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The performance degradation of gate-recessed metal-oxide—semiconductor high electron mobility transistor (MOS-
HEMT) is compared with that of conventional high electron mobility transistor (HEMT) under direct current (DC) stress,
and the degradation mechanism is studied. Under the channel hot electron injection stress, the degradation of gate-recessed
MOS-HEMT is more serious than that of conventional HEMT devices due to the combined effect of traps in the barrier
layer, and that under the gate dielectric of the device. The threshold voltage of conventional HEMT shows a reduction under
the gate electron injection stress, which is caused by the barrier layer traps trapping the injected electrons and releasing
them into the channel. However, because of defects under gate dielectrics which can trap the electrons injected from gate
and deplete part of the channel, the threshold voltage of gate-recessed MOS-HEMT first increases and then decreases as
the conventional HEMT. The saturation phenomenon of threshold voltage degradation under high field stress verifies the
existence of threshold voltage reduction effect caused by gate electron injection.

Keywords: gate-recessed MOS-HEMTs, channel electron injection, gate electron injection, barrier layer traps

PACS: 73.61.Ey, 73.20.-1, 73.40.Kp, 73.40.Qv

1. Introduction

AlGaN/GaN high electron mobility transistor (HEMT) is
a kind of semiconductor device with wide band gap, high elec-
tron mobility and high breakdown electric field. Owing to
its superior electrical, optical and thermal properties, it has
become a research hotspot of the third-generation semicon-
ductor materials and devices.!'=>! The gate-recessed metal—
oxide—semiconductor high electron mobility transistor (MOS-
HEMT) device can reduce the gate tunneling current and im-
prove the gate control ability of the conventional HEMT de-
vice, s0 it has been widely concerned.!%-1%1 GaN-based HEMT
has great application prospects in high temperature, high fre-
Although it has been
put into the market to a certain extent, there are still many

quency, and high power electronics.

reliability problems that seriously restrict the development of
GaN HEMT.[!'-14] GaN-based HEMTs are usually used in mi-
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crowave high-power fields. The devices often work under high
drain-bias (Vps). Therefore, the degradation of GaN-based
HEMTs in high field has aroused extensive research. Un-
der high field stress, the channel hot electron effect can cause
the device characteristics and output current to degrade.1>16]
Trew et al.!'”) put forward that there exists a strong electric-
field peak near the gate between gate and drain, and gate elec-
trons can get to the barrier layer’s surface under the influence
of electric-field peak, which results in leakage current between
the gate and drain. Gate electrons can also fill the surface traps,
and thus forming a virtual gate, which will cause some degra-
dation phenomena such as the increase of threshold voltage
(Vrg) and the reduction of drain current. The research of Wen-
ping Gu et al.'"®! shows that the effect of hot electron and the
virtual gate lead the device to degrade.

At present, there are many studies on AlGaN/GaN con-
ventional HEMTSs’ degradation under electrical stress, show-
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ing that the channel hot electron injection and gate electron
injection can lead the threshold voltage to vary. However,
there are few studies of the gate-recessed MOS-HEMT device.
In order to analyze the difference and similarity in reliability
between gate-recessed MOS-HEMT device and conventional
HEMT device, in this paper the comparison between the char-
acteristic changes of gate-recessed Al,O3/AlGaN/GaN HEMT
and conventional HEMT devices are conducted under electri-
cal stress. And the influence of the two degradation modes,
channel hot electron injection, and gate electron injection, on
the characteristic parameters and reliability of the device are
studied.

2. Devices and stress experiments

The tested GaN-based gate-recessed MOS-HEMTs were
fabricated by low pressure metal-organic chemical vapor de-
position (LP-MOCVD) equipment to grow AlGaN/GaN het-
erostructure on sapphire substrate. In the GaN-based gate-
recessed MOS-HEMTs, the materials from bottom to top were
sapphire substrate, 40-nm-thick AIN nucleating layer, 1-pm-
thick undoped GaN epitaxial layer, and 25-nm-thick AlIGaN
barrier layer with a doping concentration of 2x 108 cm™3. In
addition, Al component of AlGaN barrier layer was about
30%.
to etch the recessed-gate, and atomic layer deposition (ALD)

Chlorine-based reactive ion etching (RIE) was used

was used to deposit 5-nm-thick Al,O3 gate dielectric layer.
Electron beam evaporation was used to grow a Ti/Al/Ni/Au

()

1-um GaN buffer layer

AIN layer

(respectively with 22 nm/140 nm/55 nm/45 nm in thickness)
multilayer metal to realize the ohmic contacts and also used
to form a Ni/Au/Ni (respectively with 45 nm/200 nm/20 nm
in thickness) gate electrode multilayer metal. The gate length
and width for each of the gate-recessed MOS-HEMTs were
respectively 0.8 pm and 50 pum, and the thickness of the di-
electric layer was 5 nm. The gate electrode lay in the midpoint
between source and drain while SizNy layer acted as a passi-
vation layer. Compared with the gate-recessed MOS-HEMT
device proposed in this work, conventional HEMT device had
no groove or deposition oxide layer step, and the rest of the
structure were the same. The schematic diagrams of the two
kinds of HEMTs are shown in Fig. 1.

With the Hall effect measurement tests at room tem-
perature, we obtained the mobility and density of two-
dimensional electron gas (2DEG), which are 1150 cm? /V-s
and 1.2x10'3 cm™2, respectively in the AlGaN/GaN het-
erostructure. The Keithley4200, a semiconductor parameter
analyzer was used to test the direct current (DC) characteristics
and electrical-stress characteristics of HEMTs. There are three
main electrical-stress test parts in this paper: (i) channel elec-
tron injection stress (gate floating, Vs =0V, and Vp = 15 V);
(ii) gate electron injection stress (source floating, Vg = —20 'V,
and Vp = 0 V); (iii) another high field electrical stress (cou-
pling between channel electron injection and gate electron in-
jection) (Vg = Vs =0V and Vp = 15 V). The stress times of
tests were all 1000 s.

(b)

1-um GaN buffer layer

AIN layer

Fig. 1. Schematic diagram of (a) gate-recessed MOS-HEMT and (b) conventional HEMT.

3. Experimental results and analysis
3.1. Experimental results

After 1000 s of channel electron injection stress (gate
floating, Vs =0 V, and Vp = 15 V) and gate electron injec-
tion stress (source floating, Vg = —20 V, and Vp = 0 V), the
threshold voltage variations of conventional HEMTs and gate-
recessed MOS-HEMTs with stress time are obtained as shown
in Figs. 2 and 3. In Fig. 2, under the stress of channel electron
injection, the characteristics of the two kinds of devices are

degraded, and the threshold voltages are both increased.

Figure 3 shows the degradations of conventional HEMT
and gate-recessed MOS-HEMT under gate electron injection
stress. The threshold voltage of conventional HEMT decreases
(negative shift) in the first 100 s, while the threshold voltage
of gate-recessed MOS-HEMT increases (positive shift) signif-
icantly during the first 100-s stress. And then in the 100 s—
1000 s process of the gate electron injection stress, the thresh-
old voltage of conventional HEMT and the threshold voltage
of gate-recessed MOS-HEMT are both reduced.
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Fig. 2. Under channel electron injection stress: (a) drain current versus gate voltage, (b) threshold voltage versus stress time of conventional HEMT, (c)
drain current versus gate voltage, and (d) threshold voltage versus stress time of gate-recessed MOS-HEMT.
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Fig. 3. Under gate electron injection stress: (a) drain current versus gate voltage, (b) threshold voltage versus stress time of conventional HEMT, (c)
drain current versus gate voltage, (d) threshold voltage versus stress time of gate-recessed MOS-HEMT.

The threshold voltage and drain current degradations of ~ more important in the case of high-field electrical stress.

the two devices under the two kinds of electron injection Table 1. Parameters’ degradation of two kinds of devices under two elec-

stresses are obtained and shown in Table 1. For the same tron injection stresses.

device, the degradation under channel electron injection con- Conventional HEMTs  Gate-recessed MOS-HEMTs
dition is more serious, and the electrons trapped by the bar- Parameters I Vru I Viru

. . . Channel electron injection 4.43% 9.51% 2.87% 13.57%
rier layer are an important factor leading the parameters to de- Gate electron injection  2.82%  9.28% 1.05% 11.75%
grade, indicating that the hot electrons generated by the chan-
nel impact ionization captured by the barrier layer traps are In addition, from Figs. 2 and 3, we can obtain that the
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leakage currents degrade much more seriously under gate
electron injection stress than under channel electron injec-
tion stress. And the subthreshold swing (SS) of gate-recessed
MOS-HEMT change much larger than that of conventional
HEMT.

3.2. Mechanism analysis

Under the channel hot electron injection condition, elec-
trons in the device channel are accelerated by the strong elec-
tric field and become hot electrons with high energy. The hot
electrons can overflow from the channel, and may be trapped
by defects in the AlGaN barrier layer, causing the current to
decrease and the threshold voltage to increase in the device.
High-energy hot electrons may collide with the lattices to pro-
duce new defects,!!%2% resulting in further degradation. At
the same time, the gate etching of the gate-recessed MOS-
HEMT brings about more defects under the gate dielectric
of the device!?!! which can cause the SS to degrade after be-
ing stressed. With the injection of channel hot electrons, the
traps under the gate dielectric can capture electrons and form
an additional negative charge layer under the MOS structure.
This charge layer will shield part of the electric field from the
gate to the channel, thereby resulting an additional threshold
voltage degradation, and the schematic diagram is shown in
Fig. 4(a). Therefore, for the gate-recessed MOS-HEMT de-
vice, when channel hot electrons are injected, the degradation
of the device is the result of the combined effect of traps in the
barrier layer and those under the gate dielectric of the device.

(a)
Al O3 — 5// the g?‘te
Seooe (negative
/ ) charge layer)
[0} L[] (0] o
/K1GaN barrier laye‘ﬁ
e o4 e 0060 0 0 o .‘.’/QDEG
® O o6 o o6 o o6 o o o6 o o o o
GaN buffer layer
(b) . R traps under
G the gate
Al,O4 - (negative
000000

charge layer)

__2DEG

GaN buffer layer

Fig. 4. Effects of under-gate traps on gate-recessed MOS-HEMT under
stresses of (a) channel hot electrons injection and (b) gate electrons injec-
tion.

In some researches it is believed that in the process of
gate electron injection, gate electrons can be injected into the
barrier layer’s surface to fill in the surface state, thus forming
a virtual gate between the gate and the drain,/??! which plays
a role in depleting the channel, thus increasing the threshold
voltage and reducing the current. However, Table 1 shows that
the threshold voltage of conventional HEMT device under gate
electron injection stress does not increase but decreases. The
conventional HEMT has no gate dielectric, and the gate elec-
trons are easier to inject into the barrier layer under the strong
negative gate voltage stress. When the electrons are injected
into the barrier layer, on the one hand, the surface states will
be filled to form a virtual gate; on the other hand, the electrons
injected into the barrier layer can be trapped and those above
Fermi level in AlGaN barrier layer will be released into GaN
layer under the effect of negative gate voltage stress, which
increases the 2DEG concentration as shown in Fig. 5.123] The
effect of increasing 2DEG concentration is greater than that
of the virtual gate, therefore, the threshold voltage of con-
ventional HEMT decreases. However, under the gate electron
injection stress, the threshold voltage of gate-recessed MOS-
HEMT first increases and then decreases. This is because in
addition to the depletion of the channel by the virtual gate,
the traps under the gate can capture the electrons from the
gate injection, thus forming a negative charge layer, which
can also deplete part of the channel, as shown schematically
in Fig. 4(b). Therefore, for the gate-recessed MOS-HEMT,
the threshold voltage increases significantly in the first 100 s.
However, with the extension of the stress time, the number of
electrons tunneling through the gate dielectric into the barrier
layer and then releasing into the channel increases, resulting
in the reduced threshold voltage as shown in Fig. 3(d) after
100 s. In addition, with the effect of gate electrons, the traps
under gate result in much larger SS and leakage current of gate-
recessed MOS-HEMT.

In order to further analyze the changes of the traps inside
the device under the gate electron injection stress, the inter-
face traps are characterized by the conductivity method,?*%!
as their time constant 7 is relatively small and can trap and re-
lease the electrons easily. The detailed principle for this tech-
nique can be found in Ref. [26]. The experimental data of
parallel conductance Gp/® as a function of radial frequency
o of the gate-recessed MOS-HEMT before and after the elec-
trical stress are shown in Fig. 6. And the relationship between

Gp/w and @ can be expressed as[?®!
Gp qDit 2
— = In|1+ (07 1
®  2m, n[l+ (o)), ey

where Dj; and Ty are the interface trap density and time con-
stant, respectively.
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Fig. 5. Under gate electron injection stress: (a) energy band diagram and
(b) structure diagram of electrons entering into channel through barrier layer
trap.
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Fig. 6. (Gp/w)-w curves (a) before stress and (b) after stress for gate-

recessed MOS-HEMT device.

According to the curves fitted by Eq. (1) in Fig. 6,
we can obtain the interface trap density Dj and time con-
stant 7. The range of Dj, and 7j before being stressed are
0.57 x 1013 eV~ l.em™2-3.04 x 1013 eV~!l.cm™2 and 0.5 us—
1.3 ps respectively. After being stressed for 1000 s, Dj; and
T, become 0.31 x 1013 eV~l.cm™2-1.89 x 1013 eV—1.cm—2
and 0.9 pus—13.7 ps. The increase of the time constant T in

Fig. 7(a) shows that some interface traps have become deeper
level traps after being stressed. The interface trap energy Et

can be estimated from the following equation:[*7]
- Et
Tit = (GTNth) lexp (kT)’ 2)

where the capture cross section or, the density of states in the
conduction band Nc, and the average thermal velocity of the
carriers V; are all constants, and have been reported in other
paper.[?8] The relationship between Er and Dy is illustrated
in Fig. 7(b). The trap energy level Et is higher, and the trap
densities Dj; are lower after being stressed than before being
stressed. The results are consistent with those of Fig. 7(a).
Therefore, the shallow level traps that can capture the gate
injected electrons and release them into the channel become
less, and thus the threshold voltage drops slowly. It is further
proved that the threshold voltage is affected by the electron
capture and release effect of barrier layer traps under the gate
electron injection stress.

(a)
10-5 —=—Dbefore stress
—e—after stress

Tit (8)

Ve (V)
(b)

~ 3 -= before stress
\> -o- after stress
v
T2t
g
9}
=
&

0 S T S

0.29 0.31 0.33 0.35 0.37 0.39

Er (eV)
Fig. 7. (a) Relationship between time constant and gate voltage and (b) re-
lationship between trap energy level Et and trap density D; before and after
being stressed, for gate-recessed MOS-HEMT device.

Figure 8 shows the threshold voltage changes of conven-
tional HEMT and gate-recessed MOS-HEMT under another
high field stress condition (coupling between channel elec-
tron injection and gate electron injection) (Vg = Vs =0V,
Vp = 15 V). In the first 100 s, the threshold voltages of both
HEMTs increase obviously, and then increase slowly in the
period of 100 s—1000 s, which is different from the degra-
dation of device under the stress of channel hot electron in-
jection. Under this high field stress, in addition to the effect
of channel electron injection, the gate electrons will be in-
jected into the barrier layer by the voltage between the gate
and drain, Vgp = —15 V. According to the previous analysis,
the gate electron injection can cause the threshold voltage to
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decrease. Under the effect of coupling between channel elec-
tron and gate electron injection, the threshold voltage of the
device increases slowly in the period from 100 s to 1000 s.
The overall increase of the threshold voltage under this high
field stress indicates that the main effect in the process comes
from the influence of channel electron injection.

0.04F (a)
0.03} = AViu
= n
E 0.02 |
= conventional HEMTs
< stress condition:
0.01 F like channel hot electron injection
Vae=Vs=0V, Vbstress=15 V
OF =
1 1 1 1 1 1
0 200 400 600 800 1000
Stress time (s)
0.08+ (b) &= AVt
0.06 \/./.
Z
= 0.04F
f gate-recessed MOS—HEMTs
< 0.02F stress condition:
: like channel hot electron injection
Va=Vs=0V, Vbstress =15 V
OF =
1

0 200 400 600 800 1000
Stress time (s)

Fig. 8. Threshold voltage changes of (a) conventional HEMTs and (b) gate-
recessed MOS-HEMTs under high field stress (coupling between channel
electron injection and gate electron injection).

4. Conclusions

Owing to the introduction of etching and gate dielectrics
into gate-recessed MOS-HEMTs, when studying the degrada-
tion of gate-recessed MOS-HEMTs and conventional HEMTs
under different electron injection modes, it is necessary to take
the influence of the under-gate traps into consideration. Un-
der the channel hot electron injection stress, besides the effect
of barrier layer traps, the traps introduced by groove etching
can trap electrons and deplete part of the channel. Therefore,
the degradation of gate-recessed MOS-HEMT is more seri-
ous. The gate electrons injected into the barrier layer will
be released into the channel, which makes the threshold volt-
age degradation different from the previous studies, that is,
the threshold voltage decreases. Meanwhile, because of de-
fects under gate dielectrics which can trap electrons from gate
and deplete part of the channel, the threshold voltage of gate-
recessed MOS-HEMT first increases and then decreases as
that of the conventional HEMT does. In addition, the increase
of threshold voltage is slow under the condition of high field
electrical stress (coupling between the channel electron injec-
tion and gate electron injection). It is further proved that the

gate electron injection can reduce the threshold voltage. At the
same time, the overall increase of threshold voltage indicates
that the electron captured by barrier trap comes mainly from
channel hot electrons injection.
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