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ABSTRACT A comprehensive study on dynamic characteristics of GaN MISHEMT with a Snm-thick
in-situ SiNy dielectric is presented. Effects of both negative and positive gate bias on threshold voltage
instability were investigated and miniature threshold voltage shift was acquired. The slight shift was
considered to be associated with the traps at the insulator/AlGaN interface and in the dielectric layer
itself. Pulsed I-V measurements with various gate quiescent biases presented small current collapse (11%)
and low enhancement of dynamic Ry, for zero quiescent drain bias. When drain quiescent bias was
strengthened to 20V, an increased dynamic Rgp/static Ry, ratio was identified but still limited to a
low value of 1.24. The conduction reduction was in a good agreement with measurement results from
drain current transient spectroscopy and possibly originates from trap states existed in the access region.
Additional current collapse was observed in hard switching-on operation, resulted from energetic hot
electrons accelerated by drain-source electrical field during the off-to-on step. The measurement results
showed stabilized threshold voltage, a low dynamic Ryp/static Ry, ratio, and suppressed current collapse
via employing a 5-nm thin in-situ SiNx layer in GaN MISHEMT, enabling it a promising solution for
high-efficiency power switching applications.

INDEXTERMS Current collapse, dynamic characteristics, gallium nitride (GaN), in-sifu SiNy, metal insu-
lator semiconductor high electron mobility transistors (MISHEMTs), pulsed I-V measurement, threshold
voltage instability.

I. INTRODUCTION

AlGaN/GaN-based high electron mobility transis-
tor (HEMT), with high critical electrical field and large
carrier mobility, enabled high-performance switching devices
for next-generation power conversion applications [1].
Meanwhile, outstanding cut-off frequency and high break-
down voltage offered interesting prospects for radar,
wireless communication, RF power amplifiers, and radio
astronomy [2], [3]. Compared with conventional HEMT
devices, metal-insulator-semiconductor HEMT (MISHEMT)

could effectively reduce gate leakage and improve gate
modulation ability. Several kinds of dielectrics had been
employed as the gate insulator materials in GaN MISHEMT,
including Al,O3 [4]-[10], HfO, [11], [12], HfSiO [13],
ZrOy [14]-[20], GapO3 [21], SiO2 [22], [23], and SiNy
[24]-[34].

Among these gate insulators, SiNy is one of the
most widely-used gate dielectrics, due to its easy access
and mutuality in deposition process. At present, GaN
MISHEMT with ex-situ SiNyx by low-pressure chemical
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vapor deposition (LPCVD) had shown good performance
in terms of dielectric breakdown [28], [35]. Meanwhile, in-
situ deposition of SiNy by metal-organic chemical vapor
deposition (MOCVD) on top of the AlGaN/GaN heterostruc-
ture was also proposed to mitigate the potential damage and
avoid contamination caused by after-growth fabrication pro-
cess. Lu ef al. used in-situ SiNy layer as the dielectric for
the ultra-thin-barrier AIN/GaN MISHEMTs [36]. The gate
leakage of MIS diode was about 7 orders lower than that of
Schottky diode. Ma et al. fabricated in-situ SiNyx/AIN/GaN
MISHEMTs with regrown n-GaN source/drain [37]. The
device exhibited a gate leakage of below 10~% mA/mm at
Vg = —8V, leading to a large on/off current ratio over
107. Cheng et al. deposited a 47nm-thick in-situ SiNy layer
as dielectric on AlGaN/GaN heterostructure and realized a
efficient leakage suppression with leakage current < 1078
mA/mm [29]. Jiang et al. developed a bilayer passivation
scheme to fabricate GaN MISHEMTs [32]. A low trap den-
sity of ~ 3 x 10'2 cm™2eV~! at the SiN,/AlGaN interface
was identified.

There have been some reports on the dynamic perfor-
mances of GaN MISHEMT with relatively thick in-situ
SiNy dielectric. GaN MISHEMT fabricated by a gate-first
technology and with a 47nm-thick in-situ SiNy layer exhib-
ited a relatively smaller threshold voltage (V) shift [27].
The gate-first devices featured a Vy, shift of —2.03V for
a negative gate bias of —30V after a stress period of
10000s, compared with a Vy, shift of —5.17V for gate-
last devices. Tri-field-plate GaN MISHEMT with 50nm
in-situ SiNy dielectric showed a small Vy, shift of less than
0.5V after stressing at Vg = —35V and Vg3 = OV for
1000s [25].

It should also be noted that insertion of a thick in-situ
SiNy dielectric in MISHEMT usually required a relatively
large reverse bias voltage to turn off the device. It is demand-
ing to have a high-quality thin in-situ SiNx in MISHEMT
to simultaneously provide a moderate threshold voltage,
low reverse leakage, and outstanding dynamic performance.
However, a comprehensive understanding of dynamic char-
acteristics with such a thin dielectric MISHEMT is currently
not available.

In this study, an explicit study on dynamic perfor-
mances of GaN MISHEMT with a 5nm thin in-situ
SiNy is reported. Firstly, threshold voltage instabilities of
GaN MISHEMT upon various gate biases were inves-
tigated. Then current collapse and on-resistance (Rop)
degradation were assessed by pulsed I-V tests with var-
ious quiescent biases. Furthermore, time-resolved drain
current (Igs) and Ry, were also investigated by drain cur-
rent transient (DCT) spectroscopy. Lastly, the influence
of hard switching on output characteristic was demon-
strated. With a Snm in-situ SiNy dielectric, GaN MISHEMT
which exhibited excellent Vy, stability, insignificant increase
of dynamic R,,, and low current collapse, enabled a
promising device technology for high-speed switching
applications.
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FIGURE 1. (a) Cross-sectional schematic of GaN MISHEMT with 5nm
in-situ SiNy. (b) Transfer, (c) transconductance, (d) leakage, and (e) output
characteristics.

Il. EXPERIMENT AND MEASUREMENT

Fig. 1(a) showed a cross-sectional schematic of AlGaN/GaN
MISHEMT with 5nm in-situ SiNy gate dielectric layer.
The sample was grown by metal-organic chemical vapor
deposition (MOCVD) on 6-inch silicon substrate. The epi-
layers were composed of a 2.5-um GaN buffer, a 500-nm
unintentionally doped GaN channel layer, a 1-nm AIN
spacer, a 20-nm Aly25Gag 75N barrier, and a 5-nm thin
in-situ SiNy cap. The in-situ SiNyx was deposited on top
of the AlGaN/GaN heterostructure using silane and ammo-
nia as precursors. The as-grown epilayer showed smooth
surface with a root mean square roughness of 0.6 nm
across a 5 pwmx5 um scanned area. The X-ray diffrac-
tion measurement revealed an average full-width at half-
maximum (FWHM) of 526 arcsec for GaN (0002) plane.
Device fabrication started with in-situ SiNy removal in the
Ohmic contact regions for source/drain metallization. Ohmic
contacts were then formed by annealing the Ti/Al/Ni/Au
metal stack in N, atmosphere. The device isolation was
achieved using Ar implantation. A 50-nm SiNy passivation
layer was firstly deposited by plasma-enhanced chemical
vapor deposition (PECVD) at 300°C. The PECVD SiNy
layer in the gate region was then removed with a hybrid
dry- and wet-etching. The dry etching was performed using
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reactive ion etching with SFg as the etching gas and the wet
etching was performed using HF-based acid. Subsequently,
gate metal was deposited using a Ni/Au-based metal stack.
Finally, a 300 nm SiNx layer was deposited by PECVD
on the top of the 50 nm SiNy layer for device passivation.
The gate—drain distance Lgq, gate—source distance Ly, gate
length L, and gate width W, were 15um, 3pum, 2um, and
0.4 mm, respectively.

Both electrical static & dynamic properties of in-situ
SiNyx/AlGaN/GaN MISHEMT, including transfer charac-
teristics, output properties, threshold voltage instability,
and pulsed I-V characteristics were measured using semi-
conductor device analyzer. The principles and waveforms
of stress-recovery-measurement, double pulse measurement,
and drain current transient measurement with pre-stressing
could be found elsewhere [38]-[41].

1il. DEVICE RESULTS AND DISCUSSION

Fig. 1(b) showed the transfer characteristics of GaN
MISHEMT with a 5 nm in-situ SiNy dielectric layer. The
transfer curves revealed Vi, of —4.5 V defined at Igs of
1 mA/mm, with Vgg = 1V. The peak transconductance was
measured to be 89 mS/mm with Vg = 4V, as shown in
Fig. 1(c). The device exhibited a low gate leakage current of
1.9%10~7 mA/mm at Vgs = =7V [Fig. 1(d)]. A high Ion/Lot
ratio of 10° and a subthreshold slope (SS) of 125 mV/decade
were acquired, indicating excellent gate control capabil-
ity and switching characteristics of MISHEMT. The output
characteristics of the device were illustrated in Fig. 1 (e),
showing saturation drain current density of MISHEMT was
417.7 mA/mm at Vg of 1V.

NBTI (negative bias-induced threshold-voltage instability)
and PBTI (positive bias-induced threshold-voltage instabil-
ity) measurements had been employed to study degradation
of device characteristics after exposure to gate stressing
bias. Fig. 2 displayed NBTI measurement results with var-
ious reverse gate bias voltages and durations. As shown in
Fig. 2(a), a very small negative shift in Vy, could be noticed
after the device was exposed to a negative gate stress of —7V
(Vs stress = —7V) for 200s. In addition to the Vy, shift, the
decrease of the Igs (at Vgs = —1V and Vg5 = 1V) could also
be observed when Vg gress increased to —10V, as shown in
Fig. 2(b). Fig. 2(c)—(d) illustrated that the offset of Vi, was
further expanded for the device with Vg sgress = —15V and
Vs stress = —20V. Meanwhile, compared with the results
in the condition of Vg stress = —7V, lgs (at Vgg = —1V
and Vgs = 1V) was also further reduced given by the same
stressing duration.

Fig. 2(e) showed transfer curves after stressing at various
gate biases for the same stressing duration of 200s. When the
device was exposed to a higher Vg sress, a relatively larger
positive Vy, shift was observed. Fig. 2(f) summarized Vi
shift and Igs reduction ratio (at Vgs = —1V and Vg5 = 1V)
as a function of the reverse gate bias. When a harsh stressing
condition was applied (Vs stress = —20V for 200s), AVy,
was measured to be 0.11 V, suggesting the device with 5-nm
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FIGURE 2. (a)-(d) NBTI performances after various reverse gate bias and
stressing durations. (e) l45-Vgs curves after stressing at negative gate
biases of —7V, —10V, —15V, and —20V for 200s. (f) Vy, shift and 145
reduction ratio at Vgs = —1V.

thin in-situ SiNy dielectric had excellent Vy, stability. On the
other hand, a drain current drop could be observed after dif-
ferent Vg siress condition. The drain current was reduced by
22% upon —20V gate stressing (Vs stress = —20V) for 200s.

The positive shift of Vi, was related to trap states in the
gate dielectric and at the insulator/AlGaN interface. These
trap states would capture electrons injected from gate when
the gate was applied with negative stress voltage (Vgs stress
< V). Thus, trapped electrons in the dielectric and at the
dielectric/AlGaN interface repelled the 2DEG in the channel
and drove the Vy, shift positively as well as decreased the
drain current. The shift of Vi, was also related to the mag-
nitude of Vg siress [Fig. 2(e)]. With the same stressing time,
a larger Vg siress Would enhance the electrons injection from
the gate, leading to relatively larger Vy, shift and reduction
of Igs, as summarized in Fig. 2 (f).

Fig. 3 showed Vy, variation and Iy drop (measured at
Vgs = —1V and V4 = 1V) as a function of recovery time
in the recovery process (Vgs = 0V, Vgs = OV). The recov-
ery process of the device was followed by a pre-stressing
step, which differed in pre-stressing gate voltages from —7V
to —20V, but all with a stressing duration of 200s. In the
recovery process, the gate and drain were all biased to OV.

As shown in Fig. 3(a), it was noticed that the Vy, gradually
moved towards non-stressed fresh state (AVy, = 0V) as the
extension of recovery time. The results revealed that captured
electrons in the dielectric and at the dielectric/AlGaN
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FIGURE 4. PBTI measurement results after Vgg syress = 2V for different
stress durations.

interface would be released gradually once the device
recovered naturally without any bias applied (Vg = 0V,
Vgs = 0V). The device with 200s recovery time almost
recovered to the fresh state after pre-stressing at —7V and
—15V. In the case of pre-stressing at —20V, there was
still a small AVy, after 200s-recovery, indicating the Vy,
needed even longer rest time to restore completely. The result
showed that a longer recovery time was required for GaN
MISHEMT to return to the initial state if a larger pre-stress
voltage was applied.

With pre-stress at Vs stress = —7V, ldgs almost got replen-
ished to its initial value after 200s-recovery, as shown in
Fig. 3 (b). In addition, it should also be noted that in the
case of Vs stress = —15V and —20V, Igs did not fully recover
to its initial value when Vy, had reached its original value
of fresh state after 200s recovery. This phenomenon was
associated with enhanced carrier capture effect in the access
region with a relatively high Vg syress. Some slow trap states
in the access region further reduced the drain current and
exhibited a longer recovery time for Igs.

Fig. 4 showed transfer curve measurement results upon
positive gate bias stressing (Vs stress = +2V) at room tem-
perature. As the positive stressing duration was extended
from 5s to 200s, negligible Vy, was observed. Compared
with NBTI measurement, GaN MISHEMT could maintain
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FIGURE 5. (a) Pulsed l45—V4s performance of GaN MISHEMT with
different Vgsq (Vgs = —2V and Vy4gq = OV). (b) Current collapse
and (c) Ron,d/Ron,s ratio. (d) Pulsed l45—Vq4s performance of GaN
MISHEMT with different periods (Vgsq = —10V and V4sq = 10V).

steady Vi, and reliable forward conduction after positive
gate bias stressing.

Pulsed I-V measurements were carried out to reveal
the current collapse (C. C.) behavior in the GaN
MISHEMT. Fig. 5(a) showed pulsed I-V characteristics of
the device with various quiescent gate voltages (Vgsq) while
retaining the zero quiescent drain voltage (Vgsq). In this mea-
surement, pulse width and pulse period were set to be 1ms
and 100ms, respectively, to assure that sufficient electrons
were captured in the off-state stressing and the on-state mea-
surement itself had little impact on the device performance.
Current collapse ratio was evaluated as the decrease of
Igs at Vg = 5V and increase of Ry, was defined as the
dynamic Rgp/static Ron (Ron,d/Ron,s) ratio, where Rop s was
measured at non-stressing condition [(Vgsq, Vasg) = (0V,
0V)]. When the device was biased at the Vg = —10V,
a negligible current collapse ratio of 3.6% was observed
and current reduction was slightly worsened with increasing
the Vng.

Fig. 5(b)-(c) showed the extracted current collapse ratio
and Ron,a/Ron s ratio of the GaN MISHEMT with different
Vesq. The current collapse ratio was increased to 11% as
the Vg was strengthened to —20V. However, there was
minor variation of Ron as increasing the Vgsq from —7V
to —20V. This phenomenon was consistent with the obser-
vation of Fig. 2 (a)-(d). The Vi, and I4s exhibited a small
variation with short stress time (<5s). It was also found
that current collapse was highly dependent on the stressing
period of pulsed IV tests. As shown in Fig. 5(d), worsened
current collapse could be observed with prolonging period
from 10ms to 100ms.

Fig. 6 showed the pulsed output characteristics
of GaN MISHEMT with various quiescent biases.
Fig. 6(a) illustrated dependence of current collapse on the
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FIGURE 6. (a)-(d) Pulsed l44—Vq4s characteristics of the GaN MISHEMT with
various quiescent biases. (e) Current collapse and (f) Ryp, g/Ron,s ratio.

TABLE 1. Ron,d/Ron,s performance comparison of MISHEMT with 5nm
in-situ SiNyx and other dielectrics in the literature.

Thicknes W

o i
Ref. Dielectric s (nm) Vs Vaso Rond/Rons (um)
This in-situ SiN, 5 (-20V, 20V) 1.24 400
work

[31]  LPCVD Si;Ny 30 (-18V, 40V) 2.00% 10

in-situ +

28] | pCVD S, 33 (-14V, 600V) 134 NA.
[42] AIN 20 (-8V, 50V) 2.30 50
[13] HfSiO 15 (0V, 600V) 1.17 50

*Estimated value

quiescent drain bias with fixed Vg of —7V. Compared
with the case of V4o = 0V, the dynamic degradation at
higher Vg5, as illustrated as increase of dynamic Ro,, were
promoted due to the exacerbation of charge trapping in the
access region, which occurred simultaneously with the sur-
face charge trapping. As shown in Fig. 6(a)-(d), the current
collapse was also related to the magnitude of Vg stress. With
the same Vg, a relatively larger Igs degradation was spotted
with a lager pre-set V.

Fig. 6 (e)-(f) illustrated extracted current collapse and
Ron,d/Ron,s ratio as a function of the quiescent gate bias
with different Vysq. The current collapse ratio exhibited a
monotonic increase with Vgsq at a pre-set Vg. The current
collapse reached 35% at Vg = —20V and V4o = 20V
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[Fig. 6 (e)]. Conventional Schottky-gate HEMTs have been
reported that considerable current collapse (>80%) may
occur at room temperature [39], [40], [43]. Compared with
conventional Schottky-gate HEMT, MISHEMT with a 5Snm
in-situ SiNy dielectric layer could endure lager stressing con-
dition and significantly improve current collapse. As shown
in Fig. 6 (f), Ron,d/Ron,s ratio was also slightly increased
as Vgsq was strengthened. Roy d/Ron s Tatio was still limited
to a low value of 1.24, although the device was quiescently
biased with Vg5 of 20V and Vgsq of —20V. In the recent lit-
eratures, the GaN MISHEMT with relative thick dielectrics
[in-situ + LPCVD SizN4 (33nm)] had achieved effective
dynamic R, suppression [28]. A high-k dielectric 15nm
HfSiO together with a field-plate scheme was developed
to reduce dynamic R,y under a large Vgsq condition [13].
In addition, adoption of thick AIN (20nm) or LPCVD-SizN4
(30nm) dielectric well suppressed the increase of dynamic
Ron (Ron,d/Ron,s ratio is about 2) in the case of Vgsq near Vin
and Vgsq was set as dozens of volts [31], [42]. In this work,
a low Rop,d/Ron,s ratio of 1.24 has been achieved based on a
thin and high quality in-situ SiNy layer, when being stressed
with relative large gate and drain bias: Vg5 = —20V (15V
below Vy,) and Vgsq = 20V.

DCT measurement was employed to illustrate time-
resolved conduction of GaN MISHEMT. By applying a
semi-continuous stressing bias on the device, drain current
transient spectrum could be acquired by probing the device
repeatedly. Fig. 7(a) displayed normalized I4s as a function
of stressing time. The dynamic I4s was measured in the lin-
ear region (Vgs = —2V and Vg5 = 0.2V) when the device
was switched to on-state. The normalized Igs was defined
as the (Igs dynamic/lds,static), wWhere lgs staic Was measured in
the non-stressed fresh state [(Vgs, Vas) = (=2V, 0.2V)].
From time-dependent measurements, the drain current did
not change until the device was exposed to the off-state
stressing for 100ms, and gradually decreased afterwards due
to accumulation of trapped carrier. Fig. 7(b) showed nor-
malized Ry, ratio as a function of stressing duration. The
normalized Ron was defined as the Ropd/Rons. A gently
increased normalized Ry, ratio was observed as extending
the stressing time. The insignificant change of R, suggested
good surface passivation by thin in-situ SiNy.

Fig. 8 depicted output characteristics of GaN MISHEMT
with drain-to-gate delay (DGD) from 4 s to —4 s and qui-
escent bias of (Vgsq, Vasq) = (—7V, 10V). DGD was defined
as the time difference between Vgs = (Vis_on + Vs off)/2
and Vgg = Vyg. The DGD became positive in the case
of a soft-switching mode, while it was negative with
a hard-switching operation. For soft-switching condition
(DGD > 0), the current collapse showed a DGD-irrelevant
performance with different DGD values. However, the cur-
rent collapse was worsened in the hard-switching condition
(DGD < 0). And the saturation current showed a steady
reduction with DGD = —4pus, compared with soft-switching.
This additional current collapse was associated with high
energy electrons [38], [39], [44]. During hard-switching, the
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device was in large drain bias condition when Vg crossed
the threshold voltage, resulting in the generation of high
energy electrons. Accelerated high energy electrons in large
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drain bias condition would aid additional carrier trapping in
the AlGaN or in the buffer.

IV. CONCLUSION

In conclusion, the dynamic characteristics of GaN
MISHEMT with a Snm-thick in-situ SiNy dielectric was
quantitatively investigated. Transfer characteristics measure-
ments after various gate stressing conditions had been carried
out to reveal threshold voltage instability. The threshold volt-
age was shifted by 0.11V in the case of the device was
stressed at a reverse gate bias of —20V for 200s, illustrat-
ing high threshold voltage stability of MISHEMT with a
5-nm thin in-situ SiNy dielectric layer. Moreover, pulsed I-
V measurement results showed that 11% current collapse
was observed by applying negative gate bias stressing only.
However, current collapse was significantly enhanced to
35%, together with a degraded Ry, when applying a com-
bination of relative large gate and drain bias: Vgq = —20V
and Vgsq = 20V. The large lateral electric field formed in the
access region would accelerate the electron trapping process,
thus leading to a worsened dynamic performance. Drain cur-
rent transient measurement also exhibited a reduced forward
current and increased Ryy, as extending stressing time, in a
good agreement with NBTI measurement results. Compared
with soft switching-on mode, it was also observed that hard
switching-on operation would cause extra current collapse,
resulted from energetic hot electrons accelerated by large
drain-source electrical field during the switching process.
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