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Impact of Water-Assisted Electrochemical Reactions
on the OFF-State Degradation of
AlGaN/GaN HEMTs

Feng Gao, Swee Ching Tan, Jesus A. del Alamo, Fellow, IEEE, Carl V. Thompson,
and Tomas Palacios, Senior Member, IEEE

Abstract— The origin of structural and electrical degradation
in AlGaN/GaN high-electron mobility transistors (HEMTSs) under
OFF-state stress was systematically studied. Hydroxyl groups
(OH™) from the environment and/or adsorbed water on the III-N
surface, were found to play an important role in the formation of
surface pits during OFF-state electrical stress. The mechanism
of this water-related structural degradation is explained by an
electrochemical cell formed at the gate edge where gate metal, the
III-N surface, and the passivation layer meet. The relationship
between structural and electrical degradation in AlGaN/GaN
HEMTs under OFF-state stress is discussed. Specifically, the
permanent decrease in the drain current is directly linked with
the formation of the surface pits, while the permanent increase in
the gate current is found to be uncorrelated with the structural
degradation.

Index Terms— AlGaN/GaN HEMTs, electrochemical reactions,
moisture, reliability.

I. INTRODUCTION

HE last 20 years have seen numerous developments in

the design and performance of GaN-based high electron
mobility transistors (HEMTs). The unique combination of the
high critical electric field of wide band gap materials and
the existence of a high mobility 2-D electron gas (2-DEG)
allows AlGaN/GaN transistors to be the most promising can-
didates for high power and high frequency applications [1].
Despite the record-breaking electrical performance achieved
by GaN semiconductors, their full market commercialization is
still limited by concerns about electrical and structural degra-
dation [2], [3]. Most of the reliability issues in AIGaN/GaN
HEMTs are related to the electric field in the AlGaN bar-
rier and/or in the channel region, which can usually exceed
2 MV/cm [1], [3] under high drain bias. The impact of the
electric field on the device reliability is especially significant
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in the OFF-state when the channel is pinched OFF and the
electric field is the highest.

The main structural degradation mechanisms studied to
date for AlIGaN/GaN HEMTs are related to the formation of
physical defects (pits and cracks) during high drain OFF-state
stress. It has been argued in the past that the field-induced
inverse piezoelectric effect of AlGaN material may play a
role in causing surface cracking and /, degradation above a
critical voltage [3], [4]. In parallel, it has also been reported
that the electrical degradation can occur even below the critical
voltage given enough stress time due to a defect percolation
process [5]-[8]. Moreover, the pits could also be caused by
electrochemical reactions at the surface due to the combination
of high electric field and oxygen [9]-[11]. Despite these
proposed degradation models, direct experimental evidence
of the nature of the structural and electrical degradation in
AlGaN/GaN HEMTs are still lacking.

To fully understand the OFF-state degradation in
AlGaN/GaN HEMTs, we have carried out investigations
of device degradation in a controlled ambient. We have
found a relationship between air moisture and surface
pitting as demonstrated in Section III. Based on this
observation, a water-assisted corrosion-like electrochemical
reaction is proposed to explain the mechanism, which is
discussed in Section IV. The two necessary conditions for
this electrochemical process—the presence of hole carriers
and water—are supported by experimental and theoretical
evidence in Sections V and VI, respectively. We also find a
one-to-one correlation between the drain current degradation
and the surface pit formation, while no correlation was found
with the gate current degradation. Therefore, we suggest
different mechanisms for the two electrical degradation modes
in Section VII. The results described in this paper have been
reproduced in more than 75 devices across 15 different
wafers, both from industry and academia.

II. DEVICE STRUCTURE AND EXPERIMENTAL SETUP

Prototype AlGaN/GaN HEMTs made by an industrial
collaborator were used in this paper. Similar results were
achieved in transistors fabricated at Massachussetss Insti-
tute of Technology (MIT) [10]. The HEMT structure
consisted of a 3-nm GaN cap, 14-nm AlGaN barrier,
1 nm AIN interlayer and a thick GaN buffer layer epitaxially
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TABLE I
AlGaN/GaN HEMTs STRESSED IN AMBIENT AIR

Before Stress After Stress
I4s (MA/mm) 766 728
I, (mA/mm) 5.08x10% 1.40
Vi (V) -2.98 -3.01
Ry (©2'mm) 3.74 4.07

AlGaN/GaN HEMTs stressed in vacuum

Before Stress After Stress
I4c (MA/mm) 760 756
I, (mA/mm) 9.88x106 0.924
Vi (V) -2.99 -2.99
Ry (2'mm) 3.76 3.90

Iy, and I, are measured at V,, =0 Vand V,, =5 V. The measurements were carried out in
ambient air at room temperatureand in the dark.

grown on a semi-insulating substrate. An L, = 250-nm
T-shaped Pt/Au gate was deposited via metal evaporation. The
device surface was passivated by a thick SiNy layer deposited
using plasma enhanced chemical vapor deposition (PECVD).

All the experiments were performed in a atmosphere-
controlled probe station with a thermal chuck, humidity sen-
sors, and gas lines, so that specific gases could be introduced
into the chamber in a controlled way. These gases can be
saturated with water by passing them through a deionized
(DI) water bubbler at room temperature so that the humidity
increases to close to 100%. The gases can also be dried by
flowing them through a drying unit which lowers the humidity
to <1%.

III. IMPACT OF MOISTURE ON SURFACE PITTING

The impact of moisture on the structural degradation of
AlGaN/GaN HEMTs was studied in the atmosphere-controlled
probe station. Two chips from the same wafer with five
identical AlIGaN/GaN HEMTs on each chip were stressed at
high drain OFF-state bias (Vg = —7 V and Vg = 43 V)
for 3000 s (at room temperature in darkness), one in ambient
air and the other in a 1 x 1077 Torr vacuum. The drain
and gate current characteristics were first recorded for each
fresh transistor and then measured again after electrical stress.
To ensure that the after-stress measurements were not influ-
enced by trap-related transients, before the measurements the
devices were illuminated for 1 min with ultraviolet (UV) light
(254 nm) and kept at rest for 12 h to fully eliminate trapping
transients. As summarized in Table I, a small decrease in
the drain saturation current I4ss and an increase in the drain
resistance R; were observed in HEMTSs stressed in ambient
air, while the degradation was reduced in HEMTs stressed in a
vacuum. The threshold voltage V1 showed no shift after stress
in either case.

The gate currents before, during, and after the OFF-state
stress were also measured as a function of the stress time.
As shown in Table I and Fig. 1, I, degraded by several
orders of magnitude immediately after the application of
high voltage stress and did not vary much during continued
stressing for devices stressed in both air and vacuum. The
during-stress gate currents are also shown in the inset of Fig. 1
and these values will play a role in quantitatively examining
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Fig. 1. Ratio of after-stress gate current (/g in_stressed) and unstressed gate
current (Ig_in_fresh) at Vgs = 0 and Vgs = 5V as a function of stress time from
1 ms up to 10 000 s. The AlGaN/GaN HEMTs were stressed at Vgs = —7 and
V4s = 43 V in ambient air (red circles) and in a vacuum of 1 x 107 torr
(blue triangles). The inset shows the during-stress gate current (/g_in_stress)
for these devices.
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Fig. 2. SEM and AFM analysis of the AlGaN/GaN HEMTs stressed at
Vgs = =7 V and Vgs = 43 V for 3000 s after gate metals were removed.
(a) SEM top view and (c) AFM depth profile in ambient air. (b) SEM top
view and (d) AFM depth profile in vacuum of 1 x 10~7 torr,

the mechanisms of the surface pitting, to be discussed in
Section V.

The mechanisms behind the above electrical degradation
will be further discussed in Section VII.

After electrical stress, the two HEMT chips were subjected
to a wet etching process to expose the GaN surface under
the gate. The SiN, passivation was removed by HF etching
(HF:H,O, 1:10) for 2 min; gate metals were removed by
aqua regia etching (HCI:HNOg3, 3:1) for 20 min and the
samples were subsequently cleaned using a piranha solution
(H>SO4:H»03, 3:1) for 10 min, rinsed in deionized (DI) water
for 1 min and dried using an Ny gun.

After the removal of the gate metal, the exposed surface
in the gate area of these electrically stressed HEMTs was
investigated using scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Fig. 2 shows the top view
and depth profile of the surface area around the gate of the
HEMTs that were stressed in ambient air and in vacuum. It can
be seen that the mean size and density of the surface pits
were significantly higher in the HEMTs stressed in ambient air
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Fig. 3. Cross-sectional TEM images at the drain edge of the gate in the
AlGaN/GaN HEMTs stressed at Vgs = —7 V and Vgs = 43 V for 3000 s in
(a) ambient air and in a (c) vacuum of 1 x 10~7 torr. EDX line analysis
across the pitting area for the above HEMT stressed in (b) ambient air and in
(d) vacuum. The EDX line scan is indicated as the yellow line in (a) and (b).

than those stressed in vacuum. These results were consistent
among the five devices studied in each chip, and reinforce
our previous observations on AlGaN/GaN HEMTs fabricated
at MIT [9]. It is worth noting that the wet-etching process
did not attack the semiconductor, and an unstressed identical
HEMT on the same wafer showed a smooth surface around
the gate area (not shown), confirming that the surface pitting
observed in the AFM analysis was indeed caused by electrical
stress.

A different set of two HEMTs (one in each chip) was
imaged using cross-sectional transmission electron microscopy
(TEM) to study the pits without etching the passivation and
gate metals. A smaller pit size was again found in the devices
stressed in vacuum when compared with those stressed in
ambient air as shown in Fig. 3(a) and (b), respectively. In addi-
tion, the material in the surface pits was characterized using
energy-dispersive X-ray analysis (EDX). A low concentration
of gallium and aluminum and a high concentration of oxygen
were observed inside the pit, as shown in Fig. 3(c) and (d),
indicating the important role of oxygen in the structural
degradation of AIGaN/GaN HEMTs [6], [9], and [11].

Given that surface pitting is reduced when the devices are
electrically stressed in vacuum conditions, the oxygen in the
pits is most likely from the oxygen gas O and/or moisture
H,O present in ambient air. To discriminate between these
two options, another two chips of five identical AIGaN/GaN
HEMTSs were stressed in the chamber at the same OFF-state
bias and duration as above in water-saturated Ar and in dry Ar.

Large Ijss and R; degradation was observed in HEMTs
stressed in water-saturated Ar and a significantly lower
degradation was observed in HEMTs stressed in dry Ar,
while I, degradations were significant in both cases (Table II).
No change of V7 was found. Detailed discussion on the
electrical degradation observed can be found in Section VII.
In addition, the during-stress gate currents were also recorded
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TABLE II
AlGaN/GaN HEMTs STRESSED IN WATER-SATURATED AR

Before Stress After Stress
T4ss (MA/mm) 794 565
I, (mA/mm) 3.79x10% 2.04
vr(V) -2.99 -3.00
Ry(Q-mm) 3.66 5.10

AlGaN/GaN HEMTs stressed in dry Ar

Before Stress After Stress
T4ss (MA/mm) 762 759
I, (mA/mm) 1.12x10° 0.808
Vi (V) -2.99 -3.00
Ry (Q-mm) 3.73 3.90

Iy, and I, are measured at V,, =0 V and V4, =5 V. The measurements were carried out in
ambient air at room temperatureand in the dark.
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Fig. 4. SEM images of AlGaN/GaN HEMTs stressed at Vgg = —7 V and
Vgs = 43 V for 3000 s in (a) water-saturated Ar and (b) dry Ar, after gate
metals and passivations were removed. Cross-sectional TEM images at the
drain edge of the gate in AIGaN/GaN HEMTs stressed in (c) water-saturated
Ar and (d) dry Ar before etching.

and, as in the air and vacuum experiments, the degradation
in I, happened immediately after the application of the stress
conditions, beyond which I, did not change much during the
continued electrical stressing.

After the OFF-state stress, the gate metal and passivation
layers were removed as described above, and the exposed
surface was subsequently analyzed using SEM. At the same
time, several devices in each chip, that were not wet etched,
were investigated using cross-sectional TEM. As shown in
Fig. 4, the surface pitting was significantly accelerated by
water-saturated Ar with respect to dry Ar, which directly
supports the water molecules as the cause of the surface
pitting.

The difference in the pit sizes between water-saturated
and dry Ar was also reproducible in other gas environments,
including air, oxygen gas (O;), nitrogen gas (N»), and carbon
dioxide gas (COy). The insignificant surface pitting observed
in dry O and dry CO; further shows that the oxygen found
in the surface pits is indeed from water.
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Fig. 5.  Electrochemical cell formed at the drain edge of the gate in
AlGaN/GaN HEMTs under high OFF-state drain bias (left).

IV. WATER-ASSISTED ELECTROCHEMICAL REACTIONS

Previous work has found that ambient moisture corrodes
GaAs, causing subsequent device degradation [12], [13].
In this paper, we propose that a water-assisted electrochemical
reaction or corrosion process is a significant contributor of
the surface pitting observed after OFF-state degradation in
AlGaN/GaN HEMTs. The gate-SiN,-Al,Ga;_xN region at
the gate edge forms an electrochemical cell which causes
anodic oxidation of the AlyGa;_xN layer (Fig. 5). The reaction
starts at the GaN cap surface [11] and then proceeds into the
AlGaN barrier during the electrical stress. For simplicity, we
use Al,Gaj_xN to indicate both the GaN cap (x = 0) and
the AlGaN barrier. The proposed reduction—oxidation (redox)
reaction between Al,Gaj_xN and water is

2A1,Ga;_¢N + 3H,0
= xALO3; + (1 — x)Ga,03 + Na 1 +3H, 1. (1)

In the electrochemical cell, the gate metal acts as the
cathode which provides electrons to the water at the interface
between SiN, and Al,Ga;_xN when the gate-to-drain diode
is reversed biased. The corresponding reduction reaction for
the water is

2H,0 +2¢~ = Hy + 20H . 2)

The electrons contribute to the total gate current. On the
other hand, the Al,Gaj_xN layer acts as the anode and
is decomposed and subsequently anodically oxidized in the
presence of holes and hydroxyl ions (OH™) following:

2A1,Gaj_N + 6h" = 2x AP +2(1 — x)Ga** + N, 1 (3)
and

2xAPT +2(1 — x)Ga>T + 60H™
= xALO3 + (1 — x)Ga,03 4+ 3H,0. (4)

The decomposition of the Al,Gaj;_xN (the GaN cap and the
AlGaN barrier) causes the surface pitting that was observed in
the SEM, AFM, and TEM analyses. The subsequent formation
of the aluminum and gallium oxides explains the origin of
the high concentration of oxygen in the pitting area. More-
over, we found a high concentration of gallium in the gate
region (more concentrated at the drain edge of the gate)
for the AIGaN/GaN HEMTs stressed in both humid and dry
environments (including vacuum), while unstressed HEMTs
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Fig. 6. TEM EDX mapping of gallium (Ga) concentration at the source
(left half) and drain (right half) edge of the gate of AlIGaN/GaN HEMTs
(a) unstressed and (b) stressed at Vgg = —7 V and Vg = 43 V for 3000 s in
dry Ar and in (c) water-saturated Ar (right).

showed no gallium in the gate region, as demonstrated in
Fig. 6. At the same time, no diffusion of gate metals has
been found. This provides good evidence of the Al,Gaj_xN
decomposition, as the positive Ga>* ions of (3) would migrate
to the negatively biased gate metal along the electric field in
the OFF-state. Another interesting feature we find in Fig. 6
is that the Ga atoms actually out-diffuse into the gate metal.
Since the room temperature diffusivity of Ga in Au is as large
as 7.9 x 107® cm?/s [14] (the corresponding diffusion length
/Dt of 1 s is around 28 um), it is not surprising that this
out-diffusion process could occur given an injection source of
unbounded Ga®* ions at the gate edge.

In summary, for the proposed corrosion process to happen,

it is necessary that:

1) holes are available at the top III-N surface at the gate
edge during the high OFF-state drain bias condition;

2) water from the ambient diffuses/permeates through the
bulk SiN, passivation layer and reaches the III-N
surface.

The next two sections will discuss these two conditions in

detail.

V. SOURCE OF HOLES
A. Photo-Generated Holes

It is widely accepted that holes are required for the decom-
position and oxidation of GaN [15]. A good example is
the photo-enhanced chemical (PEC) etching method where
UV-generated holes in GaN assist in the formation of Gay03
in water, after which the oxides are subsequently dissolved
in basic solutions [16], [17]. The electrochemical reactions in
the GaN PEC-etching process are very similar to the proposed
equations (2) and (3). In fact, UV light illumination can
significantly accelerate the surface pitting in the OFF-state
degradation of AlGaN/GaN HEMTs as well. Fig. 7(a) shows
a top-view SEM image (after gate removal) of an AIGaN/GaN
HEMT that was stressed at a high drain OFF-state bias
(Vgs = —7 V and Vg = 43 V) for 3000 s in ambient air under
UV light (254 nm) illumination. In this device, the structural
degradation is much more evidence than in devices stressed in
darkness [Fig. 2(a)]. TEM images made before removal of the
gate metal also showed larger pits in the transistor that was
stressed with UV light illumination in Fig. 7(b), than in the
one stressed in darkness [Fig. 3(a)].
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Fig. 7. (a) SEM image of AlGaN/GaN HEMT stressed at Vgs = —7 V and
Vags = 43 'V for 3000 s with 254-nm UV light illumination in ambient air
after the gate metal and passivations were removed. (b) Cross-sectional TEM
image at the drain edge of the gate in the same device before etching.

The results above show that holes play an important role
in the surface pitting phenomenon in OFF-state degradation.
However, they do not explain where the holes are coming
from when the sample is degraded in the dark. In principle,
holes can be generated under high electric field by two
mechanisms: 1) impact ionization and 2) interband tunneling.
These two different mechanisms are discussed and examined
in the following two subsections.

B. Impact lonization

Due to the large Schottky gate leakage current in most
AlGaN/GaN HEMTs and the wide band gap of these materials,
the experimental evidence for impact-ionization-induced hole
current is controversial [2], [18]-[20]. However, in theory,
when gate electrons flow from the gate to the drain in the
high electric field region, impact ionization can occur. The
electron-initiated hole current density would thus be

= [ a®)jean 5)
where jliqgll‘e is the hole current density caused by impact
ionization in the AlGaN barrier or in the channel, j, is the
gate current density and is a(E) the field-dependent impact
ionization coefficient, which is exponentially proportional to
the negative inverse of the electric field [18]. Therefore,
most of the impact ionization occurs in the region with the
maximum electric field (E,qx), SO (5) can be written as

. E:
i~ o exp(— d
Jhole P( E

) JgLeft, (6)
max

where a is a constant coefficient, E; is a characteristic electric
field for the impact ionization and L.gr is the effective length
of the high field region. For AlIGaN and GaN, E; is around
34 MV/cm according to [18], [21].

In Fig. 8(a), we schematically illustrate the process.
Electrons tunnel from the gate and enter the high field region
at 1. They obtain energy A E from the electric field at 2 which
is larger than the band gap of the AlGaN and thus cause
impact ionization at 3. The holes drift toward the source and
accumulate under the source side of the gate, which is away
from the high field region. Some of these holes can be swept
to the negatively biased gate electrode and contribute to the
gate current [19]. However, the characteristic bell-shaped gate
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Fig. 8. Schematics of the band diagram in the middle of the 14 nm AlGaN
barrier along the lateral direction from source to drain at Vgs = —7 V and
Vgs = 43 V. Gate electrons enter the high field region at 1 and obtain energy
AE from the electric field at 2 where impact ionization (a) is triggered when
AE > Eg and (b) is not triggered when AE < Eg.
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Fig. 9. Schematics of the band diagram at the drain edge of the gate along

the vertical direction from the GaN cap to the buffer layer, at Vgs = =7 V
and Vgg = 43 V. (a) Direct interband tunneling and (b) trap-assisted interband
tunneling in the AlGaN barrier.

current curve for impact ionization has never been observed
in GaN HEMTs. In addition, hopping conduction dominates
the electron leakage current at the gate, which significantly
lowers the electron energy further reducing the chances of
impact ionization.

C. Interband Tunneling

Under a high electric field, electrons from the valence band
in the AlGaN barrier could also directly tunnel through the
barrier into the conduction band. This process leaves holes in
the valence band that can migrate to the surface as illustrated
in Fig. 9(a).

This direct interband tunneling would generally obey the
Keldysh equation [22]-[24]

. E
Jtunnel = CE2 exXp (_Et) @)

where junnel 1S the tunneling current density, C is a constant,
E is the electric field, and E; is a characteristic electric field
for direct tunneling in AlGaN and can be explicitly given
as [22]
1/2
Er= %m/f
where m,, is the reduced effective mass of electrons and
holes in the direction of the electric field and E is the band
gap. Using m;; ~ 0.2 me [25], where m. is the electron
mass and E, ~ 4.1 eV for Aly28Gag 72N in this paper,
we get E; ~ 212 MV/cm, which is around six times larger
than the characteristic field for impact ionization. However,

E}? ®)



442

this picture ignores trap-assisted tunneling which has been
shown to be responsible for the large Schottky gate leakage
current in AIGaN/GaN HEMTs [26]. It is then likely that
interband tunneling is also enhanced by defect-related traps in
the AlGaN barrier as illustrated in Fig. 9(b), and therefore the
characteristic electric field E; could be significantly lowered
in the real devices.

D. Surface Pitting and Holes

In this section, we quantitatively study the nature of the
gate leakage current in AlGaN/GaN HEMTs and compare
the results with the theoretical estimations of Sections V-B
and V-C.

The hole current density in the OFF-state that would be
required to explain the structural degradation of AlGaN/GaN
HEMTs can be estimated from (3), where the decomposition
of one mole of AlGaN corresponds to 3 mol of holes.
Therefore, to be able to explain the structural defects observed
in GaN HEMTs, the average hole current density over the
electrical stressing duration should be
— 3VpNag _ 3dpNagq 9

L 7 VR V7 ©)
where V is the volume of the surface pits, p is the Al,Ga;_xN
density, M is the Al,Gaj_xN molar mass, A is the pitting
area, ¢ is the electrical stressing duration, M4 is Avogadro’s
constant and d is the average depth of the pits.

For the purpose of providing experimental measurements
of the average depth of the surface pits as a function of the
electric field, six identical AIGaN/GaN HEMTs on another
chip were stressed in ambient air for 1000 s at the same reverse
gate bias (Vg = —7 V), but at different drain bias from Vg5 = 3
to 53 V with 10 V per step to make the Vgg from 10 to 60 V.
After stressing and recording of the electrical characteristics,
the SiNy passivation and the gate metal of the samples were
wet etched by the procedure described above to expose the
surface around the gate. AFM surface analysis was then carried
out and the average depth of the surface pits in each transistor
was calculated by the scanning probe image processor (SPIP)
software in a 1 x 0.1 um region at the drain edge of the
gate. The electric field near the gate was simulated using the
2-D device simulator Silvaco Atlas. As expected, Fig. 10(a)
shows that the maximum in the electric field coincides with
the triple-line at the gate edge where damage occurs, under
all the calculated bias conditions. The maximum electric field
is plotted with the average measured pit depth as a function
of the drain-to-gate bias in Fig. 10(b).

log(jn/ Elznax) as a function of 1/En,x using the simulated
values of En,x and ]_h calculated from (9) is shown in Fig. 11.
It can be seen that log(j,/ E%lax) follows a linear trend with
1/Emax in agreement with (7), supporting the hypothesis that
hole generation is caused by interband tunneling. The slope of
the fitted line corresponds to the characteristic tunneling field
in the AlGaN barrier which is around 7.7 MV/cm. This value
of E; is much smaller than 212 MV/cm, probably due to the
existence of trap-assisted interband tunneling [Fig. 9(b)].

At the same time, log(j_h/E) as a function of 1/FEmax
is also plotted in Fig. 11 using the in-stress gate current
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Fig. 11. log(jh/E%wX) (blue circles) and log(jj/jg) (green triangles) as a
function of 1/Emax. The number of holes extracted from the volume of the
pits seems to follow the interband tunneling model (left y-axis) and not the
impact ionization model (right y-axis).

averaged over the stress time E (as indicated in Fig. 1) on
a 50 x 0.25 um? gate area measured during the OFF-state
electrical stressing for each transistor. As can be seen, the
hole current needed to feed the growth of the pits is just a
very small component of the total gate current. More impor-
tantly, log (j_h/E)is an increasing function of, 1/Epn.x which
opposes (6) and indicates that the holes that contribute to
pitting are not the result of impact ionization.

Given the experimental evidence above, the holes needed for
the electrochemical reactions discussed in Section IV are likely
to arise through trap-assisted interband tunneling in the AlGaN
barrier. However, to fully understand the mechanisms of the
impact ionization and interband tunneling in AlGaN/GaN
HEMTs, further work on modeling and direct hole current
measurements are needed.

VI. SOURCE OF WATER

In addition to holes, the proposed electrochemical reaction
requires a source of water. In ambient air, there exists a thin
layer of adsorbed water on the surface of most solids [27].
Moreover, ambient water can diffuse or permeate through bulk
solids with a rate defined as the water vapor transmission rate
(WVTR). For a thick (>100 nm) PECVD SiN, passivation
layer, this rate is in the order of 0.01-0.1 g/mZ/day [28],
[29]. In fact, the WVTR is an important limiting factor on
the total electrochemical reaction described in (1) and can be
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estimated by the formation rate of the surface pits using the
following formula:

WVTIR ~ —
2 MAt

where My, = 18 g/mol is the molar mass of water and
the rest of the symbols are the same as in (9). A calculation
based on (10) shows that the minimum WVTR needed to
cause the observed density and size of the pits is around
0.05-0.1 g/m?/day, which matches well the typical value of
the WVTR for PECVD SiN,, [28], [29].

With this rate, it takes only ~30 s to form a water layer
at the interface between the SiN, passivation and the III-N
surface with a concentration of 1 x 10'3 cm™2. As the water
reaches the III-N surface, reaction (1) occurs and the water
molecules are consumed. For dry environment, the oxidation
process will stop when all the water stored in the SiN,
passivation layer are consumed. This explains well why we
could still observe a small amount of surface pits in vacuum
[Fig. 2(b)] and in dry Ar [Fig. 4(b)]. On the other hand,
for wet environment, the oxidation process will continuously
occur due to the unlimited supply of water molecules from the
atmosphere, and therefore the surface pits grow much larger
[Figs. 2(a) and 4(a)].

(10)

VII. RELATIONSHIP BETWEEN STRUCTURAL AND
ELECTRICAL DEGRADATION

Analyses on the drain current recorded in the experiment
described in Section III have already showed that the
drain current degradation was significantly suppressed in
AlGaN/GaN HEMTs that were stressed in dry atmosphere
(including vacuum) as compared to the HEMTs stressed in
water-saturated atmosphere (including ambient air) for which
the pits were large.

Here, we demonstrate the close relationship between drain
current drop and the surface pits formation using time evo-
lution measurements. Identical AlGaN/GaN HEMTs were
stressed for different stress time from 1 ms to 10* s in air
and in vacuum, respectively. It can be clearly seen in Fig. 12
that as the stress time increases, the drain current degradation
(blue circles) follows the pit formation (red triangles) very
well. The drain current collapse (green crosses) obtained by
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pulsed IV measurements with pulse width 250 ns also shows
the same trend. It is therefore likely that the formation of
the pits on the AlGaN surface impacts the drain current
degradation [30]. One potential mechanism could be that the
surface pits decreases the average thickness of the AlGaN
barrier and thus decreases the average electron concentration
in the channel, which leads to a higher access resistance and
a lower drain current. It should be noted that as the oxidation
is located at the gate edge and the area underneath the gate
is not oxidized as shown in Fig. 3, the V; largely remains
unchanged.

On the other hand, as already shown in Fig. 1, the gate cur-
rent degrades well before any pit formation and does not vary
much with stress time. It seems that the /, degradation might
have a different origin altogether. This observation confirms
some previous reports on the uncorrelated nature between
gate current increase and output current drop [31]-[34]. One
possible explanation, as suggested by Fig. 6, is that the
migration of gallium might lead to trap states at the interface
of gate metal and III-N layer, and thereby cause an increase
in the gate leakage current. However, to fully understand this
mass—transport process and its association with permanent gate
current degradation, more work is needed in the future.

VIII. CONCLUSION

In conclusion, a mechanism involving water-assisted elec-
trochemical reactions at the gate edge has been proposed to
explain OFF-state structural degradation (surface pitting) in
AlGaN/GaN HEMTs. We show that water from the passivation
layer surface and the external atmosphere, as well as holes
caused by trap-assisted interband tunneling in the AlGaN
barrier are likely to play an essential role in forming the
surface pits. Moreover, permanent drain current degradation
has been explained by the reduction of the AlGaN barrier
caused by surface pitting, while further investigation is still
needed to fully understand the origin of the permanent gate
current degradation.
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