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Abstract—We use depth-resolved cathodoluminescence spec-
troscopy (DRCLS), Kelvin probe force microscopy (KPFM), and
surface photovoltage spectroscopy (SPS) on a nanometer scale
to map the temperature, strain, and defects inside GaN high-
electron-mobility transistors. DRCLS maps temperature at lo-
calized depths, particularly within the 2-D electron gas region
during device operation. KPFM maps surface electric potential
across the device, revealing lower potential patches that decrease
rapidly with increasing OFF-state stress. CL spectra acquired at
these patches exhibit defect emissions that increase with both ON-
and OFF-state stresses and that increase with decreasing surface
potential. SPS also reveals features of deep level gap states gener-
ated after device operation that reduce near-band-edge emission
and increase surface band bending. Our nanoscale measurements
are consistent with defect generation by inverse piezoelectric field-
induced stress at the gate edge on the drain side at high voltage.

Index Terms—AlGaN/GaN high-electron-mobility transistor
(HEMT), defect characterization, depth-resolved cathodolumi-
nescence spectroscopy (DRCLS), HEMT, Kelvin force probe
microscopy, strain mapping, surface photovoltage spectroscopy
(SPS), temperature mapping.

I. INTRODUCTION

F or high-power and high-speed applications, GaN-based
semiconductor devices are promising candidates for high-

electron-mobility transistors (HEMTs). This is due to GaN’s
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high breakdown field, superior carrier saturation velocity, and
combination of high electron mobility and 2-D electron gas
(2-DEG) density [1]. However, high channel temperatures and
electric fields under high-power operation accelerate physical
and electrical device degradation.

Notwithstanding extensive studies by many groups, the phys-
ical mechanisms underlying GaN HEMT reliability remain
elusive, in large part due to the interactions between high
electric fields, mechanical stress, and temperature inside the
device structure.

Temperature distributions of GaN-based HEMTs have been
measured by various methods such as micro-Raman method
[2], scanning thermal microscopy [3], and depth-resolved
cathodoluminescence spectroscopy (DRCLS) [4]. There is a
general consensus that temperatures reach a maximum near
the drain-side edge of the gate. Likewise, high electric fields
may induce point defects or structural damage at device
surface/subsurface regions that degrades reliability [5]–[20].
While it has been postulated that defects are generated as a
result of OFF- and ON-state stresses [9], [10], [12]–[16], a
direct mapping of these defects has not been done. Furthermore,
3-D distributions of temperature and electric field have not
been measured on a nanometer scale in order to address these
physical failure mechanisms.

In this paper, we use several techniques to monitor electronic
and mechanical properties inside operating GaN HEMTs under
both ON- and OFF-state stresses: 1) DRCLS of defect emissions,
cross-sectional temperature, and stress distributions; 2) Kelvin
probe force microscopy (KPFM) of surface electric potential
and band bending; 3) surface photovoltage spectroscopy (SPS)
of defect levels within the GaN band gap. These provide direct
evidence for device failure associated with the creation of
electrically active defects in AlGaN/GaN HEMTs localized at
the gate edge close to the AlGaN/GaN interface due to the
inverse piezoelectric effect [11].

II. EXPERIMENTAL SETUP

Here, we present results for three GaN HEMT devices
termed U-01, U-08, both grown on sapphire with gate length
of ∼1.25 μm and gate width of ∼70 μm, and M-01, grown
on a SiC substrate with gate length of ∼0.25 μm and gate
width of ∼40 μm. U-01 and U-08 heterostructures consist of an
unintentionally doped GaN layer, a 40-nm Al0.22Ga0.78N, and
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a 10-nm Si-doped graded AlxGa1−xN layer (0 ≤ x ≤ 0.22)
sandwiched by a 0.7-nm AlN interfacial layer and a 250-nm
GaN cap. The GaN cap layer was etched to form drain (D),
gate (G), and source (S) contacts. M-01 consists of a thick GaN
buffer layer, followed by 1-nm AlN, 16-nm Al0.28Ga0.72N, a
3-nm GaN cap, and a Si3N4 passivation layer. Thus, the etched
U-01 and U-08 samples are nearly equivalent in structure to
the M-01 heterostructure. Furthermore, devices U-01 and U-08
have similar material and electrical properties.

In order to measure defect generation and cross-sectional
temperature distribution on a nanometer scale, we use a JEOL
JAMP-7800F ultrahigh vacuum (UHV) scanning electron mi-
croscopy (SEM) with beam energy 5 keV ≤ EB ≤ 22 keV
and temperature 12 K < T < 300 K. An EB = 5 keV beam
excites the 2-DEG in the U-series, whereas the thicker overlayer
of the M-series requires 10 keV. DRCL spectra provide local
temperature at the GaN layer since its near band edge (NBE)
emission varies systematically with temperature [24]

Eg(T ) = Eg(0)− (5.98 ± 0.12 ∗ 10−6) ∗ T (1)

where Eg(0) is the GaN band gap at 0 K. We used mul-
tilayer Monte Carlo [21] simulations to select an EB that
probes the 2-DEG region and to estimate penetration depths
for mapping 2-D cross-sectional temperature distributions. Ex-
perimental details can be found elsewhere [22]–[24]. A Park
XE-70 AFM/KPFM with ∼20-nm lateral resolution, tungsten
lamp, and monochromator provided simultaneous topography,
potential maps, and surface photovoltage (SPV) spectra. An
Agilent 4145B analyzer enabled device operation and dc ON-
(high ID, low VDS) and OFF-state (low ID, high VDS) stresses
during measurements. The ON-state device conditions were as
follows: VDS = 10 V, VGS = −2 V, ID = 0.47 A/mm (M-01)
for 12 h or VDS = 6 V, VGS = 0 V, and ID = 0.75 A/mm
(U-01) for 11 min. The longer stress time for the device on
SiC is to ensure a similar degree of degradation as in the
device on sapphire. The OFF-state stress conditions were as
follows: VDS = 10–30 V, increasing in 2-V steps in order to
insure a transition through the critical voltage point [25], VGS =
−6 V, and ID = 5 ∗ 10−6 A/mm. Each step period was ∼1 min.
Experiments were performed on unpackaged on-wafer devices
and at room temperature. Details of electrical characterization
results such as gate leakage current IG−off and ID−max are
described elsewhere [15]. The OFF-state stress measurements
permit us to factor out temperature effects since heating is
negligible with the minimal currents involved.

III. RESULTS AND DISCUSSION

A. Temperature

1) Across Extrinsic Source and Drain: The study of device
degradation at the nanoscale involves both ON- and OFF-state
conditions which give rise to temperature and strain effects,
respectively. First, we consider the effects of temperature under
ON-state conditions. We then examine the effects of strain under
OFF-state conditions. Fig. 1 shows a temperature distribution
with 100-nm spatial resolution for virgin device M-01 operating
at VDS = 6 V, VGS = −1 V, and ID = 1 A/mm with beam

Fig. 1. (a) SEM image of virgin sample M-01 source–gate–drain areas across
which temperatures were measured. Dashed red rectangles mark extrinsic drain
and source areas. (b) Temperature distribution across extrinsic drain and source
area at VDS = 6 V, VGS = −1 V, and ID = 1 A/mm with EB = 10 keV.
Dashed black lines are guides to the eye. Temperature increases monotonically
from drain to gate overhang edge.

current IB ∼4.5 nA. Regions between the gate–source and
gate–drain are termed “extrinsic source” and “extrinsic drain,”
respectively. Peak electron-hole excitation depth U0 derived
from a Monte Carlo simulation for EB = 10 keV is 655 nm
below the Si3N4 passivation surface, i.e., close to the 2-DEG
channel region. The red dashed lines show the edge of the
gate. The temperature increases from the drain side to the gate
overhang edge at the extrinsic drain region. The temperature
distribution at the extrinsic source region exhibits a similar
trend. Furthermore, the temperature is higher within the ex-
trinsic drain region compared with the extrinsic source region.
These results agree with the results extracted by a micro-Raman
method [2]. Note that the electron beam-induced current under
our measurement conditions (IB = 4.5 nA, EB = 10 keV) is
∼0.04 A/mm, which is negligible compared with device cur-
rents so that localized electron beam heating is not significant.
Likewise, piezoelectric strain can also shift the NBE emission
peak [26], but its effect is very small at VDS = 6 V and does not
affect our temperature measurement. Neither this current nor
this strain has a measurable effect on the NBE emission energy.

2) Across Extrinsic Source and Drain in Depth: DRCLS
measurements also provided in situ measurements of temper-
ature versus depth across the extrinsic source and drain, in
effect yielding cross-sectional temperature maps during device
operation, e.g., in Fig. 2. U0 from the top of the Si3N4 passi-
vation layer with EB between 10 and 22 keV in 2-keV step are
655, 770, 920, 1070, 1250, 1460, and 1730 nm, respectively,
while we used EB = 8 keV to probe the GaN cap surface.
The corresponding positions are also marked in Fig. 2(a) and
(b). The lateral and depth resolution for 8 keV is ∼100 nm,
proportionally larger for higher beam energies. According to
the contour map, the temperature distribution varies from 300 K
to 370 K (27 ◦C–97 ◦C). Monte Carlo simulations show that the
rate of CL excitation peaks at characteristic depths, increasing
with increasing incident beam voltage EB [22]. Since electron-
hole recombination at shallower depths contributes to the CL
spectra, we subtract these contributions with spectra at slightly
lower EB to achieve even finer depth resolution of the tempera-
ture distribution inside the device. Fig. 2(b) shows a magnified
view of the region close to the edge of the gate overhang. Here,
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Fig. 2. DRCLS cross-sectional temperature distribution of sample M-01:
(a) Whole device and (b) device drain side close to gate overhang. VDS = 6 V,
VGS = −1 V, ID = 1 A/mm, and 8 < EB < 22 keV. Multiple hot spots are
apparent.

multiple hot spots are evident inside the operating GaN HEMT.
One is near the gate overhang edge, where electric field and
current density are high. The other two are 260 and 800 nm
below the extrinsic-drain-side 2-DEG channel. Pomeroy et al.
[27] proposed that hot spots will form around defects in GaN
HEMTs. We suggest that point defects or dislocations may
impede thermal transfer, leading to hot spots.

B. Stress Distribution

Fig. 3 shows the field-induced-stress distribution caused by
the external bias from source to drain with various bias condi-
tions of a virgin device at U-01. With EB = 5 keV, we are able
to probe the region close to the 2-DEG region. In order to pre-
vent any self-heating effects, the gate voltage (VGS) was kept at
−6 V to limit the channel current to < 5 ∗ 10−6 A/mm. DRCLS
measures the field-induced stress at the AlGaN/GaN interface
under OFF-state stress condition from NBE peaks, which shift
by 26 meV/GPa [28] with no self-heating. DRCLS shows a
7.6-meV blueshift corresponding to a 0.29-GPa compressive
stress in the GaN layer at the gate-edge drain side with VDS =
26 V. The line scan results also show that the field-induced

Fig. 3. Field-induced-stress distribution of a virgin device caused by applied
bias under OFF-state stress. S, G, and D denote source, gate, and drain
metal contacts. Dashed lines are guides to the eye. A maximum ∼0.29-GPa
compressive stress increase is evident at the gate-edge drain-side area. Field-
induced OFF-state stress increases the most at drain-side gate-edge region.

stress increases faster at gate-edge drain-side regions than at
regions close to the drain metal contact. Del Alamo et al.
proposed an inverse piezoelectric degradation mechanism to ex-
plain the device performance deterioration due to high applied
bias [10], [11]. The high field can induce mechanical stress that
exceeds the crystal’s elastic energy, creating lattice defects, par-
ticularly at the gate-edge drain-side area. While field-induced
stress appears on both sides of the gate, Fig. 3 shows that the ex-
ternal stress is highest at the AlGaN/GaN interface close to the
gate-edge drain-side area, so it is the likeliest place for defects
to appear first. Regarding the effect of stress on our temperature
measurements, Fig. 3 shows that the field-induced stress is neg-
ligible for the bias voltage used for our temperature distribution
measurements (VDS = 6 V, VGS = −1 V). The piezoelectric
strain can shift NBE energies by 26 meV/GPa = 43.5 ◦C/GPa.
The field-induced-stress distribution in this case should be close
to the VDS = 0 V, VGS = −6 V condition in Fig. 3 so that
the temperatures extracted from DRCLS require little or no
correction (0.03 GPa = ∼1.3 ◦C). However, the thermal strain
acts to impact the measure temperature by DRCLS by ∼6.5 ◦C
at 370 K, proportionally lower at lower temperature [30].

C. Surface Potential

Reliability is an important concern in GaN-based HEMTs
due to the extreme current densities and strain under operation
at high applied bias. Fig. 4 shows the AFM/KPFM results used
to monitor unpassivated device characteristics with different
stress conditions. Our previous results showed that there is
a clear surface potential evolution with increasing OFF-state
stress accompanied with an increase in gate leakage current
[15]. With increased stress voltage, these low surface potential
patches first form under or close to the gate, then shift to
the drain-side gate edge, and then expand to extend across
the extrinsic drain area. Finally, device failure occurs with
crater formation close to the lowest surface potential area [15].
Although the surface potential changes dramatically as a result
of high-voltage stress, no topography changes are observed
before failure occurs and a crater appears. Fig. 4(b) and (c)
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Fig. 4. AFM and KPFM results of GaN transistors before and after ON- and
OFF-state stresses from representative areas. (a) and (d) Show AFM topography
of source (S), gate (G), and drain (D), which are uniform before stress. (b) and
(c) Show KPFM surface potential distribution before and after 30-V OFF-state
stress, respectively. The red dashed oval indicates the lowest potential area,
where device failure occurs. (e) and (f) Show KPFM potential maps before
and after 11-min ON-state stress, respectively. Surface potential varies less with
ON-state versus OFF-state stress.

shows the surface potential changes before and after OFF-state
stress.

Fig. 4(e) and (f) show surface potential changes before and
after ON-state stress. For ON-state stress, similar surface poten-
tials occur but without clear trend or expansion. Koley et al.
found that low surface potential areas form close to the drain-
side gate edge after stress, which they attribute to the accumu-
lation of negative charge from gate tunneling electrons under
high bias stress [28]. Instead, we propose that the appearance
of low surface potential patches is due to ON- and OFF-state
stress-induced defect formation.

D. Stress-Induced Defects

DRCLS measurements within the extrinsic source and drain
provide further evidence for stress-induced defect formation
that correlates with device degradation. The DRCLS spectrum
in Fig. 5(a) shows a 2.2-eV yellow band (YB), a 2.8–3.0-eV
blue band (BB), and a 3.45-eV NBE emission from our
M-01 GaN HEMT devices before ON- and OFF-state stresses.
Poststress DRCLS shows higher defect emissions [4]. YB emis-
sion is often associated with Ga vacancies where BB emission
may be due to bulk or surface defects [31]. Fig. 5(b) shows
a 10–100× increase in the gate current at reverse bias after
ON-state operation for 12 h in room ambient. We used DRCLS
to correlate defect emissions with the degradation of the gate-
edge extrinsic drain during device operation with two neighbor-
ing devices on the same die termed “device under test” (DUT)
and “reference” (Ref). The DUT device on sample M-01 was
ON state stressed for 12 h versus the unstressed Ref device.

The labeled regions in Fig. 5(c) are as follows: #1 (extrinsic
drain, DUT), #2 (under gate–drain side, DUT), #3 (under
gate–source side, DUT), #4 (extrinsic drain, Ref), and #5 (under
gate, Ref). A SEM image of the defined regions appears in [4].
The YB/NBE ratios in regions #2 and #3 increase 4.3X and
2.6X, respectively. In contrast, the inset in Fig. 5(c) shows much
weaker correlations for BB/NBE ratios. These results demon-
strate that stress during device operation generates defects.
Furthermore, stress affects different defects preferentially.

Fig. 5. (a) Representative prestress DRCLS spectra with YB, BB, and NBE
peaks. (b) Gate current characteristics (black) before and (red) after stress of
sample M-01. The increase of the gate leakage current indicates the degradation
of gate Schottky contact after stress. (c) Position-dependent averaged YB/NBE
ratio shows the largest increase at the region under gate–drain side after 12 h,
VDS = 10 V, VGS = −2 V, and ID = 0.47 A/mm stress. Averaged BB/NBE
ratio shows a much weaker response to local stress. The horizontal dashed lines
represent the reference points.

Fig. 6. (a) KPFM maps of sample U-01 from two representative areas of
the same device along the width of the transistors show surface potential
distribution and averaged defect emission after OFF-state stress. The de-
vice layout is indicated in the figure: Source (S), gate (G), and drain (D).
(b) and (c) Averaged YB and BB/NBE ratios correspond to areas denoted in (a).
In general, regions with lower potential correlate with higher YB or BB defect
emission. The horizontal dashed lines represent the reference points.

Figs. 6 and 7 show the correlation between surface potential
and defect emission of sample U-01 from two representative ar-
eas of the same device along the width of the transistors before
and after ON-state (VDS = 6 V, VGS = 0 V, ID = 0.75 A/mm,
11 min) and OFF-state (VDS = 10–30 V in 2 V/step, VGS =
−6 V, ID = 5 ∗ 10−6 A/mm) stresses. Potential maps and
defect intensity increases for OFF- and ON-state stresses in
Figs. 6 and 7 show that decreasing surface potential correlates
with increased YB and BB intensities. Each data point of defect
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Fig. 7. (a) KPFM maps of sample U-01 from two representative areas of
the same device along the width of the transistors show surface potential
distribution after ON-state stress. The device layout is indicated in the figure:
Source (S), gate (G), and drain (D). (b) and (c) Averaged YB and BB defect
emissions correspond to areas denoted in (a). The horizontal dashed lines
represent the reference points.

emission in Figs. 6 and 7 represents an average of multiple
spectra. For the OFF-state stressed device, areas 1, 2, and 3
are in the middle of the extrinsic drain and region close to
the drain side where surface potential is higher (∼ −0.008 V).
Areas 4, 5, and 6 are at the gate-edge drain side with −0.52 V
and ∼ −0.8 V potentials. Area 7 has the second lowest potential
(∼ −1.6 V). Area 8 is at the crater edge where device failure oc-
curs [failure edge area (FEA)]. For ON-state stress, areas (i) and
(ii) are the middle of the extrinsic drain (∼0.06 V), areas (iii)
and (iv) are the gate-edge drain-side area with higher surface
potential (∼ −0.2 V), and areas (v), (vi), and (vii) are the gate-
edge drain-side area with lower surface potential (∼ −0.5 V).
Regions 4, 5, 7, and 8 exhibit monotonically increasing YB and
BB defect intensities with decreasing potential.

Areas 1, 2, and 3 exhibit negligible defect increases along
with higher surface potential (∼0.45 V), consistent with the
defect versus potential correlation. Unstressed devices (R1 and
R2) exhibit comparable defect emission to areas 1 and 2.
Figs. 6 and 7 also show that ON-state potential changes are
less pronounced and indicate correspondingly smaller defect
increases. We observe no BB increases with ON-state stress.
Sample M-01 and U-01 results show that device performance
degrades during device operation (i.e., under ON- and OFF-state
stresses) due to defect formation, and Fig. 5 shows that stress
enhances defect emission preferentially. Within the same OFF-
and ON-state stress duration (11 min), the device subjected to
OFF-state stress exhibits larger variation in surface potential
than that with ON-state stress. This is due to either the time
of ON-state stress being not long enough to generate defects
or the OFF-state stress having much more prominent effect on
degrading device properties. We believe that the voltage stress
[10] is the primary force causing device failure rather than the

Fig. 8. Combined OFF- and ON-state surface potential versus (a) YB/NBE and
(b) BB/NBE ratios from individual point spectra. Dashed lines are guides to the
eye. The ∼ +0.4-V surface potential corresponds to prestress potential, e.g., R1
and R2. The dashed circle denotes the FEA where defect emissions are strongly
perturbed by catastrophic lattice disruption. In general, YB/NBE and BB/NBE
ratios increase linearly as surface potential decreases.

current or time. The effect of stress on IG−off and ID−max is
described in [15].

Fig. 8 shows a systematic correlation between surface poten-
tial and YB/NBE as well as the BB/NBE ratios of individual
spectra. We observed a clear trend of stronger defect emission
with decreasing surface potential.

This agrees with previous simulation results showing
how an increasing electrically active acceptor defect den-
sity near the midgap lowers the surface Fermi level [15].
These potential–defect density correlations mean the following:
1) KPFM can map where defects are generated at or close to the
device surface, and 2) such maps provide a predictive tool for
device failure by illustrating the region of lowest potential and
highest defect density that corresponds to the initial point of
failure.

Furthermore, these defect features exhibit a strong increase
above a critical voltage [15] similar to the device results of
[10] and [11]. In general, an increase of IG−off and a decrease
of ID−max can be observed after ON- and OFF-state stresses.
Thus, after OFF-state stress, Figs. 6 and 7 show 2.2X YB/NBE
and 3.7X BB/NBE increases at the gate-edge drain side. The
increase is even more obvious at the FEA, i.e., 4.7X YB/NBE
and 10.4X BB/NBE ratio increases.

We used DRCLS and KPFM to correlate the defect emissions
with potential changes further. Here, U-08 was operated to
failure (VDS = 3.5 V, VGS = 0 V, ID = 0.63 A/mm, 4 h), i.e.,
crater formation, under UHV condition (2 ∗ 10−9 torr). UHV
avoids uncertainties due to heating in air. The SEM image [4]
shows that failure occurs at a “crater” at the extrinsic drain
region. Fig. 9(a) shows the DRCLS spectrum acquired at 12 K
with EB = 5 keV in region (1) before stress. The two major
peaks are due to GaN with phonon replica (∼3.45 eV) and
AlGaN (∼4.08 eV). No defect-related peaks are evident. Before
device operation, the NBE emission is distributed uniformly.
After device operation to failure, the DRCLS map shown in
the center part of Fig. 9(c) with EB = 5 keV of GaN NBE
(3.45 eV) intensity reveals major lateral variations, e.g., bright
and darker regions (1) and (2), respectively, and the darkest
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Fig. 9. (a) DRCLS results of sample U-08 taken at region (1) with EB =
5 keV at 12 K. (b) SPS maps taken from regions (1)–(3). (c) (Middle) CL map
of NBE emission and (side) KPFM map of potential. Dashed lines delineate
extrinsic drain and source areas. Both red and black circles show similar higher
defect and higher potential regions for CL and KPFM maps. SPS spectra reveal
a defect that is 1.2 eV above the valence band that increases with DRCLS defect
emission intensities linked to device degradation.

region (3). NBE emission intensity decreases as defect density
and alternate recombination pathways increase. The NBE and
AlGaN peak intensities decrease 10–1000X between regions
(1) and (3), indicating that a high density of nonradiative de-
fects accumulate around/inside the crater region. Straddling the
DRCLS maps in Fig. 9(c) are KPFM potential distributions at
extrinsic drain and source regions, marked with dashed yellow
rectangles, without any external bias. Here, surface potential
varies by ±80 mV with higher potential regions aligning with
reduced NBE emissions. These are outlined by red and black
ellipses.

E. Defect Energy Level

We used SPS to determine the subband gap defect position of
sample U-08 operated to failure. Fig. 9(b) shows, for all regions,
a clear SPV change at ∼3.4 eV (blue dash-dotted line), assigned
to the GaN band gap at room temperature.

SPS spectra acquired from regions (1), (2), and (3) display
an increasing slope change at ∼1.2 eV (denoted by red dashed
line) with proximity to the failure site. The sign of the slope
change at this energy corresponds to a defect level located
1.1 eV above the valence band [32]. This result agrees with
our DRCLS mapping result that defect densities are lower in
brighter areas, e.g., region 1. With device operation, defects
(native point defects and/or dislocations) may increase locally,
decreasing or eliminating NBE luminescence. Significantly, the
2.2-eV YL defect emission from DRCLS and the ∼1.2-eV
SPS feature of the same regions are near complements of the
3.45-eV GaN band gap, indicating a DRCLS optical transition
from the conduction band 2.2 eV above. For sample U-08, the

additional slope change at ∼1.6 eV in region (3) may be related
to subsurface features created by the crater formation.

IV. DISCUSSION

Our results relate directly to the various models proposed
for AlGaN/GaN HEMT degradation. High mechanical stress
during device operation generates electrically active defects
[10], [11], [18]. These defects reduce ID and increase IG−off ,
and they become more evident if critical voltage is exceeded.
Hot-electron effects also contribute to device degradation [9],
[20], [33]. Here, “semi-on” conditions generate the highest hot-
electron rate and the maximum degradation. Defect diffusion
can also cause devices to fail [12], [14], [17]. Charged surface
traps can diffuse into the device along dislocations and degrade
device performance by altering channel potentials. This process
may also be enhanced by an inverse piezoelectric effect, tem-
perature, and leakage current.

Our observations of the device after OFF-state stress in this
paper provide strong support for the inverse piezoelectric ef-
fect: 1) the increase in stress with OFF-state operation and its
localization at the drain-side gate as evidenced by Fig. 3 which
show that stress can preferentially exceed crystal elastic energy
at certain areas; 2) the strong and localized changes in electric
potential produced by OFF-state stress as evidenced by Figs. 4
and 6 and the failure due to crater formation that occurs at
the lowest potential induced by stress; 3) the formation and
intensity increase of electrically active defects in the areas
exhibiting large potential decreases as shown by Fig. 6; 4) the
increase in these defect emissions with proximity to the point of
lattice disruption as illustrated by Fig. 6; and 5) the systematic
correlation between potential changes and defect intensities
shown in Fig. 8 that are consistent with surface band bending
and increased free carrier recombination that are induced by
charged acceptor states.

The bias-induced stress of 0.3 GPa is well below the critical
resolved sheer stress value of 3.3 GPa or higher [34]–[37]
needed to cause lattice disruption and defect formation. How-
ever, we calculate the built-in stress due to Al0.25Ga0.75N/GaN
lattice mismatch to be 2.7 GPa, similar to other recent calcula-
tions [11]. Therefore, the bias-induced stress added to the built-
in stress may account for our observation of native point defects
above the bias threshold reported here [11]. Other mechanisms
that may play a role include thermally induced stress and
impurity diffusion [17].

Our observations of devices after ON-state stress show that
“semi-on” and high-temperature conditions can produce hot
electron and diffusion degradation from the following: 1) the
localized potential changes in Fig. 4; 2) the device failure with-
out high stress apparent in Fig. 9; and 3) the defect increases
over time shown in Figs. 5 and 9. The ON-state stressing results
also reveal that the device on SiC is more reliable compared
to the device grown on the sapphire substrate with comparable
operating power (M-01 versus U-01). Figs. 4–7 show that both
ON- and OFF-state operating conditions give rise to degradation
that manifested itself by electronic changes—the appearance of
deep level defects and related changes in potential. However,
for the realistic OFF-state and high-current ON-state operating
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conditions reported here, we find that OFF-state conditions
induce stronger defect features associated with device failure.
These observations provide a self-consistent picture for the
device degradation reported in [10], [11], and in this paper.

V. CONCLUSION

We have demonstrated the DRCLS capability to measure the
temperature, strain, and defect distributions inside state-of-the-
art GaN HEMT devices under realistic operating conditions.
Both 1-D and cross-sectional characterizations are consistent
with the previous literature. Cross-sectional temperature map-
ping shows not only the “hot” spot location predicted by
simulation but also additional hot regions inside the operating
device. DRCLS spectra and maps correlated with KPFM map-
ping show that defects can accumulate locally to change the
surface Fermi level position, band bending, and, hence, surface
potential after device operation. Our nanoscale external stress
measurements are consistent with defects generated by inverse
piezoelectric field-induced stress at the gate-edge drain-side
area. The OFF-state stress degrades devices faster and generates
both YB and BB defects, while the ON-state stress generates
only YB defects. SPS identifies defects that are 1.2 eV above
the GaN valence band that accumulate at failure (FEA) and
other areas within the device after long-time ON-state stress.
These results show a strong correlation between stress, surface
potential, defect, and device failure. Overall, the nanoscale
depth-resolved optical and scanning probe techniques can be
used to describe GaN-based HEMT failure mechanisms and
predict the first-to-failure area under realistic situations.
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