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Abstract: In this paper, we investigated the effect of post-gate annealing (PGA) on reverse gate leakage and the reverse bias reli-
ability of Aly»3Gag77N/GaN high electron mobility transistors (HEMTs). We found that the Poole-Frenkel (PF) emission is domin-
ant in the reverse gate leakage current at the low reverse bias region (V;, < Vi < 0 V) for the unannealed and annealed HEMTSs.
The emission barrier height of HEMT is increased from 0.139 to 0.256 eV after the PGA process, which results in a reduction of
the reverse leakage current by more than one order. Besides, the reverse step stress was conducted to study the gate reliabil-
ity of both HEMTs. After the stress, the unannealed HEMT shows a higher reverse leakage current due to the permanent dam-
age of the Schottky gate. In contrast, the annealed HEMT shows a little change in reverse leakage current. This indicates that

the PGA can reduce the reverse gate leakage and improve the gate reliability.
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1. Introduction

In recent years, AlGaN/GaN high electron mobility transist-
ors (HEMTs) have attracted a lot of attention, owing to their ex-
cellent properties for high-power and high-frequency applica-
tions!'-3, In order to guarantee the success in applications of
AlGaN/GaN HEMTSs, the device reliability is a critical issue to
be focused on. Although the quality of material and design
of the device has greatly improved over the years, there are
still several reliability problems in AlGaN/GaN HEMTs, such as
gate degradation, inverse piezoelectric effect and hot elec-
tron effect!-6l,

In the off-state biased HEMTs, the inverse piezoelectric ef-
fect or gate degradation will appear if the applied bias ex-
ceeds the so-called “critical voltage”, which is often obtained
by performing reverse bias step-stress experiments. The in-
verse piezoelectric effect and gate degradation are respect-
ively related to the formation of crystallographic defects due
to the strain relaxationP], and the traps generated at the
gate/AlGaN interfacel’]. Thus, the gate degradation could hap-
pen at a relatively low reverse bias compared to the inverse
piezoelectric effect. Marcon et al”! suggested the gate degrad-
ation as an electric field accelerated phenomenon, which indic-
ates the leakage current through the metal-semiconductor in-
terface may have a great influence on gate degradation of
HEMTs. For this reason, understanding the mechanisms of
gate leakage are very helpful to solve the gate degradation is-
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sue. Many leakage mechanisms in AlGaN/GaN Schottky con-
tact have been proposed®-12, Among these mechanisms, the
trap-assisted tunneling (TAT), and Poole-Frenkel (PF) emis-
sion through a continuum of trap states related to the conduct-
ive dislocation are considered to be the two main leakage
mechanisms at a moderate electric field®-12], The leakage cur-
rent may be governed by Fowler-Nordheim (FN) tunneling
when the electric field across the AlGaN barrier is strong
enough!", Many attempts have been made to reduce the
gate leakage currents by using gate dielectrics!'3], surface tre-
atment(', and post-gate-annealing (PGA)'3. In the early re-
ports, the PGA has been proven to be an effective method,
which can reduce the gate leakage current and increase the
breakdown voltage of GaN-based HEMTs!'6l, However, stud-
ies on the difference between the gate leakage mechanisms
before and after the PGA are always ignored, and the effect
of the PGA on the reverse-bias gate reliability have been
rarely reported.

In this paper, temperature-dependent current-voltage
characteristics were carried out to investigate the reverse leak-
age mechanism of HEMTs at low reverse gate bias before and
after the PGA process. Furthermore, the Schottky gate reliabil-
ity of the unannealed and annealed HEMTs were studied by
the reverse step stress and the reverse gate leakage currents
of both HEMTs after the step-stress were compared and ana-
lyzed.

2. Experiment

The AlGaN/GaN HEMT structures were grown on a 2-inch
sapphire substrate by metal organic chemical vapor depos-
ition (MOCVD). The epitaxial structure consists of a 3 um GaN
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Fig. 1. (Color online) The cross-section schematic of the AlGaN/GaN
HEMT.

buffer layer, a 1 nm AIN insertion layer, a 20 nm Aly,3Gag 77N
barrier layer, and a 3 nm GaN cap layer, as shown in Fig. 1.
Ohmic metallization Ti/Al/Ti/Au (20/100/40/50 nm) were first
deposited, and annealed in a N, atmosphere at 870 °C for
30 s. The specific resistivity was 1 x 10> Q-cm? calculated by
the transmission line method (TLM). The devices isolation
was conducted by inductively coupled plasma (ICP) dry etch-
ing with an etch depth of 180 nm. Ni/Au (40/200 nm) metalliza-
tion were sputtered and lifted off to form the Schottky gate.
Finally, the devices were passivated by a 200 nm thick SizN,
layer deposited by plasma enhanced chemical vapor depos-
ition (PECVD). The gate length, gate width, spacing of gate to
drain, and spacing of the gate to source are 3, 100, 20, 5 um,
respectively. To optimize the post-gate-annealing condition,
the wafer was cleaved to several pieces after fabrication ac-
complishment. The annealing temperature was chosen to be
400 °C as referred from the works!'7), and the annealing time
was varied with 1, 3, 5, and 10 min, respectively. A tradeoff
between the gate leakage and output current capacity of
HEMTs was considered after the gate annealing, thus the
post-gate-annealing condition was selected as 400 °C in N, at-
mosphere for 1T min. Current-voltage (/-V) curves of gate leak-
age were measured in the temperature range of 298-458 K
and capacitor-voltage (C-V) measurement was carried out on
gate diode at the frequency of 1 MHzl'8l. Subsequently, re-
verse gate bias step-stress was performed on the gate elec-
trode with the drain and source grounded.

3. Results and discussion

To investigate the reverse gate leakage mechanisms of
the unannealed and annealed HMETs, the gate /-V characteri-
stics at different temperatures (from 298 to 458 K with a step
of 40 K) of both HEMTs are shown in Fig. 2. The reverse gate
leakage currents are dependent both on the bias and temper-
ature at low reverse bias (V, < Vg < 0V, region I), and be-
come nearly saturated at high reverse bias (Vg < V;;, region
I1). This indicates that the leakage current in region | plays a
very significant role in gate reverse leakage. Besides, it is
found that the reverse gate leakage currents is reduced signi-
ficantly after the PGA, as shown in Figs. 2(a) and 2(b).

Since many reverse leakage mechanisms are related to
the electric fields across the AlGaN barrier layer8-12, the elec-
tric field across the AlGaN barrier should be calculated for fur-
ther investigation. The electric field across the AlGaN barrier
as a function of gate voltage is estimated by!'9,

_ Q[op - ng (V)]

E_ EOEI' ’ (1)

where ¢, is the net polarization charge density at the
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Fig. 2. (Color online) Reverse -V characteristics measured from 298 to
458 Kin a step of 40 K of (a) unannealed HEMT, (b) annealed HEMT.

AlGaN/GaN interface, including the piezoelectric polarization
charge and spontaneous polarization charge at the AlGaN/
GaN interface, n; is the two-dimensional electronic gas
(2DEG) density at the hetero-structure and ¢ is the relative
dielectric constant of the AlGaN barrier. The value of g, used
in Eq. (1) is set to 1.3 x 10'3 cm~2[20],

The ng as the function of gate voltage can be calculated
by high frequency C-V measurement. In Fig. 3(a), the gate ca-
pacitance versus gate voltage characteristics of both HEMTs
are depicted. Subsequently, the corresponding ng is ob-
tained by integrating the C-V curve of a gate diode. Thus, the
electric fields across AlGaN barriers as the function of gate
voltages for both HEMTs are obtained, as shown in Fig. 3(b).
At low reverse bias, the electric fields increase with the bias
voltages linearly, and become constant when the voltages
reach their critical values. The constant electric field comes
from the net polarization charges at the AlGaN/GaN interface,
due to the total depletion of the 2DEG. In fact, the turning
points in Fig. 3(b) represent the threshold voltages of the unan-
nealed and annealed HEMTs, respectively. As can be seen,
the threshold voltage of AlGaN/GaN HEMT exhibits a posit-
ive shift after the PGA, which can be attributed to the reduc-
tion of the electron density under the gatel2',

Because the Poole-Frenkel emission is one of the most
common leakage mechanisms at low reverse bias, which is
field-dependent as well as temperature-dependentl'?], We
first check the validity of PF emission mechanism for the re-
verse leakage current of AlGaN/GaN HEMTs. Based on the /-V
measurements, the dependence of electric field on gate leak-
age current for both HEMTs can be determined.

The current density—electric field (J~E) of PF emission can
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Fig. 3. (Color online) (a) The gate capacitance versus V; characteristics of both HEMTs. (b) The electric fields across AlGaN as the function of V; for

both HEMTs.
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Fig. 4. (Color online) The In (J/E) versus E°> and the linear fit for the slope and intercepts of (a) unannealed HEMT, (b) annealed HEMT. Inset: the

B(T) versus %T for the extraction of the height of the trap state.

be expressed by follows[22,

_¢t — @PE/meqes ()

J=AEexp kT ) (2)

where A’is a constant, ¢, is the barrier height for electron emis-
sion from trap states to continuum state, kg is the
Boltzmann’s constant, T is the temperature, g is the vacuum
dielectric constant and ¢, (h) is the relative high frequency
dielectric constant of the AlGaN barrier], g is the electron
charge and E is the electric field across the AlGaN barrier. Eq.
(2) can be rearranged as

Iz = C(1)VE+B(T), (3)

where

-9 /9
(= keT \| &ogs ()’ @

_q9;
B(T) = kBT+Inm. (5)
If the leakage current is dominated by the PF emission at
low gate voltage, Eq. (3) points out that Iné should be lin-

early proportional to VE. Indeed, the data points of Iné versus

VE in Fig. 4 fit well with the straight line in the temperature
range from 298 to 458 K, which provides evidence that the
gate leakage mechanisms at low gate voltage of both HEMTs
are dominated by the PF emission. From Fig. 4, the y-inter-
cept and slop of In é versus VE plots can give the values of
B(T)and C(T). In the inset of Fig. 4(a), the value of emission bar-
rier height extracted from the slope of plot B(T) versus ér is
0.139 eV, which is much lower than that of 0.256 eV extrac-
ted from the inset of Fig. 4(b). The higher emission barrier of
the annealed HEMT is ascribed to the reduction of the electric-
ally active states at the metal/AlGaN interface after the post-
gate annealing!23., This hinders the motion of electrons from
the gate to the channel, leading to a reduction of reverse
gate leakage current.

In order to study the effects of the PGA on the gate reliab-
ility of HEMTs, reverse gate bias step stresses were carried
out for the unannealed and annealed HEMTs. As shown in
the inset of Fig. 5(a), the gate stress is stepped from -5 to
-45V in a -5V increment for 60 s per step with the drain and
source grounded. In Figs. 5(a) and 5(b), gate leakage current
(lg), source leakage current (lgs) and drain leakage current
(Igp) of both devices are displayed, respectively, where the Ig
is the sum of Igs and Igp. In Fig. 5(a), three types of the leak-
age current rise abruptly at different positions, which corres-
pond to the “degradation voltages”. The absolute values of
the degradation voltage for I; and Igs are 35 V, which are
lower than 40 V for Igp. This suggests that the gate degrada-
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Fig. 5. (Color online) Gate leakage measured during the reverse gate-bias step stress of (a) unannealed HEMT, (b) annealed HEMT. Inset: absolute
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Fig. 6. (Color online) Gate leakage current before and after reverse bias step stress of (a) unannealed HEMT, (b) annealed HEMT, (c) maximum out-
put currents, and (d) transfer characteristics before and after reverse bias step stress of the unannealed HEMT.

tion starts at the source edge near the gate, owing to short-
er spacing of the gate to the source. Nevertheless, the gate
leakage current of the annealed HEMT increases slowly with
the reverse gate voltage, shown in Fig. 5(b), and there is no
sharp increase in the three types of currents during the gate
stress. The early gate degradation of the unannealed HEMT in-
dicates that the higher initial gate leakage current will acceler-
ate the gate degradation.

For further studying the gate degradation of unan-
nealed and annealed HEMTs, the gate leakage currents be-
fore and after reverse step stress for both HEMTs are exhib-
ited in Figs. 6(a) and 6(b). Before the step stress, the reverse
gate leakage current of the unannealed HEMT is higher than
that of the annealed HEMT, owing to the lower PF emission

barrier. After the step stress, the reverse gate leakage current
of the unannealed HEMT increases significantly, and it could
not recover even waiting for 24 h. Therefore, there must be
some new leaking path generated below the gate/AlGaN inter-
face, beneficial for the electrons transporting from the gate
to the channel. Conversely, the reverse gate leakage of the an-
nealed HEMT only changes slightly after the gate stress, indic-
ating the improved reliability of the Schottky gate in the an-
nealed HEMT. Additionally, the maximum output currents
and the transfer characteristics of the unannealed HEMT
before and after the reverse-bias step stress are shown in
Figs. 6(c) and 6(d). The maximum output current and the trans-
fer characteristic can almost recover within 5 min after the
stress except the leakage current in the pinch-off region. This

C X Chen et al.: Effect of the post-gate annealing on the gate reliability of AlIGaN/GaN HEMTs
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Fig. 7. (Color online) Schematic of the gate leakage at reverse gate bias before the stress of (a) unannealed HEMT, (b) annealed HEMT.

indicates that the permanent gate damage in the unan-
nealed HEMT after the step stress cannot be attributed to the
converse piezoelectric effect, which is associated with the cre-
ation of macro-defect as reported in Ref. [24].

To better explain the mechanisms of the gate leakage be-
fore the reverse step stress for the unannealed and annealed
HEMTs, the conduction band diagrams of both HEMTs are de-
picted in Fig. 7. As labeled by the blue dash-dot line, a con-
tinuum of states is presented in the material, which is re-
lated to the conductive dislocations in the barrier layer. Elec-
trons can be activated by thermal energy from a trap state to
a continuum of states. At low reverse gate bias (Vi, < Vg < 0),
the barrier of the emission from the trap state to a con-
tinuum of states lowers with the increase of electric field'"l,
Hence, the gate leakage current increases with the increase
of reverse gate bias. In Fig. 7(a), due to the lower emission bar-
rier of the unannealed HEMT, more electrons can transport
from the gate to the channel, resulting in a higher initial gate
leakage current. After the step stress, many defects are gener-
ated within the AlGaN barrier layer in the unannealed
HEMTI25 261, As a result, the unannealed HEMT shows a much
higher reverse leakage current with the assistance of defects
generated after the step stress, as shown in Fig. 6(a). The pro-
cess of gate leakage before the step stress of the annealed
HEMT is also demonstrated in Fig. 7(b). After the PGA, the in-
creased emission barrier in the annealed HEMT hinders the
electrons transporting from the gate to the channel, redu-
cing the initial gate leakage current. Therefore, few defects
are generated within the AlGaN barrier layer after the step
stress in the annealed HEMT, leading to a slight increase of
the gate leakage current.

4. Conclusion

In summary, the gate leakage mechanisms at low re-
verse gate bias and the gate reliability of HEMTs before and
after the PGA have been investigated. At the low reverse bi-
as region, the PF emission is dominant in gate leakage of the
unannealed and annealed HEMTs. Before the step stress, the
gate leakage current is reduced by more than one order in
the annealed HEMT, since the emission barrier height is in-
creased from 0.139 to 0.256 eV by the PGA process. In a re-
verse step-stress experiment, the unannealed HMET exhi-
bits an irreversible degradation at low reverse voltage (V; =
-35V), indicating the permanent gate degradation. After the
gate stress, the gate leakage current of the unannealed HEMT
becomes higher, while the gate leakage current of the an-
nealed HEMT remains almost unchanged. The experimental
results suggest that the PGA is an effective method to re-
duce the reverse gate leakage current and improve the reliabil-
ity of the gate for the AIGaN/GaN HEMTSs.
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