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We investigate the instability of threshold voltage in D-mode MIS-HEMT with in-situ SiN as gate dielectric under
different negative gate stresses. The complex non-monotonic evolution of threshold voltage under the negative stress and
during the recovery process is induced by the combination effect of two mechanisms. The effect of trapping behavior
of interface state at SiN/AlGaN interface and the effect of zener traps in AlGaN barrier layer on the threshold voltage
instability are opposite to each other. The threshold voltage shifts negatively under the negative stress due to the detrapping
of the electrons at SIN/AlGaN interface, and shifts positively due to zener trapping in AlGaN barrier layer. As the stress
is removed, the threshold voltage shifts positively for the retrapping of interface states and negatively for the thermal
detrapping in AlGaN. However, it is the trapping behavior in the AlGaN rather than the interface state that results in the

change of transconductance in the D-mode MIS-HEMT.
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1. Introduction

The GaN-based metal-insulator—semiconductor high
electron mobility transistors (MIS-HEMTSs) have been exten-
sively studied for high power switching application, mainly
due to greatly suppressed gate leakage and enlarged gate swing
compared with the conventional Schottky-gate HEMTs. -]
However, introducing an insulating layer would bring in ad-
ditional defects and trap states which can lead to severe device
instabilities.[>*! Even state-of-the-art devices suffer thresh-
old voltage (Vy,) drift introduced by positive or negative gate

(361 Typically, the Vi, would move positively un-

bias stress.
der positive gate bias stress and negatively under negative
gate stress, due to the trapping and detrapping of electrons
at the insulator/AlGaN interface or in the insulating layer,
respectively.[”°! Both processes are recoverable with differ-
ent kinetics.!”!

The conclusions for positive Vi instability were similar
in Refs. [10-13]. A broad distribution of capture and emission
time constant have been reported under positive gate stress and
recovery conditions, respectively,!'*! for a distribution of en-
ergy and capture cross section of traps at or near the interface,
and additional lateral trapping at the dielectric/III-N interface
plane due to carrier hopping and thus a transport mechanism
between the interface/border states.!!>!%] The instability of Vg,
under negative gate stress is a serious concern for depletion-
mode devices when they need to be turned off and during off-
state. However, there are different views of the mechanisms
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behind the negative bias-induced Vj;, instability. The recover-
able negative drift of V4, due to electrons’ emission from inter-
face states and border traps has been reported.”-!7-11 There is
non-recoverable negative drift of Vi, in the harsh stress condi-
tion due to the formation of interface states as a result of bro-
ken H bonds at oxide/semiconductor interface.*”) The mech-
anism of negative Vy, drift was also introduced by the accu-
mulation of holes under gate, and the holes were suggested to
be generated by impact ionization or inter-band tunneling in
the high electric field region.!?!! However, in the hole-barrier-
free E-mode SiN/GaN MIS-FET, the holes, generated in high
reverse-bias condition, could not accumulate at the interface
and would flow through the gate dielectric, which acceler-
ated the generation of new defects in the gate dielectric and
resulted in the large positive V4, shifting.[*>?3! The positive
Vin drift in fully recessed enhancement mode metal—insulator—
semiconductor field-effect transistor (MOSFET) under nega-
tive gate stress has been reported to be due to the gate-injection
and the following trapping in the dielectric layer and the induc-
tively coupled plasma (ICP) recessed GaN channel layer. [>*]
In this paper, we study the instability of V4, in D-mode
MIS-HEMT, with in situ SiN as gate dielectric under negative
gate stress. It is observed that the drift of V4, is non-monotonic
whether in the negative stress condition or after the stress.
This is inconsistent with what has been reported. A physi-
cal model, based on the combination of the effect of interface
states at SiN/AlGaN and the effect of the zener trap in the
AlGaN barrier, is proposed for the Vi, behavior in the D-mode
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MIS-HEMT. The results in this work provide a comprehensive
insight into the instability of V4, in the D-mode MIS-HEMT.

2. Devices and experiments

The study was carried out on D-mode MIS-HEMT grown
on a Si substrate. The epilayers, from bottom to top, consisted
of a GaN buffer intentionally doped with C, an undoped GaN
channel, an Alp2,Gag7gN barrier, and 30-nm in situ SiN as
gate dielectric and passivation layer. The cross section of the
device is sketched in the inset of Fig. 1(a) (not scaled). The
gate length and gate-source distance of the device under test
are both 3 um, and gate—drain distance is 20 um. Figure 1(a)
exhibits great effects on suppressing gate leakage current at
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both reverse and forward bias. The transfer and transconduc-
tance characteristics are shown in Fig. 1(b). The fresh device
shows that Idyay is 414 mA/mm, Vi, is —9.05 'V, and Gy max 18
60 mS/mm.

In order to avoid the influence of drain voltage on the ex-
periment and focus on the region under gate, the drain volt-
age was set to be 0 V during the stress and the transfer mea-
surements were carried out at V4 = 0.1 V in the intermediate
monitoring process. Meanwhile, the gate voltage was swept
from —10 V to —7 V in order to exclude the influence of the
positive gate voltage. The V4, was defined as the gate voltage
corresponding to the drain current of 1 pA/mm. The detail of
experimental process is shown as Fig. 1(c).
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Fig. 1. (a) The Iz—V characteristics of MIS-HEMTs with inset showing schematic cross section view of MIS-HEMT. (b) Transfer and transconductance
characteristics at Vg = 10 V. (c) Schematic diagram of experimental procedure.

3. Results and discussion

As shown in Fig. 2(a), when the negative gate stress of
Ve = —10 V is applied, the Vi, shifts positively. It is unusual
that the Vi, continues shifting positively even after the stress
has been removed. In addition, the maximum of transcon-
ductance (G max) decreases during the negative stress and in-
creases in the recovery process as shown in Fig. 2(b).

To exclude the influence of the monitoring tests, the trans-
fer measurements without any stress at certain time as men-
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tioned above are conducted, and the results are shown in
Fig. 3(a). Figure 3(b) shows that the V4, shifts positively at
all times.

Figure 4 shows the difference between Vi, under V, =
—10V negative stress and that under V, =0 V (no stress). The
amount of Vy, drift with no stress is larger than that under stress
(0 s< time < 500 s). However, when 1000 s< time < 2000 s,
the Vi, shifts more positively after exerting stress than that un-
der no stress.
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Fig. 2. (a) Transfer and (b) transconductance curves of GaN-based MIS-HEMTs at different time.
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Fig. 3. (a) Transfer characteristics measured in 2000 s without any stress, and (b) the variations of threshold voltage with time during the

experiments in panel (a).

0.4F +‘/gstress =-10V,|
—e—1no stress
0.3k recovery
>
= 0.2k
= 0
<
0.1F
stress
0
0 500 1000 1500 2000
Time/s

Fig. 4. Drift of Vi, versus sampling time with and without negative
biased stress.

To further investigate the mechanisms of Vj, drift, vari-
ations of AVy, with stress time under the negative stresses of

Vstress = —15 V and —25 V excluding the influence of the
monitoring tests are shown respectively in Figs. 5(a) and 5(b),
where AVy, is the difference between the Vjy, drift under stress
and the Vj, drift (the degradation of G, max) under no stress.
The Vi, shifts negatively when Vegress = —15 V. After the stress
is removed, the Vi, shifts first positively and then negatively.
As shown in Fig. 5(c), the Gy max decreases to 77.37% un-
der —15 V stress and recovers to 96.46% as the recovery time
reaches to 1000 s. For Vggress = —25 V, the Vi, shifts first
positively and then negatively during the stress. As the stress
is removed, the V4, shifts first positively and then negatively.
As shown in Fig. 5(d), the Gy max decreases to 71.79% un-
der —25 V stress and recovers to 91.40% as the recovery time
reaches to 1000 s.
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Fig. 5. Plots of AVy, versus stress time and recovery time under stress voltage of (a) —15 V and (b) —25 V. Plots of normalized Gm max versus stress

time and recovery time under stress voltage of (¢c) —15 V and (d) —25 V.
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Fig. 6. Plots of calculated mobility versus thickness of AlGaN barrier for
different SiN/AlGaN interface charge deisities.

Before analyzing the drift of the Vi, the change of the
Gm,max should be investigated first. In general, the traps in the
SiN insulator and at SiN/AIGaN interface have effects on the
electron mobility, acting as remote impurity scattering, thus
Gm.max decreases.!?>! Experimental results and theoretical cal-
culations indicate that the remote scattering rate decreases ex-
ponentially as the distance increases between the charges and
the channel, which could be simplified as the thickness of Al-
GaN barrier layer.?®?7] In this work, the thickness of AlIGaN
in MIS-HEMT is 20 nm. The remote impurity scattering could
be neglected for the 20 nm AlGaN layer, which is shown in
Fig. 6. As a result, the electrons trapping and detrapping at
SiN/AlGaN interface and in the SiN insulator can induce the
Vin drift but have little influence on Gy max. However, the
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Gmmax decreases under the negative stress and increases in
the recovery process, indicating that there is trapping behavior
in the place closer to the channel, which is in the barrier here.

In the above analysis, the location where the trapping- and
detrapping-behaviors occur is identified, and the mechanisms
for the drift of Vi, can be proposed in the following. Under
the negative stress, a strong electric field exists in the barrier
layer under the gate, especially at the edges of the gate on the
source side and drain side. Electrons can be trapped in the
AlGaN barrier, which can take place under high reverse elec-
tric field, when electrons tunnel from the valence band to the
trap states in the AlGaN barrier in a process, which is some-
times referred to as zener trapping.[>%?8! The trapped electrons
in the AlGaN barrier induce the V, to positively drift and the
Gm,max to decrease under the negative stress. This mechanism
runs in parallel with the detrapping behavior of interface states
at SiN/AlGaN,which induces the Vi to negatively drift and
has little influence on transconductance. The effect of zener
trap is strongest at the edge of gate, where the highest electric
field exists. Trapped electrons lift the bands up as shown in
Fig. 7(b). When the negative stress is removed, the Vi, shifts
negatively for electrons escaped from the trap in the barrier by
thermal activation. On the contrary, as the stress is removed,
the interface state at SiN/AIGaN falls again below the Fermi
level, and is filled with electrons, which induces the Vi, to pos-
itively drift. The evolution of V4, in the stress and recovery

process under the two mechanisms are shown in Fig. 8.
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Fig. 7. (a) Two mechanisms under negative stress. Behaviors of (b) zener traps and (c) interface states in recovery process.

Considering the two mechanisms, figure 4 should be fur-
ther analyzed. When no stress is applied, zener trapping dom-

inates in the monitoring process. And it is hard for the thermal

detrapping because bands lift up slightly with V, = —10 V. As
a result, the Vi, shifts positively at all times under no stress.

For Vgsress = —10 'V, the detrapping of the interface states
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induces the V; to less positively drift under negative stress
(0 s< time < 500 s). And the retrapping of the interface states
results in the more positive drift of V4, as the stress is just re-
moved.

AViy

stress recovery

zener trap

interface state Time

Fig. 8. Plot of variation of Vi, with time, induced by zener traps and interface
states in negative stress and recovery process.

As shown in Fig. 5(a), for Vggress = —15 'V, the detrap-
ping of interface states dominates the negative drift of Vy,. As
the —15 V stress is removed, the interface states, especially
those with low energy level, can be retrapped rapidly, which
results in a sharply positive drift of V4, in 2 s. The electrons
are trapped in the AlGaN barrier due to the zener trapping un-
der —15 V stress, which results in a relatively small positive
drift, and then electrons in the AlGaN barrier can be detrapped
through thermal process, resulting in the negative drift of V.
On account of the relatively deep level, the electrons’ ther-
mal detrapping dominates as the time goes on in the recovery
process. Because the transconductance is mostly associated
with zener traps in the AlGaN, the variation of Gy max is rel-
atively simple as shown in Fig. 5(c). The trapped electrons in
the AIGaN enhance the scattering, indicating the decrease of
Gm,max.- And the thermal detrapping in the recovery process
causes G max to increase.

As shown in Fig. 5(b), when Vigress = —25 'V is applied,
both the trap effect of interface states at SiN/AlGaN and the
zener trap effect in the AlGaN barrier are enhanced. The zener
trap is based on the tunneling process, whose time constant is
on the order of picoseconds. As aresult, zener trap effect dom-
inates at the beginning of stress for the higher electric field
under a stress of —25 V. As the time increases, the interface
states dominate instead. The V4, shifts first positively and then
negatively. When the stress is removed, the variation of Vy; un-
der stress of V, = —25 V is similar to that under —15 V stress.
It is noted that the negative drift of V, is faster under —25 V
stress. More electrons trapped in the AlGaN lift the energy
bands higher, making thermal emission take place more eas-
ily. As the number of trapped electrons decreases, the energy
band’s lifting up becomes low again and the thermal emission

is weakened. As a result, the negative drift of Vi;, slows down.

4. Conclusions

In conclusion, the instabilities of Vy, in D-mode MIS-
HEMT, with in situ SiN as gate dielectric under different nega-
tive gate stresses are investigated. The effect of interface state
at SiN/AIGaN and the effect of zener trap in AlGaN barrier
layer are opposite to each other both under negative stress and
in recovery process (no stress). The Vi, negatively shifts under
the stress due to the detrapping of the electrons at SiN/AIGaN
interface, and positively shifts due to zener trapping in AlGaN.
As the stress is removed, Vi, positively shifts for the retrapping
of interface states and negatively for the thermal detrapping in
AlGaN. The complex non-monotonic evolution of Vy, is in-
duced by the two mechanisms together. However, it is the
trap behavior in the AlGaN rather than the interface states that
gives rise to the change of transconductance in the D-mode
MIS-HEMT.
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