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Abstract—Combined with recess etching, Al-rich III-N high
electron mobility transistors (HEMTs) can be treated with a
reactive ion etch plasma to implant F- ions into the HEMT’s near
surface region for a positive threshold voltage (V7n) shift to achieve
enhancement-mode (e-mode) operation. These HEMTs, along with
depletion-mode (d-mode) controls that lack fluorine treatment,
were evaluated for F- ion stability using step-stress and fixed-bias
stress experiments. Step-stress experiments identified parametric
shifts as a function of the drain-voltage (Vbs) stress prior to
catastrophic failure that occurred at Vps ranging between 70-75 V.
Fixed bias stressing at V'ps = 50 V was conducted at 190°C. Both
e- and d-mode HEMTs exhibited a negative Vrx shift of 0.6-1.0 V
during early time stressing at 190°C, with minor on-resistance
effects, but both HEMT types were thereafter stable up to 4 hours.
The early time changes are common to both e-mode and d-mode
HEMTs and the F-induced Vru delta between e- and d-mode
HEMTSs remains intact within the bias-temperature stressing
conditions of this work.
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L INTRODUCTION

Ultra-wide bandgap (UWBG) semiconductors are an
emerging class of materials for the next generation of power and
RF electronics. Al-rich AlGaN-channel devices are among those
UWBG materials with the most promising figures of merit [1,
2]. The recent literature for these emerging devices is heavily
weighted towards depletion-mode (d-mode) transistors [3-9],
yet enhancement-mode (e-mode) transistors are necessary for
power switching applications. During the development of
AlGaN/GaN HEMTs, various approaches were proposed for e-
mode devices, including a F-treatment to the gate-AlGaN
interface [10]. Although doubts about the stability of threshold
voltage have been raised, only a single reliability study addresses
these [11] and the doubts have persisted. The recent
development of F-treated AlGaN-channel HEMTs in our
research group [12] effectively renews the question of fluorine
stability. Notwithstanding any prior F-stability results for GaN-
channel HEMTs (25% Al barrier), the topic is worth
reexamining in light of the expected higher bond strength of Al-
bonded F- ions compared to Ga-bonded F- ions and the
preponderance of group III Al in AlggsGag.1sN/Alg7GagsN. A
comprehensive reliability study is not usually warranted in an
immature technology. However, judiciously chosen stress
experiments, the subject of this paper, can shed light on the
important question of F- ion stability in Al-rich AlGaN
transistors.

II. DESCRIPTION OF DEVICE AND STRESS PROCEDURE

The epitaxial structure, grown by metal organic chemical
vapor deposition on a sapphire substrate, consists of a 1.6 um
AIN buffer and nucleation layer, a 330 nm Alo.7Gao3N channel
layer, and a 50 nm Si-doped AlyssGao.i1sN barrier layer. Circular
HEMTs were fabricated similarly to those described previously
[12,13]. They were constructed with a 200 pum diameter drain

contact, an 8§ um source-drain separation, and a 3 um gate
contact based on a Ni/Au Schottky barrier, centered between the
source and drain. The Zr/Al/Mo/Au Ohmic contacts were
alloyed at 1100°C and show rectifying behavior due to the high
Al-content of the barrier layer. After source/drain formation, 100
nm of SiN was deposited. A 3 um gate opening in the SiN was
next formed by reactive ion etching. Long exposure to the F-RIE
plasma leads to e-mode HEMTs from a combination of surface
F- ions and gate recessing [13] (Fig. 1). In contrast, minimal F-
RIE plasma exposure leads to depletion-mode HEMTs with only
a slight, unintentional recess [9]. After another lithography
process, Ni/Au gates were deposited into the vacated SiN
regions and overlapped the adjacent SiN for “field-plate” type
gate-edge termination.
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Figure 1. Schematic cross-section of HEMT illustrating the role of F ion
treatment in creating an e-mode transistor.

AlossGag.1sN/Alo7GagsN HEMTs treated with F~ ions were
verified to contain F atoms in the near surface regions by Auger
electron spectroscopy, time-of-flight secondary ion mass
spectroscopy, and Vzy modeling [13]. Approximately 41% of the
Vry shift was ascribed to F- ions, with the rest ascribed to a 12
nm gate recess.

Both fixed-bias and step-stress experiments were performed
on these devices, at room temperature and at 190°C. The step-
stress experiments were performed at several gate biases (Vgs),
as illustrated in Fig. 2. The step-stress experiments use 5 V drain
voltage (Vps) steps, 100 s stress intervals, continuous monitoring
of source, gate, and drain currents during stress, and more
substantial electrical characterization, between stress steps. The
electrical characterization consisted of non-stressing voltage
sweeps, recorded at designated stress interruptions, before and
after each stress segment. The stress duration was fixed at 100 s
for step-stress experiments, and of variable length, progressively
increasing, for fixed-bias stress experiments. Different Vs
during separate stress experiments allows for comparison of low,
moderate, and high levels of hot electrons to evaluate F-stability
under all of these conditions. Fig. 2 was generated to describe an
e-mode HEMT stress experiment. The Vgs=-2 V bias condition
leads to HEMT pinch-off, with leakage current as the source of
hot electrons. The corresponding d-mode HEMTs bias condition
is Vs = -10 V. Trends based on electrical parameters were
tracked against stress time and magnitude. Vps step-stressing
enables the rapid identification of important stress conditions as
well as identification of the destructive Vps.

III. DATA/RESULTS AND DISCUSSION

At least two types of effects are important for the stress
experiments employed in this study, namely, hot electrons from
large Vps electric fields and the response of F~ions to the electric
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Figure 2. E-mode HEMT step-stress experimental design using stepped drain
voltage at a fixed gate voltage (several) to vary the incidence of hot electrons.
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Figure 3. The electric field of the AlGaN barrier may act on electrons to drive
them away from the HEMT interface in reverse bias, but not in forward bias.

field applied across the barrier. The hot electron density differs
by more than 6 orders of magnitude, depending on the gate bias.
Hot electrons arising from lateral (parallel to the surface) electric
field stress can be expected to affect both d-mode and e-mode
HEMTs similarly. However, vertical (perpendicular to the
surface) electric field stress may affect the mobility of F~ions in
e-mode HEMTs, particularly in combination with any thermal
stress. Specifically, the magnitude of the electric field from the
gate bias can drive F~ ions towards or away from the AlGaN
interface with Ni, depending on the gate bias, as illustrated
notionally in Fig. 3. In reverse bias, the gate bias provides a force
for possible drift away from the Ni-AlGaN interface, while
forward bias provides a force for possible drift towards the Ni-
AlGaN interface. The intermediate bias condition with Vgs =+
0.5 V provides a lesser magnitude of vertical electric field.

The results of e-mode HEMT step-stress experiments under
bias conditions representing low, moderate, and high densities
of hot electrons are illustrated in Fig. 4 for Ip vs. stress time (also
vs. Vps). Source current tracked similarly but was opposite in
polarity. Gate current was very small and largely
inconsequential. At modest Vps stress, the off-state drain current
(Ip) is < 10° mA for Vgs=-2 V, Ip~ 102 mA for Vgs=+0.5V,
and Ip ~ 5-6 mA for Vgs = +3 V. Under reverse bias stressing
(Vas=-2 V), Ip increases exponentially with Vps stress and also
during the individual Vps stress intervals. This latter effect is
illustrated in the inset to Fig. 4 and is evidence of trapping/de-
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Figure 4. Evolution of drain current vs. stress time in e-mode Al-rich HEMTs at
25°C as Vs, shown at the top of the plot, is stepped from 10-155V, for
low, moderate, and many hot electrons.

trapping behavior, whereby /p is < 10 mA at the onset of the
1000 s stress interval and exponentially rises to > 10 mA by
1030 s, whereupon the /p rise is slower. Electron de-trapping
during a stress cycle accounts for the /p increase. Then electron
trapping during the subsequent parametric characterization that
uses lower, non-stressing Vps accounts for /p that is reset to a
lower level at the initiation of the next stress cycle. As the
process repeats, both peak and trough Ip increase in each
subsequent cycle. The trapping/de-trapping behavior of the inset
to Fig. 4 is similar to the stress/recovery experiments described
by del Alamo and Joh [14]. It applies to the case of “few hot
electrons” and also may apply to a lesser degree for “moderate
hot electrons.” If present in the case of “many hot electrons,” its
relative magnitude may be less or it may occur over a much
shorter or longer time window than is apparent from Fig. 4.
These effects deserve further scrutiny, but are beyond the scope
of this paper. The differing densities of hot electrons are
associated with destructive voltages of 70-75 V. The similarity
in destructive voltages seems to indicate that hot electron density
is secondary in importance to the lateral electric field for
destructive degradation of e-mode HEMTs.

Figs. 5 and 6 illustrate the progression of Ip-Vps and Ip-Vs
plots, respectively, for stress experiments conducted with
reverse biased gates and Vps stepped from 10 V to 70 V (blue to
red in the direction of the arrow). The d-mode HEMTs show
decreasing Ip in Fig. 5(a), while the e-mode HEMTs show
increasing /p in Fig. 5(b). On-resistance degradation is

(a) (b)
. . . . = B

50-
d-mode
25°C

= e-mode
5 25°C

&
-3

w
S

— 1, pro-stress

Drain Current (mA)
N
S

—lg prwstnes =g Pes ¥ iees
_'n post70V stress

4 6
Drain Voltage (V)

0
0 2 100 2 10

Dra‘in Vollagesﬂli
Figure 5. 25°C progression Ip-Vps plots (at Ves = 4V) in d-mode (a) and e-mode
(b) HEMT step-stress experiments (d-mode stress: Ves=-10 V, e-mode
stress: Ves =-2V). Imax changes in opposite directions for e-mode and d-
mode HEMTs subjected to reverse bias stress.
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Figure 6. 25°C progression of Ip-Ves plots in d-mode (a) and e-mode (b) HEMT
step-stress experiments (d-mode stress: Ves=-10 V, e-mode stress: Vss =
-2V). Vi changes in in opposite directions for e-mode and d-mode
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Figure 7. Vi shift vs. Vos stress for d- and e-mode HEMTSs stressed at 25°C
and Ves = +3 V (forward bias), +0.5 V or -2 V (e- and d-mode neutral
bias), -2 V (reverse bias, e-mode), or -10 V (reverse biase, d-mode).
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Figure 8. Vr stability measured during stress interruptions for e-mode and d-
mode HEMTs stressed at 190°C under forward (Vss = +3 V), neutral (Ves
=+0.5 V for e-mode and Vss = -2 V for d-mode) and reverse (Ves = -2 V
for e-mode and Vs =-10 V for d-mode) bias all with Vps =50 V.

negligible for the e-mode HEMTs and only slight for d-mode
HEMTs undergoing reverse bias stress. Fig. 6 illustrates that the
origin of the Ip shifts of Fig. 5 are from Vry shifts, positive for
d-mode HEMTs, and negative for e-mode. The Vry shift for e-
mode HEMTs only applies to the reverse bias and is much
reduced for gates under neutral (defined as Vgs = 0.5 V for e-

mode HEMTs and Vs = -2 V for d-mode HEMTS, to fulfill the
intent of “moderate” hot electrons) or forward bias, as seen in
Fig. 7. Understanding the /7y trends for reverse bias stressing
will require further investigation, but may not be consequential
for e-mode devices not operated in reverse bias.

The aforementioned room temperature step-stress
experiments enable the judicious choice of bias conditions for
stressing at elevated temperature. Based on devices stressed in
the manner of Fig. 4, a Vps= 50 V stress condition was chosen
for subsequent 190°C stressing. The 190°C stress experiments
were carried out with stress interruptions at 100, 300, 1000,
3000, 7000, 10000, and 13000 s, where stress interruptions at
those times allowed parametric characterization at 190°C. Since
the HEMT’s parametric values change very little over the 0-
200°C temperature range [12], they are a good proxy for the
room temperature values. Fig. 8 illustrates the trend in Vg for
both e- and d-mode HEMTs. An early time shift in Vzy is
observed for all stress conditions but is one that stabilizes by
1000 s (0.28 h). The magnitude of the shift is greatest for
HEMTS that are stressed under reverse bias, ~1.2 V for d-mode
and 0.6-1.0 V for e-mode HEMTs. For HEMTs stressed under
neutral or forward bias, the magnitude of the V7 shift is modest,
~ 0.2-0.7 V, and the early time trend is not always to more
negative Vrn.

Fig. 9 illustrates the trends from one of the e-mode HEMTs
for the Ip-Vgs plots captured during 190°C stress interruptions.
Rapid changes occur during the first two stress intervals, but
only slight changes occur after 0.28 h. Ip at Vgs = 4 V is
increasing, similar to Figs. 5-6. In Fig. 9, all of the curves shift
to the left in a parallel manner, as observed in the subthreshold
region. Consistent subthreshold slope and consistently low
leakage currents with high on/off ratio at elevated temperature
are consistent with a HEMT lacking intrinsic degradation during
the 3.6 h stress. These observations support the earlier assertions
that non-permanent trapping/de-trapping behavior may be
responsible for the Vry shifts.
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Figure 9. Progression of Ip-Ves plots over 3.61 h of stress for e-mode HEMTs
undergoing 190°C stress at Ves = -2V and Vps = 50V.

In this work, we are addressing the question of F- ion
stability. While the data of Figs. 6-7 show that V7 appears to
lack stability at high enough drain stress, the data of Fig. 4 shows
that repeated stress/recovery effects are an important
confounding factor and such effects aren’t necessarily
permanent. These effects are deserving of further study with
appropriate consideration to details involving the actual



conditions of an application. From the data presented here, we
can address the question of F~ ion stability resulting from stress
involving a constant electric field profile. Since the Vry shift
affects both d-mode and e-mode HEMTs similarly in Fig. 8, it is
presumed to have a common cause for both. Since only the e-
mode HEMTs were intentionally treated with F~ ions, it follows
that that F- ions are not the cause of the shift. In fact, the lack of
large differences in stress response between d-mode and e-mode
HEMTSs can be construed as evidence F-ions are stable at 190°C,
with the caveat that a slight early time F ion instability may be
masked by the larger common instability. The early time
negative Vry shift is still potentially detrimental regardless of its
origin. A possible remediation, may involve targeting the initial
Vrw more positively by means of a longer F-exposure.

A similar analysis to that used in ref. [13] quantifies the
effect of the F~ ions on Vyy of the e-mode HEMT and also
supports the assertion of its stability. The HEMTs show a
consistent delta of V7~ 4 V between the e-mode and the d-mode
HEMTs. Two factors account for the Vry delta: recess etch
depth, accounting for 59%, or 2.4 V of the shift, and F- ions,
which account for approximately 41% or ~1.6 V of the shift. A
change in Schottky barrier height could affect Vry, but would
likely affect a d-mode HEMT equally. Lacking a reason to
suspect recess etch instability, we arrive at a similar conclusion:
F ions remain intact to influence Vry similarly before and after
190°C stressing. Even so, important details relating to F~ ion
stability may be incomplete and further investigation is
warranted. A second important consideration for e-mode
HEMTs is that for power conversion applications the neutral and
forward bias conditions will be of greater importance than the
reverse biased stress, resulting in less consequence to the early
time Vry stabilization, except to note that V7 targeting to more
positive Vyy is needed.

Beyond the question of F~ ion stability under various bias
conditions, a tentative picture of hot electron behavior can be
summarized as follows. Hot electron stress is associated with
temporal trapping/de-trapping behavior that appears to have a
considerable partial recovery of Ip that approaches prior values.
This type of behavior displays commonality to similar types of
stress/recovery effects in AlGaN/GaN HEMTs [14]. However,
high electric fields, rather than hot electron stress, leads to
HEMT destruction, at similar drain voltages regardless of gate
bias or hot electron density (Fig. 4). The d-mode HEMTs were
more robust to electric field stress and displayed higher and more
variable destructive voltages, as seen in Fig. 7. Factors other than
hot electrons are important in the destructive failure mechanism,
and further investigation is warranted.

IV. CONCLUSIONS

This work presents evidence that F- ions appear to not be
vulnerable to Vry instability when stressed up to 4 hours at
190°C and Vps = 50 V in Al-rich e-mode HEMTs. However, a
common Vry shift affects both e- and d-mode HEMTs at early
times followed by relatively stable behavior. The similarity in
destructive voltages of 70-75 V seems to indicate that hot
electron density is secondary in importance to the lateral electric
field for destructive degradation of e-mode HEMTs. Future
work will need to account for trapping/de-trapping effects in
order to build a more complete understanding of Al-rich HEMT
degradation.
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