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Degradation mechanism of enhancement-mode
AlGaN/GaN HEMTs using fluorine ion implantation

under the on-state gate overdrive stress∗
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The degradation mechanism of enhancement-mode AlGaN/GaN high electron mobility transistors (HEMTs) fabri-
cated by fluorine plasma ion implantation technology is one major concern of HEMT’s reliability. It is observed that the
threshold voltage shows a significant negative shift during the typical long-term on-state gate overdrive stress. The degra-
dation does not originate from the presence of as-grown traps in the AlGaN barrier layer or the generated traps during
fluorine ion implantation process. By comparing the relationships between the shift of threshold voltage and the cumulative
injected electrons under different stress conditions, a good agreement is observed. It provides direct experimental evidence
to support the impact ionization physical model, in which the degradation of E-mode HEMTs under gate overdrive stress
can be explained by the ionization of fluorine ions in the AlGaN barrier layer by electrons injected from 2DEG channel.
Furthermore, our results show that there are few new traps generated in the AlGaN barrier layer during the gate overdrive
stress, and the ionized fluorine ions cannot recapture the electrons.
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1. Introduction
Due to the high-electric breakdown field and high-density

polarization-induced two-dimensional electron gas (2DEG)
channel,[1–3] wide bandgap AlGaN/GaN high electron mobil-
ity transistors (HEMTs) are promising candidates for next-
generation microwave power amplifiers and high-voltage
switches, especially in high temperature, high power, and ir-
radiation resistant environments.[4–8] Generally, conventional
AlGaN/GaN HEMTs are depletion mode (D-mode) transis-
tors with negative threshold voltage. Concerning the practical
applications, however, there is a pressing need for enhance-
ment mode (E-mode) HEMTs with positive threshold voltage,
especially for two important applications: power switching
converters and digital logic circuits.[9–11] Up to now, great
efforts have been made to explore the fabrication technol-
ogy of E-mode HEMTs,[12,13] such as by thinning the AlGaN
barrier layer,[14] the structure of groove gate,[15] p-type gate
electrode,[16] etc. Among these technologies, the fluoride-
based plasma treatment is a very important approach to real-
ize E-mode HEMTs.[17] By utilizing it, the negatively charged
fluorine (F) ions can be implanted into the AlGaN barrier,
which can effectively deplete the 2DEG in the channel under
the gate.[18] Then the threshold voltage changes from negative

value to positive value, and E-mode HEMTs are realized.
Reliability is a major issue for both D-mode and E-mode

HEMTs. Especially for E-mode HEMTs, the stability of F
ions in the barrier layer may cause serious reliability prob-
lems under certain application environments. Yi et al. have
investigated the degradation of F plasma treatment devices
under OFF-state and ON-state long-term stress. A negative
shift of the threshold voltage was observed after 288 hours of
stress.[19] In the applications of power switch and microwave
amplifier, the Schottky gate electrode of E-mode HEMTs may
be forward biased with a high positive voltage, which will
cause significant hot electron injection from the 2DEG chan-
nel. To study the degradation mechanism of E-mode HEMTs
under so-called on-state gate overdrive stress, which features a
high positive gate bias with a low positive drain bias, some re-
lated research work has been carried out. Chen et al. claimed
that the degradation mechanism can be explained by the im-
pact ionization of F ions in the barrier layers under the gate.[20]

However, more experimental evidences are highly required to
validate this proposed physical model.

In this paper, typical on-state gate overdrive stress exper-
iments are performed to investigate the degradation mecha-
nism of E-mode HEMTs. The effects of as-grown traps and
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generated traps during fluoride-based plasma treatment in the
AlGaN barrier layer on degradation have been studied. The
correlations between the shift of threshold voltage and the
amount of injected electrons under different stress conditions
have been compared, which provides valuable information for
the understanding of the degradation mechanism of E-mode
HEMTs. Moreover, the effects of gate overdrive stress on the
generation of new traps and on the properties of the ionized
fluorine ions are also discussed.

2. Devices and experiments
The AlGaN/GaN HEMT structure used in this paper

was grown on a (0001) sapphire substrate by metal-organic
chemical vapour deposition (MOCVD). The HEMT struc-
ture consists of an AlN nuclear layer, a 1.3-µm-thick unin-
tentionally doped GaN buffer layer, and a 20-nm-thick un-
doped Al0.3Ga0.7N barrier layer, with a 1-nm-thick in-situ
growth GaN cap layer. Room-temperature Hall measure-
ments show an electron sheet density of 1.1 × 1013 cm−2.
The device fabrication starts with the source/drain ohmic con-
tact formation. Ohmic contacts consisting of Ti/Al/Ni/Au
(20 nm/180 nm/55 nm/45 nm) were annealed in ambient ni-
trogen at 850 ◦C for 30 s, with a contact resistance about
0.5 Ω·mm. Then the device mesa isolation was performed
using Cl2/Ar plasma dry etching in a reactive ion etching
(RIE) system. In the following, surface passivation was car-
ried out by depositing about 60-nm Si3N4 through the plasma-
enhanced chemical vapor deposition (PECVD). The recessed-
gate area was formed by contact lithography,[21] which was
followed by CF4 plasma treatment in an RIE system at a radio
frequency plasma bias voltage of 150 V. The effective density
of the implanted F ion is around 9.6 × 1012 cm−2. After a
post-gate rapid thermal annealing (RTA) at 350 ◦C for 5 min-
utes, Ni/Au deposition and liftoff were performed to form the
electrodes. The gate length and width of HEMTs are 0.6 µm
and 20 µm, respectively. Both the gate–source spacing Lgs

and gate-to-drain spacing Lgd are 1.4 µm. Figure 1 shows the
schematic cross section of E-mode HEMTs based on F ion
implantation technology in this study. For further comparison,
D-mode HEMTs were also fabricated on the same wafer with-
out F ion implantation to the recessed-gate area.

The incorporation of negatively charged F ions into the
AlGaN barrier layer can effectively deplete the electrons in
the 2DEG channel under the gate. The test equipment used
in this experiment is Agilent B1500 semiconductor parameter
tester. Figure 2 presents the initial transfer characteristic (TC)
and output characteristic of the E-mode HEMT used in this
work. It is observed that the fresh device feathers a threshold
voltage (Vth) of 0.55 V and a peak transconductance (Gmmax)

of 180 mS·mm−1.
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Fig. 1. Schematic cross section of E-mode HEMTs fabricated by
fluoride-based implantation technology.
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Fig. 2. (a) Transfer characteristic and (b) output characteristic of a fresh
E-mode HEMT in this paper. Vth = 0.55 V and Gmmax = 180 mS·mm−1.

During experiments in this paper, TC measurement is first
carried out to evaluate the initial properties of the test HEMTs.
Then the device is biased under the on-state gate overdrive
stress for a pre-set time. The stress is interrupted at the pre-set
intervals, then the threshold voltage and the level of electron
injection are monitored against time. The stress is terminated
when the pre-set stress time is reached.

3. Results and discussion
A typical on-state gate overdrive stress of Vg = 3.0 V with

Vds = 1.0 V (Ig = 350 mA·mm−1) is selected and applied on
an E-mode HEMT. As shown in Fig. 3, the TC curve is shifted
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along the Vg axis, suggesting the negative shift of Vth with in-
creasing stress time. However, the transconductance changes
little during the stress. In order to understand the degradation
mechanism of this phenomenon, three possible reasons are ex-
amined in the following.
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Fig. 3. (color online) Transfer characteristic curves on a fresh E-
mode HEMT under a typical on-state gate overdrive stress (Vg = 3.0 V,
Vd = 1.0 V, Ig = 350 mA·mm−1). The maximum stress time is up
to 10 ks. In comparison, the TC curves on a D-mode HEMT fab-
ricated on the same wafer under the identical gate injection current
(Ig = 350 mA·mm−1) are also shown in the inset.

(i) As-grown traps in AlGaN barrier layer To explore
the possibility of whether the negative shift of Vth is caused by
the detrapping of as-grown traps in the barrier layer, the iden-
tical electric stress is applied on a D-mode HEMT with the
same size and structure except the F ions implantation process.
If the observed degradation is caused by the detrapping of as-
grown electron traps, the same negative shift of Vth should be
observed on the D-mode HEMT. However, as illustrated in the
insert of Fig. 3, no evident shift is observed for the TC curves
of the D-mode HEMT, which indicates that there are little as-
grown traps in AlGaN barrier layer.

(ii) Generated traps during F ion implantation pro-
cess To realize E-mode HEMTs, F ions with enough energy
are implanted into the AlGaN layer in this work. These F ions
work as negative charges to deplete the 2DEG channel under
the gate. On the other hand, they damage the lattice of Al-
GaN layer and may generate new traps. In general, most of
these new traps can be reduced effectively by annealing at a
proper temperature. To verify whether there are some resid-
ual traps that cannot be annealed in the AlGaN layer, a trap
filling procedure is applied to the fresh E-mode HEMT, which
consists of a considerate forward gate bias (Vg = 1.5 V) with
source and drain terminals be grounded. It can provide a large
electron injection to fill the new generated traps with few ad-
ditional traps introduced. As shown in Fig. 4, no significant
shift of the threshold voltage (∆Vth) is observed even when the
filling time is up to 10 ks. We can conclude that the traps gen-
erated during the F ion implantation process are negligible.
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Fig. 4. Shifts of threshold voltage (∆Vth) on E-mode HEMTs under
different on-state stress conditions. The maximum stress time is up to
10 ks.

(iii) Impact ionization of F ions in AlGaN barrier layer
Lastly, we will examine the third possible reason for the degra-
dation mechanism of E-mode HEMTs under the gate overdrive
stress. In early work, an impact ionization model of F ions in
AlGaN barrier was proposed to explain this phenomenon. Fig-
ure 5(a) shows the energy band diagram of the AlGaN/GaN
heterojunction in equilibrium state. When a forward gate bias
is applied to the gate, according to this model, the free elec-
trons in 2DEG channel can have enough energy to surmount
the energy barrier at AlGaN/GaN interface and inject into the
barrier layer. Then these injected electrons are accelerated,
gain kinetic energy, and become high energy carriers, which
have a possibility to ionize the negatively charged F ions. Af-
ter ionization, some of the F ions lose negative charges and be-
come neutral, which will weaken the depletion effect on 2DEG
channel, as shown in Fig. 5(b). Then the threshold voltage of
E-mode HEMT will have a negative shift.
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Fig. 5. Schematic energy band diagram of the AlGaN/GaN heterojunc-
tion under (a) equilibrium state and (b) forward gate bias state, respec-
tively.

In terms of the theory of impact ionization, the ionization
rate of charged ions has strong dependence on the amount of
injected high energy carriers. To evaluate the validation of this
impact ionization model, stresses with different on-state gate
overdrive bias are carried out on E-mode HEMTs. Figure 4
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shows the degradation of Vth during several typical biases. It is
found that Vth decreases significantly at the beginning of stress,
and then slows down with increasing stress time. Meanwhile,
the injection current density during stress is also monitored
and the corresponding cumulative injected electrons (Qinj) can
be calculated. The curves of ∆Vth versus Qinj under different
gate overdrive biases are plotted in Fig. 6. It is found that ∆Vth

has strong dependence on the injected electron density, but is
independent of the stress conditions that are used in this work.
This result is observed for the first time and agrees with our ex-
pectation in the proposed impact ionization model, which pro-
vides important and direct experimental evidence to support
it. We can therefore conclude that the negative shift of Vth in
gate overdrive stress E-mode HEMTs is caused by the ioniza-
tion of negatively charged F ions in the barrier layer. Further
experiments show that the minimum impact ionization energy
for F ions is around 1.8 eV in this work, which agrees with the
results in previous work.[20]
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Fig. 6. ∆Vth against Qinj under different on-state gate overdrive stresses
on E-mode HEMTs. Qinj denotes the cumulative electrons injected dur-
ing stress.

According to the theory of hot carrier injection, the high
energy electrons injected from the 2DEG channel may also
damage the AlGaN barrier and generate electron traps. To
evaluate this possibility, a filling procedure with Vg = 1.5 V
and Vds = 0 V is carried out immediately after the gate over-
drive stress, which can provide enough free electrons to fill
neutral electron traps without generating any additional traps.
As shown in Fig. 7, the threshold voltage changes little even
when the filling time is up to 2000 s, which indicates that the
electron traps generated during gate overdrive stress are neg-
ligible. This agrees with the conclusion in the early work.[20]

It has been reported that the gate leakage is not deteriorated
even when Vth reveals an evident shift under typical gate over-
drive stress in E-mode HEMTs, which indicates that few addi-
tional defects of traps are generated. Meanwhile, figure 7 also
demonstrates that the ionized F ions cannot recapture electrons
after losing negative charges with impact ionization, which

agrees with the observed results in Si MOSFETs with electric
field assisted annealing. It can be explained by the formation
of Ga–F bonds, which is very stable even when the tempera-
ture is up to 400 ◦C.[18]
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Fig. 7. Effect of electron trap filling bias (Vg = 1.5 V, Vds = 0 V) on a
gate overdrive stressed (Vg = 3.0 V, Vds = 1.0 V) E-mode HEMT.

4. Conclusions
In this work, the degradation mechanism of AlGaN/GaN

E-mode HEMTs fabricated by fluorine plasma ion implanta-
tion technology under the typical on-state gate overdrive stress
has been systematically investigated. Combining with the trap
characterization, the as-grown traps in AlGaN barrier layer
and the traps generated during F ion implantation in E-mode
HEMTs have been studied in detail and ruled out as the rea-
sons. It has been found that the shift of threshold voltage
depends strongly on the cumulative injected electrons, but is
independent of the stress conditions applied to the E-mode
HEMTs in this work. It provides direction experimental ev-
idence to support the impact ionization model, in which the
degradation mechanism of E-mode HEMTs under the gate
overdrive stress can be explained by the ionization of F ions
by the high kinetic energy electrons injected from the 2DEG
channel. Furthermore, it is also found that the traps generated
during the gate overdrive stress are negligible and the ionized
F ions cannot recapture electrons.
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