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Abstract— We have performed Vpg = 0 V and OFF-state step—
stress experiments on GaN—on—Si and GaN—on-SiC high electron
mobility transistors under UV illumination and in the dark. We
have found that for both stress conditions, UV illumination
decreases the critical voltage for the onset of degradation in gate
current in GaN-on—Si HEMTs in a pronounced way, but no such
decrease is observed on SiC. This difference is attributed to UV—
induced electron detrapping, which results in an increase in the
electric field and, through the inverse piezoelectric effect, in the
mechanical stress in the AlIGaN barrier of the device. Due to the
large number of traps in GaN-on-Si, this effect is clearer and
more prominent than in GaN-on-SiC, which contains fewer
traps in the fresh state.

Keywords— GaN HEMTs, critical voltage, degradation, UV
illumination, detrapping

1. INTRODUCTION

GaN high electron mobility transistors (HEMTs) are
promising devices for high power and high frequency
applications. Si is an attractive substrate for GaN HEMTs
because of its lower cost, availability in large diameters and
sophisticated technology base. However, the larger lattice and
thermal mismatch between GaN and Si as compared to the
more commonly used substrate, SiC, results in more defects
and certain kinds of dislocations [1-2]. Although it has been
recently reported that no misfit dislocations are observed and
that screw dislocations are present at a density lower than 10’
cm ” in GaN on Si, the density of edge and mixed dislocations
are on the order of 1-5x10° cm ? whereas it is in the 10° cm™
range for GaN on SiC [1-3]. The concern is that these defects
may compromise the reliability of GaN HEMTs on Si.

We have previously shown that GaN—on—Si HEMTs are
affected by a similar degradation mechanism as GaN—on—SiC
HEMTs, namely a sharp increase of the gate current at a certain
voltage that has been termed the critical voltage [4-5]. We
have attributed this degradation to defect generation due to
excessive mechanical stress introduced by the inverse
piezoelectric effect at high voltage [4-5]. In GaN-on-Si
HEMTs we have observed relatively high critical voltages with
a rather wide range of values even for devices in the same
reticle. Separately, we detected significant electron trapping
associated with pre—existing traps in virgin devices, much more
than in typical GaN-on—SiC HEMTs [6]. In this work, we
report an intriguing finding: the high number of traps that are
present in GaN-on-Si HEMTs seems to be partially
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responsible for the high critical voltages for the onset of
electric field—induced degradation of the gate current. We
postulate that electron trapping during electrical stress leads to
lower electric fields and increased robustness against gate
current degradation. This finding should be of wide
applicability regardless of the characteristics of the substrate.

II. EXPERIMENTAL

We studied experimental Al,Ga, ,N/GaN HEMTs on Si
with a 17.5 nm thick x = 0.26 AlGaN barrier. The gate width is
2x25 um and the gate—source, gate—drain separation and the
gate length are 1, 3 and 0.5 um, respectively. The devices
include a source-connected field plate [7—8]. These devices are
representative of the capabilities of the GaN—on—Si technology.
They exhibit P,,, = 3.9 W/mm and PAE = 62% at 2.14 GHz
under Vps = 28 V. They also show excellent electrical
reliability: an average lifetime in excess of 10" hours with E, =
1.7 —2.0 eV has been reported [9-11].

The Al,Ga,_N/GaN HEMTs on SiC substrate used in this
study have a 16 nm AlGaN barrier with x = 0.28 [12]. The gate
width is also 2x25 pm, however the drain and source are
located symmetrically at a distance of 2 pm from the gate.
Since the peak electric field that is responsible for the onset of
inverse piezoelectric degradation is encountered at the vicinity
of the gate [5], the difference in gate—source and gate—drain
spacing is acceptable when comparing the reliability of both
technologies. GaN-on—SiC HEMTs have an integrated field
plate [12—13], which plays a similar role to the source field
plate in GaN-on-Si HEMTs. These experimental devices
exhibit P,,, = 8 W/mm and PAE = 62% at 10 GHz under Vjpg=
40 V.

We performed Vpg= 0 V step—stress experiments where we
grounded the drain and source and stepped the gate voltage
starting from —5 V to —80 V by decreasing 1 V every 30
seconds. Important DC figures of merit were continuously
measured by a benign characterization suite. In this stress
scheme, both the drain and source sides of the gate are stressed
with increasing electric field over time. This is a very harsh
stress bias condition when compared with the normal operation
of the device. We use this stress because it reveals important
aspects of the physics of degradation in GaN HEMTs in an
accelerated manner [4-5].
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Fig. 1. Normalized Ipy4x, Rs, Rp (left axis) and Igopr
(right axis) as a function of |Vl ina Vpg =0V step—
stress experiment on a GaN—on—Si HEMT. Vg is
stepped from —5 V by —1 V steps every 30 seconds.
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Fig. 2. Normalized Ipyx, Rs, Rp (left axis) and I5opr
(right axis) as a function of |V ina Vpg= 0V step—
stress experiment on a GaN—on—SiC HEMT. Vg is
stepped from —5 V by —1 V steps every 30 seconds.

We also performed OFF-state step—stress experiments,
which are more representative of the normal use conditions for
these HEMTs. In this approach, Vs is kept constant at -5 V
while Vpg is stepped in 1 V steps from 5 V to 80 V every 30
seconds. Since the voltage across the gate and source is
constant throughout the experiment, it is the drain side of the
device that is exposed to high electrical stress. This difference
is also why Vpg = 0 V stress is harsher than OFF—state stress
[4]. On the other hand, Vps = 0 V and OFF-state step—stress
experiments are similar in that the channel is always OFF and
there is negligible drain current and negligible self heating
taking place in the device. This condition helps to isolate the
effects of current and temperature from that of electric field, as
the field is found to be the main cause of degradation in GaN
HEMTs [4-5].

III. RESULTS

Figs. 1 and 2 show the results of typical Vps =0 V step—
stress experiments in a GaN—on—Si HEMT and a GaN—on-SiC
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HEMT, respectively. The graphs show the maximum current,
Ipyax (defined at Vpg =5 V and Vg = 2 V); source resistance,
R and drain resistance, Rp on the left axis (all normalized to
their initial values) and the OFF-state gate current, Igorr
(defined at Vpg= 0.1 V and Vg = -5 V) on the right axis as a
function of |Vgs|=|Vspl|- These experiments stop at —40 V.

In both devices, at a certain voltage, there is a sharp rise in
Icorr that is irreversible. This voltage is what we term the
critical voltage, Vgr. The increase in Igorr is attributed to the
creation of defects in the AlGaN barrier layer by excessive
mechanical stress introduced by the inverse piezoelectric effect
[4-5]. In our experiments, we see this pattern of degradation in
both types of devices also under OFF-state step—stress
conditions although the degradation is somewhat larger in the
Vps =0V condition due to its harsher nature (not shown).

While the distinct critical voltage behavior of the
degradation of /5orr in GaN—on—Si HEMTs is similar to that of
GaN-on-SiC devices, there are also marked differences
between the patterns of degradation in both devices. For stress
voltages below the critical voltage, Ilgorr and Ipyyx are
observed to decrease starting from the beginning of the stress,
and Rp and Ry increase in GaN-on—Si HEMTs (Fig. 1). In
GaN-on-SiC HEMTs these figures of merit remain largely
unchanged below Vgt (Fig. 2). Along with other evidence [6],
this unique behavior of GaN—-on—Si HEMTs derives from the
prominent electron trapping that these devices suffer from in
their virgin state. Another important observation from GaN-—
on—Si HEMTs that is relevant here is shown in Fig. 3. For these
devices, Vegr varies significantly from device to device even
when they are nominally identical and at close proximity on the
wafer [6].

In order to investigate the role of trapping on the critical
voltage, we performed identical stress experiments, except for
UV illumination, on pairs of neighboring identical devices. One
of these experiments was performed in the dark whereas in the
other, its neighbor was illuminated by 365 nm UV light. The
intensity of the UV light source at a distance of 4 cm from the
device was measured to be 1.56 mW/cm®, which corresponds
to 2.9x10"° photons/cm®=s. Separately we verified that 365 nm
UV light greatly enhances electron detrapping [6, 14]. Fig. 4
shows a typical result in GaN—on—Si HEMTs under Vps=0V
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Fig. 3. Igopr vs. stress |Vgg| for six GaN—on—Si
devices in typical Vpg= 0V step—stress
experiments. The distribution of Vg7 is very broad
even for devices in close proximity. Very high Vegr
values are also observed.
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Fig. 4. Evolution of I5opr in Vpg= 0 V step—stress
experiments on two neighboring GaN—on-Si devices,
where one of them was stressed under UV illumination
(365 nm) and the other in the dark. Under UV
illumination Vg7 is significantly smaller than in the
dark.
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Fig. 5. Evolution of I5orr in Vpg = 0 V step—stress
experiments on two neighboring GaN—on-SiC devices,
where one of them was stressed under UV illumination
(365 nm) and the other in the dark. No significant effect
of UV on Vgris observed.
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Fig. 6. Comparison of Vgrin Vps= 0V step—stress
experiments for closest-neighbor pairs of devices. One
device from each pair is stressed under UV and the
other in the dark. UV illumination generally results in a
lower value of Vg for GaN—on—Si devices (8 pairs
shown). Vg7 values in the dark and under illumination
are negligibly different for GaN—on—SiC devices (15
pairs shown).
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step—stress  conditions. Under illumination, Vg s
significantly smaller than in the dark. In contrast with this
observation, in a similar experiment, Vg7 in typical GaN—on—
SiC HEMTs did not change (Fig. 5). UV light also produces an
increase in Ipyy and a reduction in R, and Ry relative to the
dark, which proves that UV light reaches close to the intrinsic
device and successfully enhances detrapping of electrons
during stress.

Fig. 6 shows the results obtained on several such pairs of
Vps = 0 V step—stress experiments. Each point in the figure
corresponds to a pair of neighboring identical devices. The
abscissa is the critical voltage when a device was stressed in
the dark and the ordinate is the critical voltage when its
neighbor was stressed under UV illumination. On average,
Verr in GaN-on—Si HEMTs is 29% smaller under UV
illumination while it is about the same as in the dark in GaN
HEMTs on SiC. The spread in Vcgr values in the dark and
under light for GaN on Si HEMTs in Fig. 6 is rather broad
reflecting the relatively wide distribution of Vcgir values that
was shown in Fig. 3 even among devices spaced by short
distances.

In order to further explore this shift in Vg under UV
illumination in GaN-on—Si HEMTs, similar experiments were
performed under different stress bias conditions and with
different wavelengths. Fig. 7 shows OFF-state step—stress
experiments performed on two neighboring devices on Si in the
dark and under UV light illumination. In this stress condition, a
high electric field appears on the drain side of the gate, which
is not covered by a field plate and is ensured to be exposed to
UV illumination. An average reduction of Vcgir of 17% was
observed as a result of UV illumination (Fig. 8).

The effects of 254 nm UV as well as visible microscope
light were also investigated although results are not shown
here. The intensity at 4 cm from the devices was measured to
be 1.62 mW/em® for 254 nm UV light, which corresponds to
2.1x10" photons/cm®~s. We found that 254 nm UV light was
less effective in detrapping electrons due to the different
absorption rate by the AlGaN barrier and/or less number of
incident photons, hence it had a smaller effect on Vg (only
11% decrease in Vegr under Vpg = 0 'V step—stress). Visible
microscope light resulted in no shift in the average Vg, which
is consistent with the observation that it induces negligible
detrapping.

IV. DISCUSSION

Our experiments suggest that native traps (those that exist
in the virgin device) play a role in determining the critical
voltage for high—voltage gate current degradation of GaN
HEMTs. We know from earlier experiments that the
application of high voltage results in electron trapping in GaN
HEMTs [15]. This trapping reduces the sheet carrier
concentration in the high field region of the channel and, in
consequence, the peak electric field at the gate edge. This
manifests itself, among other ways, in a reduction in the gate
current as the voltage increases in electrical stress experiments
as can be seen in Figs. 1 and 4. A similar reduction in gate
leakage current has also been observed by other authors on
GaN-—capped devices on SiC substrates after ON and OFF state
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Fig. 7. OFF state step—stress experiments on two
neighboring GaN—on—Si devices, where one of them
was stressed under UV illumination (365 nm) and the
other in the dark. Similar to Vpg= 0V step—stress, Vegir
is significantly smaller under UV illumination than in

the dark.
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Fig. 8. Comparison of Vg, under OFF—state step—
stress experiments for closest—neighbor pairs of devices
on Si when one device from each pair is stressed under
UV and the other in the dark. UV illumination in OFF—
state stress generally results in a lower reduction in
value of Vg than Vipg= 0V stress for GaN—on—Si
devices (9 pairs shown).

stress experiments [16]. The application of UV illumination
causes electron detrapping and increases the electric field. This
is seen in the increase in the gate leakage current observed at
the beginning of the experiments in Figs. 4 and 7, which is not
of a photovoltaic nature [17]. Through the inverse piezoelectric
effect, the increase in the electric field should result in an
increase in the elastic energy density stored in the AlGaN
barrier, which will therefore reach the critical value for defect
formation at a lower critical voltage [18].

A correlation between trap density in the virgin device and
the shift in Vcz;r can be obtained by examining the shift in the
threshold voltage induced by UV light. In our hypothesis, UV
illumination results in electron detrapping. This should produce
a negative shift in V7. The larger the shift, the higher the
concentration of traps in the device. Fig. 9 shows the evolution
of Vr for the Vpg = 0 V step—stress experiments illustrated in
Fig. 4. In the dark, V7 shifts positive as traps get filled with
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Fig. 8. Evolution of V7 in the Vpg= 0V step—stress
experiments shown in Fig. 4. Under UV illumination, V7
stays rather constant as opposed to shifting in the
positive direction due to trapping in the dark. The initial
shift in V7 observed for the neighboring device in the
dark can be considered as a relative measure of UV—
induced detrapping from the native traps in the fresh

device.
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Fig. 7. Correlation between the average initial shift in
V7 under several illumination schemes and the resulting
shift in Vg obtained from Vpg=0 V step—stress
experiments on pairs of neighboring devices. The error
bars represent one standard deviation on each side
around the mean value. Under conditions in which V'
shifts in a substantial way as a result of light
illumination, Vcgr is also seen to be reduced.

electrons. Under UV, electron trapping is largely suppressed
and V7 remains unchanged throughout the experiment. The
amount of Vy change at the beginning of the experiment can be
considered as a qualitative measure of the number of traps in
the virgin device. Hence, the correlation between trapping and
change in Vg7 can be verified by comparing the initial shift in
Vr as a result of illumination and the corresponding decrease in
Verr- Fig. 10 displays the average initial shift in V7 on the
horizontal axis and the corresponding average shift in Vg on
the vertical axis with error bars. This figure shows that they
both correlate and that the correlation for different types of
illumination follows a general trend that is also consistent. The
shift in Vgr and Vy are both minor in GaN-on—SiC HEMTs
regardless of the illumination scheme, which is consistent with
the fact that they have few native traps.
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V. CONCLUSIONS

In conclusion, we have studied the degradation of GaN—on—
Si and GaN—on—SiC HEMTs under UV illumination and in the
dark. We have observed a pronounced decrease in Vg, for
GaN-on—Si HEMTs under UV light in both Vpg = 0 V and
OFF-state step—stress experiments. We have proposed a
mechanism where UV—induced electron detrapping from native
traps increases the sheet carrier concentration in the channel,
which results in an increase in the peak electric field and in the
elastic energy stored in the AlGaN barrier of the HEMT
through the inverse piezoelectric effect. This decreases the
critical voltage for defect formation. A similar shift in Vcgir
was not observed in GaN-on—SiC HEMTs where trapping in
the virgin devices is minimal. Our work suggests that the
existence of an increased number of traps in GaN-on-Si
HEMTs might enhance the robustness of the devices to high
voltage degradation of the gate current.
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