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The degradation mechanisms of enhancement-mode p-GaN gate AlGaN/GaN high-electron mobility transistor was
analyzed extensively, by means of drain voltage stress and gate bias stress. The results indicate that: (i) High constant
drain voltage stress has only a negligible impact on the device electrical parameters, with a slightly first increase and then
decrease in output current; (ii) A negative shift of threshold voltage and increased output current were observed in the
device subjected to forward gate bias stress, which is mainly ascribed to the hole-trapping induced by high electric field
across the p-GaN/AlGaN interface; (iii) The analyzed device showed an excellent behavior at reverse gate bias stress, with
almost unaltered threshold voltage, output current, and gate leakage current, exhibiting a large gate swing in the negative
direction. The results are meaningful and valuable in directing the process optimization towards a high voltage and high
reliable enhanced AlGaN/GaN high-electron mobility transistor.

Keywords: high-electron-mobility transistors (HEMTS), stress, degradation, threshold voltage

PACS: 71.55.Eq, 73.50.Gr, 73.40.Kp, 85.30.De

1. Introduction

AlGaN/GaN high-electron-mobility transistors (HEMTs)
have been considered as the next generation power switching
devices due to its outstanding combination of high breakdown
strength, low ON-state resistance and high on/off ratio.'=! A
naturally formed two-dimensional electron gas (2DEG) at the
interface of AlIGaN/GaN by spontaneous and piezoelectric po-
larization effects leads to a depletion mode device,*! which
is not preferred for circuit design and system reliability. Thus
more and more attentions are paid now to the enhancement-
mode GaN-on-Si power applications.

In recent years, different approaches have been proposed
to design enhancement-mode high-electron-mobility transis-
tors (HEMTs), such as a recessed gate structure, 51 or the
same structure with metal-oxide—semiconductor (MOS) gate
or metal—insulator-semiconductor (MIS) gate!®8! to achieve
low gate leakage current and positive threshold voltage de-
vices, fluorine plasma ion implantation into the AlGaN or
GaN to deplete the 2DEG in the channel,®'° by introducing
a piezo neutralization layer on top of AlGaN barrier layer!!!]
or by adopting a p-GaN gate to pull up the conduction band
of AlGaN at the AlGaN/GaN heterointerface, sometimes also
called gate injection transistors.!!? Among these approaches,
p-GaN gate solution has been proved to be a promising can-
didate for its good trade-off between cost and reliability, 3]
and the normally-off p-GaN gate AlIGaN/GaN HEMTs are al-
ready available in the market. However, gate-related reliabil-
ity research in p-GaN gate HEMTs is limited and the gate
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breakdown mechanisms have not been reported extensively
yet.[14201 Herein, a completive investigation on the degrada-
tion mechanism of the p-GaN gate HEMTs is necessary aim-
ing to push it further into the market of power switching appli-
cations.

In this paper, emphasis was put on the /-V characteristics
of the device before and after stressing in high voltage drain
bias, forward gate bias and reverse gate bias. The degradation
mechanism for the forward gate bias stress was analyzed and
modeled in detail, illustrating a possible “weak points” in the
gate diode structure. The results are meaningful, valuable and
provide a guide to realize high voltage and reliable enhanced
mode p-GaN Gate AIGaN/GaN HEMT.

2. Device structure and measurement technique

Figure 1(a) depicts the schematic cross section of p-
GaN gate HEMTs, The devices are fabricated on 6-inch
(1 inch=2.54 cm) p-type Si (111) substrate. The epitaxial
structure is grown by means of metal-organic chemical va-
por deposition (MOCVD) and features a stack of 3.5-um-thick
GaN buffer on top of the Si substrate, followed by 150-nm-
thick GaN channel and 15-nm-thick Al;5GagsN barrier. After-
wards, a 70-nm-thick p-GaN was grown by MOCVD with Mg
atoms density of 1 x 10! cm 3, the p-GaN hole concentration
is 1 x 10'7 cm ™3, corresponding to 1% Mg activation rate. The
Ti/Au (45 nm/200 nm) gate metal is evaporated on the top of
p-GaN to form a Schottky barrier structure, Ohmic contact is
formed by deposition of Ti/Al/Ni/Au metal stack with a whole
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thickness of 270 nm on the source and drain region, 150-nm-
thick SiN is deposited by plasma enhanced chemical vapor de-
position (PECVD) as the surface passivation layer. The device
under test (DUT) features a gate length Ly = 2.5 pum, gate -to-
source and gate-to-drain spacing Lgs = 2.5 um, Lgg = 12 pm,
respectively, and the gate width is 0.18 mm. The microscope
photo of fabricated p-GaN gate AlIGaN/GaN HEMT is shown
in Fig. 1(b).

(a) P-type cap

Si substrate

Fig. 1. (a) Schematic cross section of the p-GaN gate HEMT; (b) photograph
of p-GaN gate HEMT.

On wafer characterization was performed on KEISIGHT
B1505, which features in high voltage and high current moni-
tor module, and a probe stage with temperature controller for
loading and heating the device. The DUT was summoned to
three different stress conditions: high drain voltage bias stress,
forward gate bias stress and reverse gate bias stress. Each
stress condition is carried out on fresh device, and at least five
devices were selected in order to increase the accuracy, for
concise of the paper, the electrical characteristics of the most
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representative devices were monitored and analyzed in details
in the following parts.

3. Results and discussion
3.1. High voltage drain stress in off-state

Figure 2(a) depicts the breakdown characteristics of the
p-GaN gate AlGaN/GaN HEMT, with drain voltage scan-
ning from 0 V to 800 V, source and gate grounded. The
current/voltage of all three terminals (I,/V,, the gate cur-
rent/voltage; Ip/Vy, the drain current/voltage; and I/Vs, the
source current/voltage) were monitored, a rapid increase of
both Iy and I; were found at drain voltage of about 600 V,
indicating the breakdown happens at this point. The thresh-
old voltage is calculated to be 1.5 V by constant current at
I3 =1 pA/mm, as shown in Fig. 2(b), while the threshold volt-
age remains almost unaltered even after a 10*-s drain stress at
500 V; The output current at V, = 6 V and Vg = 10 V (Fig. 2(c))
exhibits a first decrease and then increase behavior with in-
creasing the drain stress voltage. This can be explained by
the trapping and de-trapping process, when stressed at mod-
erate voltage, electron is trapped in the SiN/AIGaN interface,
as the voltage becomes sufficiently high, a high field-assisted
de-trapping process may be initiated.>! However, this effect
is rather small due to the high qualified surface passivation and
GaN buffer.

The I,V characteristic is also monitored and described
in Fig. 2(d), only several nano ampere variations in the reverse
gate region was observed, illustrating the P-GaN gate structure
was not influenced by the high drain voltage stress.
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Fig. 2. (a) Breakdown characteristics; (b) transfer characteristic curve; (c) output characteristic curve; (d) gate diode characteristic, before and after

drain stress.
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3.2. Forward gate bias

In the forward gate bias stress experiment, a large devi-
ation in threshold voltage and output current were observed
as shown in Fig. 3. The threshold voltage shifts about 0.2 V
and 1.5 V toward the negative direction when subjected to for-
ward gate bias stress at Vo = 6 V and Vy = 7 V for 10* s (T}
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in the figure denotes stress time), respectively. And the output
current calculated at V, = 6 V and Vg = 10 V varies 0.7% for
Vg = 6V stress and 25% for V; =7 V stress condition, see
Figs. 3(a) and 3(b). Also, the off state leakage, I¢ versus time
curve is reported in Fig. 3(c), where a continuous increasing
of the leakage at gate, drain, and source were observed, and
the leakage in the source side is larger than the drain side.
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Fig. 3. (a) Transfer characteristic curve; (b) output characteristic curve; (c) gate diode characteristic; (d) possible hole injection schematics.
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Fig. 4. (a) Conduction band diagram of the metal/pGaN/AlGaN/GaN system at zero bias; (b) changes in conduction band diagram when stress-induced

positive charges accumulate in p-GaN layer.

There have been explanations to this forward gate bias
In Ref. [19] a donor-like trap

generation in the P-GaN layer close to AlGaN is responsi-

stress induced degradation.

ble for the localized leakage path. While Tallarico proposed
in Ref. [20] a back to back connected junction of metal/P-
GaN schottky diode and PiN diode, where gate voltage mainly
drops in the former and defects are generated in P-GaN close
to the metal/P-GaN interface. While in our case, the progres-
sive increasing of leakage is thought to be caused by hole in-

jection from the top gate to the AlGaN, leading to a negative

threshold voltage shift and increase in 2DEG concentration,
as described in Fig. 3(d). In the metal/pGaN/AlGaN/GaN sys-
tem, by using the potential diagram shown in Fig. 4(a), thresh-
old voltage V can be described as follows:

Vr = ®Pp + Vpcan +AEc) — AE — VAIGaN, (1

where @g is the difference between the work function of the
metal and the electron affinity of the semiconductor, V,Gan
is the potential drop in p-GaN depletion layer due to the
metal/pGaN Schottky barrier, AE, is the band offset between
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p-GaN and AlGaN, AE,, is the band offset between AlGaN
and GaN, and Vigan is the potential drop in AlGaN layer due
to the 2DEG response to the polarization electric field. We
assumed that, positive charges will accumulated in the p-GaN
layer as holes injection from the top gate to inner layer when
the gate is biased at a large forward voltage. It is reasonable
since the presence of defects related to Mg doping and the
generation of defects due to the presence of a high electric
field can lead to an increase of hole trap sites. As a mount of
positive charges accumulate in p-GaN layer, the metal/pGaN
Schottky barrier height is equivalent to be reduced, which in-
duce a negative threshold voltage shift as described in Eq. (1).
Another effect is that the positive charges in p-GaN/AlGaN in-
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terface could induce increased electrons in AlGaN/GaN inter-
face, leading a larger potential drop Vaigan, Which also make
a negative threshold voltage shift as described in Eq. (1).

In addition, the time when the fastest degradation hap-
pens is specified in Fig. 5. When stressed at Vy =7 V, in the
first 100-s duration there is not any degradation; While in the
durations of 100 s—1000 s and 1000 s—10000 s, the threshold
voltage shifts about 0.2 V and 1.5 V, respectively, as shown in
Fig. 5(c). This indicates that degradation mainly happens in
the durations of 1000 s—10000 s; it can also be deduced in the
I;—V, curve at different time intervials, see Fig. 5(d), where
large gate degradation leakage current happens only in the du-
rations of 1000 s—10000 s.
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Fig. 5. (a) Transfer characteristic curve; (b) output characteristic curve; (c) threshold voltage versus stress time; (d) gate diode characteristic; all at

different durations in the 10*-s forward gate stress.

3.3. Negative gate bias

Reverse gate bias stress was also performed, to our sur-
prise, the degradation described in Ref. [18] did not occur
in our case, even at an extremely high negative gate bias of

—50 V, which is much higher than the “critical voltage” in

Ref. [18]. This insensitive property under reverse gate bias
stress may benefit from the high qualified GaN buffer, corre-
sponding to the drain voltage stress experiment. By the way,
this also guarantees a large gate swing in the negative direc-
tion. Figure 6 depicts the main /-V characteristic before and
after reverse gate bias stresses.
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Fig. 6. (a) Transfer characteristic curve; (b) output characteristic curve; (c) gate diode characteristic, all before and after reverse gate bias stresses.
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4. Conclusion and perspectives

The reliability of normally-off p-GaN gate AlGaN/GaN
high-electron mobility transistor was evaluated extensively by
drain voltage stress, forward and reverse gate stresses. The in-
sensitivity of the DUT under high drain stress and reverse gate
stresses indicate a high qualified GaN buffer and SiN surface
passivation layer, however, degradation is found severe when
summoned to forward gate stress at V; = 7 V, and becomes
more significant with increasing stressing time. We assume
this degradation is mainly caused by hole accumulation in the
AlGaN barrier close to p-GaN/AlGaN interface at high elec-
tric field. While this degradation mainly occurs in the gate
to source region, process technology may be refined and con-
trolled in this region to manufacture high voltage, more reli-
able normally-off p-GaN gate AIGaN/GaN high-electron mo-
bility transistor.
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