PBTI) test and 1/f
noise characterization, small recoverable positive
threshold voltage shifts were observed and the possible
origins were revealed.
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INTRODUCTION
Owing to its enhancement-mode (E-mode) operation [1],
easy-to-obtain recess controllability [2], high VTH thermal
stability, and especially, capability in providing large
forward gate voltage swing [3], the GaN MIS-FET with
fully recessed gate structure is especially attractive for highfrequency power switching applications. In addition to the
enlarged gate swing and lower gate leakage, gate dielectric
is also required to deliver high reliability and stability.
Recently, a highly reliable gate dielectric, silicon nitride
deposited by LPCVD at high temperature (e.g. 780 oC), was
successfully integrated with fully recessed-gate structure to
achieve high-performance E-mode MIS-FET (Fig. 1(a)) [4].
The implementation of the LPCVD-SiNx gate dielectric in
fully-recessed E-mode MIS-FETs had been hindered by the
more severe degradation of an etched-GaN surface than an
as-grown GaN surface in high-temperature process such as
LPCVD. To overcome the degradation of etched-GaN
surface in high-temperature LPCVD process, a 2-nm SiNx
interfacial layer prepared by PECVD at 300 oC was inserted
between the LPCVD-SiNx and GaN (Fig. 1 (b)). The
interface protection technique is essential and effective to
achieve the high-quality dielectric/GaN interface.
Although the high-performance normally-off MIS-FETs
with LPCVD-SiNx gate dielectric have been achieved [4],
in-depth study of the gate dielectric reliability and threshold
voltage instability in these MIS-FETs with fully recessed
AlGaN barrier have not been reported. To reveal the gate
dielectric reliability, TDDB test is a useful method to predict
the lifetime of gate dielectric [5]. As for the VTH instability,

Fig. 1. (a) Schematic cross-sectional view of the LPCVD-SiNx/
PECVD-SiNx MIS-FETs with fully recessed gate structure; (b)
Cross-sectional high-resolution transmission electron microscope
(TEM) micrograph in gate edge region with a gate overhang of
0.5 μm.

PBTI represents serious reliability issues in the normally-off
MIS-FETs for E-mode applications, since a high-gate
overdrive (VG−VTH) is needed at on state during fast
switching. Thus, TDDB and PBTI are necessary to
understand the reliability and stability of the MIS-FETs.
In this work, we systematically investigated the
reliability and stability of these devices. We conducted
TDDB tests to predict the lifetime of LPCVD-SiNx/PECVDSiNx gate dielectric stack. We also investigated the PBTI of
VTH in the E-mode LPCVD-SiNx MIS-FET based on a set of
stress/recovery experiments carried out at several
temperatures. We demonstrate the highly stable VTH of the
MIS-FETs with small PBTI. More specifically, we present
extensive investigation of the physical origin of PBTI, based
on combination of the PBTI tests and drain current 1/f noise
analysis.
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Fig. 2. Cross-sectional high-resolution TEM micrographs of the
LPCVD-SiNx/GaN gate stacks (a) without and (b) with interfacial
layer (~ 2.5 nm PECVD-SiNx).
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Fig. 4. (a) Transfer and (b) output characteristics of the LPCVDSiNx/PECVD-SiNx MIS-FETs with fully recessed gate structure.
Device dimensions: LG/LGS/LGD = 1.5/2/15 µm.
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Fig. 3. Dit-ET mapping of MIS diode using AC-conductance
method. (Cross-section σn of 10−14 cm-2 is used to correlate τe to the
corresponding ET of the interface traps).

Fig. 5. (a) Time to breakdown (tBD) of the LPCVD-SiNx/PECVDSiNx MIS-FETs at forward gate stress of 18, 17, 16 and 15 V at
25 oC; (b) Weibull plot of the electric field-dependent tBD
distribution.

DEVICE FABRICATION AND DC PERFORMANCE

~1011-1012 cm−2·eV−1 (Fig. 3).
Benefiting from the improved interface quality enabled by
the PECVD-SiNx protection layer, the E-mode MIS-FET
with LPCVD-SiNx gate dielectric delivers high-performance
including large positive VTH ~ +2.4 V, small hysteresis ΔVTH
< 0.1 V, small subthreshold swing SS ~ 97 mV/dec and low
on-resistance RON ~ 13.2 Ω•mm (Fig. 4).

The AlGaN/GaN heterostructure sample used in this work
and the device fabrication steps are described in [4].
According to the high-resolution transmission electron
microscopy (TEM) micrographs of the SiNx/GaN junctions
in the recessed gate regions (Fig. 2), the interface protection
layer is necessary to achieve high-quality interface between
the LPCVD-SiNx gate dielectric and etched GaN. Without
the PECVD-SiNx interlayer, the GaN surface became rough
because of the GaN decomposition in high-temperature
ambient at certain locations along the surface [4]. With the
protection layer, the etched GaN shows remarkably
improved surface morphology. As shown in TEM
(Fig. 2 (b)), sharp interface was obtained with the crystalline
structure at the GaN surface well maintained. The improved
SiNx/GaN interface quality was also verified using the
conductance method, which was employed to map the
interface trap density (Dit). With the interfacial protection
layer, Dit was greatly reduced from the range of ~1013 to

TIME-DEPENDENT DIELECTRIC BREAKDOWN
The electric-field-accelerated TDDB tests were
performed at room temperature on the E-mode MIS-FETs
with LPCVD-SiNx/PECVD-SiNx gate dielectric stack to
evaluate the gate dielectric reliability. Four groups of
devices were stressed at constant high forward gate voltage
bias of 15 V, 16 V, 17 V and 18 V (around 70% ~ 80% of
VGS_max at 25 oC) with source and drain grounded,
respectively. The gate leakage current was recorded with
time (Fig. 5 (a)). The time-to-breakdown (tBD) was defined at
the critical point when gate leakage increased suddenly. The
tBD of a constant stress voltage shows a Weibull distribution
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Fig. 6. Lifetime prediction with failure rate of 63.2 % and 0.01 %,
respectively.

and the Weibull slope β was extracted to be 4.0 (Fig. 5 (b)),
indicating a tight breakdown time distribution and small
variability in breakdown behavior.
One of the most frequently used TDDB models for device
lifetime prediction is based on the current-induced
degradation model [6], in which the damages of gate
dielectric are assumed to be caused by current flow (i.e.
movement of kinetic electrons) through the dielectric. Once
a critical charge QBD has been forced through the dielectric,
the gate dielectric breaks down, which is named as charge to
breakdown hypothesis [7]. For the LPCVD-SiNx gate
dielectric, with an increasing gate bias, the gate leakage
current first shows obvious temperature dependence (a
signature of Poole-Frenkle emission) and then exhibits
weaker temperature-dependence when Fowler-Nordheim
tunneling starts to dominate [5].
Consider the mechanism of gate leakage and the charge to
breakdown hypothesis, the maximum forward gate bias for
10 years’ lifetime can be extracted using the √ model,
which is as high as 11 V and 9.1 V at failure rate of 63.2 %
and 0.01%, respectively (Fig. 6) [5].
POSITIVE BIAS TEMPERATURE INSTABILITY
The PBTI stress were carried out on symmetric devices
with a gate width WG = 10 mm, a gate length LG = 1.5 μm,
and a gate/drain and gate/source spacing LGD = LGS = 2 μm.
The E-mode LPCVD-SiNx MIS-FETs were stressed for a
long time of 104 s with drain bias VDS = 0 V and gate bias
VGS = + 10 V, respectively. During the stress, the VTH shifts
induced by the PBTI stress were characterized by repeatedly
interrupting the stress experiment for the execution of ID-VG
(drain current vs. gate voltage) measurement with VDS = 1 V.
To evaluate the effects of temperature, the PBTI stress was
conducted at various temperature of 25 oC, 50 oC, 100 oC
and 150 oC. After the PBTI stress, the recovery of MISFETs was conducted by UV (wavelength = 365 nm)
illumination for a few minutes. The transfer characteristics
of the E-mode MIS-FETs can be fully recovered.
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Fig. 7. Monitored VTH in (a) linear and (b) log scale of the LPCVDSiNx/PECVD-SiNx MIS-FETs during the positive gate bias stress
with VGS = 10 V and VDS = 0 V at 25 oC, 75 oC, 100 oC and 150 oC.
Device dimensions: LG/LGS/LGD = 1.5/2/15 µm.
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Fig. 8. Normalized current power spectra
for different gate
biases at 25 oC for the LPCVD-SiNx/PECVD-SiNx MIS-FET (a)
before stress and (b) after full recovery.

The VTH shows a small shift < 0.2 V at 25 oC after 104s
stress and the shifts are increased with temperature
increasing (Fig. 7(a)). Even at high temperature of 150 oC,
the shift of VTH is only slightly enlarged to 0.9 V, indicating
greatly improved VTH stability compared with that reported
in the SiO2/GaN and Al2O3/GaN MOS-FETs [8], [9].
More specially, similar to the PBTI evolution in D-mode
HEMTs or different device technologies [10], [11], [12], the
VTH shifts was observed to follow a power law of the stress
time and stress overdrive voltage as shown in Fig.7 (b).
To further identify the origins of the recoverable VTH
instability, analysis of the drain current 1/f noise was
conducted on devices before and after the PBTI stress with
fully VTH recovery. The low frequency 1/f noise was proven
to be a useful tool for reliability studies of AlGaN/GaN
HEMTs to monitor the stress-induced damage and used to
extract trap characteristics [13], [14], [15]. Electronic
generation-recombination trap states close to the Fermi level
can be effectively measured based on low frequency noise.
Early work revealed that higher noise in GaN HEMTs is due
to the larger density of native defects [15].
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Fig. 9. SID/ID2 at 1 Hz of LPCVD-SiNx/PECVD-SiNx MIS-FETs
before stress and after full recovery (a) at various gate bias at 25 oC
and (b) at various T at VGS-VTH = 0.1 V.

The normalized flicker noise measured with a varying VGS
exhibits a clear 1/f relationship (Fig. 8). The flicker noise of
the fully recovered MIS-FETs after PBTI stress was almost
the same as that of the fresh device (Fig. 8 (b)). More
specifically, as shown in Fig. 9, the flicker noise density
(SID/ID2) was not increased after the PBTI stress at both
various gate bias and temperatures. The results indicate no
additional trap states were generated near the gate
dielectric/GaN interface during the long-time stress [11].
Thus, the VTH shift observed during the positive bias stress is
very likely originated from the electron trapping/ de-trapping
process of the pre-existing traps in the gate dielectric [12].
Based on this assumption, the ΔVTH should exhibit a power
law relationship with the stress time, which was supported
by the measured ΔVTH at various temperatures as shown in
Fig. 7 (b).
CONCLUSIONS
Characterizations including TDDB, PBTI and drain
current 1/f noise were conducted on the E-mode GaN MISFETs with LPCVD-SiNx/PECVD-SiNx gate dielectric stack.
For 10 years’ lifetime, the maximum forward gate bias of the
robust LPCVD-SiNx gate dielectric is as high as 11 V at a
failure rate of 63.2 %. The GaN MIS-FETs also exhibit low
PBTI. Revealed by the drain current 1/f noise analysis, the
recoverable VTH instability may originate from the electron
trapping/de-trapping in/from the pre-existing traps in the
gate dielectric.
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ACRONYMS
MIS-FET: metal–insulator–semiconductor field-effect
transistor
LPCVD: low-pressure chemical vapor deposition
PECVD: plasma-enhanced chemical vapor deposition
TDDB: time-dependent dielectric breakdown
PBTI: positive bias temperature instability

