Chin. Phys. B Vol. 22, No. 10 (2013) 107303

The degradation mechanism of an A1IGaN/GaN high electron mobility
transistor under step-stress*

Chen Wei-Wei([5#54)%), Ma Xiao-Hua(Z BT Hou Bin(f% xi#t)db),
Zhu Jie-Jie(WAZA)YY),  Zhang Jin-Cheng(FK i)Y, and Hao Yue(# #%)P)

a) School of Technical Physics, Xidian University, Xi’an 710071, China
b) Key Laboratory for Wide Band-Gap Semiconductor Materials and Devices, School of Microelectronics, Xidian University, Xi’an 710071, China

(Received 12 March 2013; revised manuscript received 4 April 2013)

Step-stress experiments are performed in this paper to investigate the degradation mechanism of an AlIGaN/GaN high
electron mobility transistor (HEMT). It is found that the stress current shows a recoverable decrease during each voltage
step and there is a critical voltage beyond which the stress current starts to increase sharply in our experiments. We postulate
that defects may be randomly induced within the AlGaN barrier by the high electric field during each voltage step. But
once the critical voltage is reached, the trap concentration will increase sharply due to the inverse piezoelectric effect. A
leakage path may be introduced by excessive defect, and this may result in the permanent degradation of the AIGaN/GaN

HEMT.
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1. Introduction

Due to the many outstanding material properties of GaN,
such as high breakdown electric field (> 3 x 10° V/em),M!
high sheet carrier density (> 10'* cm~2),[?! and high electron
mobility (> 1500 cm?/V-s),[3 the AlIGaN/GaN HEMT has
shown extraordinary performance at a wide range of frequency
in RF power applications. One of the greatest impediments to-
day affecting the further development of GaN HEMT technol-
ogy is its limited electrical reliability. In order to achieve solid
reliability, a thorough understanding of the physical mecha-
nism behind the device degradation is of great importance.

Although many studies have been conducted attempting
to gain insights into the electrical degradation of GaN HEMT,
the detailed failure mechanism has not been identified. Joh and
del Alamo!*! proposed that there is a critical drain-to-gate volt-
age beyond which GaN HEMT begins to degrade in electrical-
stress experiments. Degradation is dependent on electric field
and commonly attributed to the generation of defects through
inverse piezoelectric effect.’~71 Meneghini et al.!¥! found that
for sufficient long stress time, the degradation occurs even be-
low the “critical voltage”, and demonstrated that before per-
manent degradation the gate current would become noisy, indi-
cating an increase in defect concentration. Recent reports![®1°!
suggested that the degradation of some device parameters is
recoverable, arising from the high field-induced electron de-
trapping beyond a critical voltage or the recovery of surface
state after the step-stress.

In this paper, step-stress experiments are performed to in-
vestigate the mechanism of device degradation in AIGaN/GaN
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HEMT. It is found that the stress current shows a recoverable
decrease during each voltage step and there is a critical voltage
beyond which stress current starts to increase sharply, but gate
current does not become noisy during the whole experiment.

2. Devices and experiments

The AlGaN/GaN HEMT epitaxial structure was grown
by metal organic chemical vapor deposition (MOCVD) on
(0001) sapphire substrate.
ated with an AIN nuclear layer followed by a 1.3-pum unin-
tentionally doped (UID) GaN layer. This was followed by
a 1-nm thick AIN interlayer and a 29-nm thick Alg3Gag7N
barrier layer. The sample was capped with an in-situ growth

The epitaxial growth was initi-

I-nm thick GaN. The devices fabrication started with mesa
isolation which was performed by reactive ion etching (RIE)
with an etch-depth of 150 nm. Ohmic contact consisting of
Ti/AI/Ni/Au (22 nm/140 nm/55 nm/45 nm) was annealed in
a nitrogen ambient at 850 °C for 30 s, yielding a contact
resistance typically around 0.5 Q-mm. Then surface passi-
vation was done by depositing about 60-nm Si3N4 through
the plasma-enhanced chemical vapor deposition (PECVD).
Gate patterns were determined by optical lithography with
L; = 0.8 um and Wy, = 50 um. The gate-to-source spacing
Lgs is 0.7 um and gate-to-drain spacing Lgq is 2.5 pm. Fi-
nally, a 200-nm thick SizN4 was deposited as a second surface
passivation film.

A typical device used in the study shows Ijmax of
900 mA/mm, V; of —3.5 V, and Gymax of 200 mS/mm. We car-
ried out step-stress experiments in the Vg = 0 V state as shown
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in Fig. 1. In the experiments V; was stepped from —10 V to
—50 V in steps of 1 V while keeping Vg = V5 =0V, the de-
vice was stressed for 2 min at each step. During each voltage
step stress currents Igace, lirain, and Isource Were sampled respec-
tively every 20 s. At the end of each step, some measurements
were performed in a short time (less than 30 s) to characterize
the device. Then the next voltage step was applied immedi-
ately. We repeated this cycle at a certain frequency until the
end of the step-stress experiment.
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Fig. 1. Stress scheme used in this study: Vj is stepped from —10 V
to —50 V in steps of 1 V while keeping Vy = V; = 0V, the device is
stressed for 2 min in each voltage step.

3. Results and discussion

Figure 2 shows the changes in stress current Igae, Zdrain,
and Ijource With stress time in a step-stress experiment in
the Vg =0 V state (Vg =V, =0V, Vo, = —-10 V~ =50 V,
—1 V/2 min). Under this condition, there is no current flowing
through the channel of the device, and both sides of the de-
vice can be stressed simultaneously. The main behaviors are
described below.

(i) Stress current shows a recoverable decrease during
each voltage step, which is denoted as the recoverable degra-
dation and permanent degradation respectively as shown in
Fig. 2.

(ii) Before a certain stress voltage value (V; = =35V
in this experiment) is reached, the stress current increases
slightly. But once this critical voltage is reached, the degra-
dation in the stress current starts sharply and continues to in-
crease as the stress experiment proceeds.

(iii) For a low stress voltage level, the source current is
smaller in value than the drain current, but when the stress
voltage reaches its critical value, the source current increases
suddenly, surpassing the drain current by several orders of
magnitude.

(iv) Gate current does not become noisy during the whole
experiment, which is different from the phenomenon observed
in Ref. [8].

Figure 3 shows the Schottky characteristics of the device
under study, measured at the end of different stress steps. The

gate voltage V, sweeps from —10 V to 0 V while keeping the
drain voltage V3 = 0 V and the source terminal open during
each measurement. Before the “critical voltage” (V; = —35 V)
is reached, the gate leakage current almost remains unchanged.
Then a sudden and irreversible increase in leakage current oc-
curs at the “critical voltage” (Vy = —35 V), which is consistent
with the change of stress gate current illustrated in Fig. 2.
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Fig. 2. (color online) Changes in the stress current Igate, Idrain, and
Lsource With stress time in a step-stress experiment in the Vg = 0 V state
Va=Vs=0V,V; =—-10~ =50V, —1 V/2 min), from 0 min to 40 min
(Vg from —10 V to —29 V) (a) and from 40 min to 82 min (V; from
—30 Vto —50V) (b).
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Fig. 3. Schottky characteristics of the device under study, measured
at the end of different stress steps. The gate voltage V,; sweeps from
—10 V to 0 V while keeping the drain voltage Vg = 0 V and the source
terminal open during each measurement.

Based on the results presented above, we propose the fol-
lowing model to explain the degradation mode of the device
during step-stress. At the beginning of the experiment, the
field-emission tunneling from the metal into the semiconduc-
tor was negligible since the stress voltage is low.!!!l However,
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the electrons that tunnel from the gate electrode can conduct
along the surface by a trap-to-trap hopping mechanism,!?]
creating a gate-to-drain “surface leakage” path as shown in
Fig. 4(a). As the step-stress experiment proceeds, traps may
be randomly generated within AlGaN layer due to the high
electric field under the edge of the gate. The electrons that
tunnel from the gate electrode can inject into these traps at the
very beginning of each voltage step, resulting in the increase
of gate leakage current. Once the traps are all filled with neg-
ative charges, gate leakage current will decrease immediately,
which explains the “recoverable” decrease of the stress cur-
rent during each voltage step as denoted in Fig. 2. Besides,
trap-assisted tunneling may be more and more significant as
the stress voltage increases,!'3! contributing to the increase of
“permanent” stress current with stress time in Fig. 2.

Beyond the critical voltage (V, = —35 V), crystallo-
graphic defects can form in the AlGaN barrier due to the in-
verse piezoelectric effect.['¥l When the defects in the AlIGaN
barrier become excessive, they overlap with each other and
result in the generation of a leakage path between the gate
and the channel as shown in Fig. 4(b). The electrons passing
through the leakage path in the AlGaN barrier layer can lead
to the sudden increase of gate leakage current and a permanent
degradation of the device (as can be seen from both Fig. 2 and
Fig. 3).
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Fig. 4. Conceptual device degradation mechanism for reverse bias
stress. (a) Before the “critical voltage” is reached, electrons injected
into the traps in the AlGaN barrier layer result in the increase of stress
current at the very beginning of each voltage step. (b) The leakage path
is induced by the inverse piezoelectric effect at the “critical voltage”,
contributing to the permanent degradation of the device.

Since the source-to-gate distance (0.7 pm) is smaller than
the drain-to-gate distance (2.5 um) for the device used in our

experiment, the leakage path should be first induced in the Al-
GaN layer near the source-side-edge of the gate due to the
higher electric field there, which explains the sharp increase

of source current beyond the “critical voltage” (V, = —35 V)
in Fig. 2.
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Fig. 5. Comparisons of output characteristics between before and after
the step-stress experiment under different measurement schemes: (a)
drain voltage V4 sweeping from 0 V to 8 V in 0.1 V/step while keep-
ing source voltage V5 = 0 V and gate voltage V; =0 V /2 'V, (b) source
voltage Vs sweeping from 0 V to 8 V in 0.1 V/step while keeping drain
voltage V4 = 0 V and gate voltage Vo =0V /2 V.

The output characteristics before and after the step-stress
are compared in Fig. 5. Two different measurement schemes
are used during the test of the output current: panel (a) drain
voltage V4 sweeping from 0 V to 8 V in 0.1 V/step while keep-
ing source voltage Vs = 0 V and gate voltage V; =0 V/2 V
respectively, panel (b) source voltage Vi sweeping from 0 V
to 8 V in 0.1 V/step while keeping drain voltage Vg =0 V
and gate voltage V; = 0 V/2 V respectively. As can be seen,
the maximum output current degrades apparently under mea-
surement scheme (a) but degrades slightly under measurement
scheme (b). This phenomenon can be explained as follows.
A large number of traps may be induced in the AlGaN barrier
layer near the source-side-edge of the gate during the stress ex-
periment as shown in the inset in Fig. 5. When the channel is
open and the drain electrode is positively biased, a large num-
ber of electrons coming from the source would be injected into
the traps in the AlGaN barrier layer, contributing to the appar-
ent decrease of the output current under measurement scheme
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(a). But when the channel is open and the source electrode
is positively biased, the electrons coming from the drain side
would possess a high velocity after a long distance of accel-
eration and would be less easily to be trapped, which explains
the slight degradation of the output current under measurement
scheme (b).

4. Conclusions

In the present study, it is found that traps may be induced
by the high electric field in the AlGaN barrier layer when the
device is reversely biased. The electrons can be injected into
the traps at the beginning of each voltage step and induce the
recoverable decrease of stress current. Beyond a certain volt-
age, a leakage path may be generated in the AlGaN layer due
to the inverse piezoelectric polarization effect, which can con-
tribute to the sharp increase of gate leakage current and result
in the permanent degradation of the device. Besides, the leak-
age path should be first induced under the source-side-edge of
the gate electrode due to a higher electric field there. Thus

changing device structures!!>10]

to mitigate the electric field
on the edge of the gate may improve the reliability of Al-

GaN/GaN HEMT.
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