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Abstract—This article reports a reliability study on AlGaN/GaN
high-electron-mobility transistors under the RF stress. It shows a
stabilization of the gate contact after the aging test. However, the
degradation of RF performances and dc parameters is noticed.
The degradations are mainly due to bulk traps located between
gate—source or gate—drain and caused by hot-electron effects. The
trap-related phenomena results in a reduction of the drain cur-
rent and RF output power accompanied with transconductance
degradation and pinch-off shift. These traps are characterized by
gate-lag and drain-lag measurements and spectral photon emission
microscopy. Photo emission measurements reveal an inhomoge-
neous distribution of light and the presence of native traps that
could be related to crystallographic defects such as dislocations or
impurities.

Index Terms—Gallium Nitride (GaN), high-electron-mobility
transistors (HEMTs), photon emission microscopy (PEM), RF
stress, reliability.

I. INTRODUCTION

HE physical properties of gallium nitride, i.e., wide

bandgap, high saturation electron velocity, and high mo-
bility [1], make the AIGaN/GaN devices interesting candidates
for the next generation of power electronics, in particular, for
high-frequency and high-power applications [2]. However, this
young technology still suffers from reliability issues. Many
failure mechanisms have been reported in the literature such as
inverse piezoelectric effects, hot-electron effects, and thermally
activated mechanisms like ohmic contact degradation or the
delamination of passivation [3]—[6]. One of the most dangerous
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failure mechanisms that continue to limit the performance and
reliability of these GaN-based high-electron-mobility transistors
(HEMTS) is the prominent trapping phenomena. In the last
decades, many studies have been dedicated to investigating the
trapping effects of this technology [7]-[9]. The presence of traps
in various locations such as surface or barrier or buffer layer of
the device degrades the dynamic and the static performance [10],
[11]. They could cause microwave output power drop, current
collapse, transconductance-frequency dispersion, gate lag (GL),
and drain lag (DL) [12]-[14]. An efficient way to evaluate the
GaN HEMT reliability is using reliability tests, which include
storage tests and short-term and long-term reliability tests, on
both dc and RF conditions. These tests aim to better understand
the degradation mechanisms and the failure mechanisms that are
mainly affecting the device performances, which will contribute
to improving the maturity of the technology.

In this article, the RF-stress examination is performed on
AlGaN/GaN HEMTs to investigate their stability and their
performance under a continuous power operation. The main
results of an aging campaign on AlGaN/GaN HEMT devices
are reported. Photon emission microscopy (PEM) analysis is
presented to understand the failure mechanisms and to provide a
feedback on the development and the processing quality of these
transistors. This article first presents the experimental setup of
the continuous wave (CW) at a 3-GHz aging bench. Then, the
characterization results with PEM are presented and discussed.
Finally, the conclusion summarizes impacts of the CW-RF stress
on the reliability of the aged AlGaN/GaN components.

II. EXPERIMENTAL SETUP
A. Device Under Test (DUT)

The devices studied in this work are commercial AlIGaN/GaN
HEMT power bars on the SiC substrate with voltage and current
rating of 30 V and 5 A, respectively. The device is in a ceramic
package and designed for the S-Band. The transistor consists
of 20-gate fingers with a total gate development of 5.5 mm.
The transistor gate has a T shape and a length of 0.25 um. A
field plate with a source termination is used in this transistor.
In order to examine this device, a power amplifier has been
designed in the AB class [15]. The design of the amplifiers
allows in situ measurements to enable measurements (/-V pulsed
characterizations and diode measurements) without unplugging
the amplifiers and losing the RF calibration of the bench (see
Fig. 1).
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Fig. 1.  Circuit diagram for the designed RF amplifier.
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Fig. 2. Evolution of the RF output power.

B. Test Description

The test bench used in this work can address aging both
in L-Band ([1; 2] GHz) [16] and S-Band ([2; 4] GHz) [17].
The RF test conducted on this study is in the CW mode at a
3-GHz operating frequency. The input power is adjusted to have
a compression around 3 dB for the device AOO1 and 6 dB for the
devices A002 and A003. The DUTSs have been run at a quiescent
current (I4,) corresponding to a deep class-AB amplification
close t0 Vig(max) (Vpso = 30 V and 144 = 1.09 mA/mm). The
amplifiers operate in the saturation region to ensure the stability
of the RF output power. All devices were subject to a burn-in
before the aging in order to stabilize their dc and RF parameters.

The base plate temperature is adjusted at 120 °C, which ac-
cording to our estimations corresponds to a junction temperature
of 208 °C. The mean junction temperature is estimated using
pulsed I-V measurements at different temperatures and dissi-
pated powers [18] and checked with IR thermography. For this
test, one of the devices underwent only a temperature storage
test on the bench without any dc or RF signal during the entire
test “A004_Storage.”

Several parameters are monitored and analyzed during the ag-
ing test in order to evaluate the reliability of the DUTs, including
the input, output, and reflected power, the case temperature, in
addition to the average voltages and currents on the drain and
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Fig. 3. Relative average drain current evolution during stress tests in
percentage.

on the gate. The aging is stopped at logarithmic intervals for
interim measurements, and the curves are corrected at each stop
to remedy the relaxation problem. The interim measurements
include the following.

1) DC characterization: Pulsed Ins = f(Vps, Vis), Schottky
characterization, transconductance (G,,,), and threshold
voltage (Vip).

2) RF characterization: Poyr = f(PN), PAE = f(Pn),
Gain = f(Pin), and I = f(Pin).

These measurements have been carried out at t0, tO+Burn-in,
48, 96, 144, 500, 1000, and 2000 h. The test is planned for a
total duration of 2000 h unless a failure occurs for all the DUTs.
In this case, a device is considered in failure if a drop of 1 dB is
noticed at the output power.

III. AGING TEST RESULTS

A. Electrical Characterizations

The first noticeable element from the monitoring of the elec-
trical parameters during the aging is the correlation between the
output power (P, and the drain current (/y) variations (see
Figs. 2 and 3). It can be noticed from Fig. 2 that a stronger
decrease of the output power affects the amplifiers operating
with a higher gain compression (A002 and A003). The drop
in Py is close to 0.5 dB for these amplifiers. The amplifiers
A002 and A003 also show a significant decrease in the drain
current (see Fig. 3) especially the device “A003” that seems to
be the most impacted by the stress (drop of 22%). However,
the amplifier that underwent the lower gain compression (3 dB)
(device “A001”) shows a slight increase of Py and Igs.

For A002 and A003, the law of P,,; diminution is of the form
Pou = at® with a = Py (t = to) and b equal to —0.00245 and
—0.00273 for A002 and A003, respectively. According to this
law, the predicted mean time to failure (MTTF), using APy, =
—1 dB as the failure criterion, is equal to 175 365 h and 70511.9
h for A0O02 and A003, respectively. We see that the MTTF of
A002 is longer by a factor of 2.5, which appears consistent with
the drain current variations of the two devices.
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Fig. 4. Schottky characteristics of DUT “A002” and “A004_Storage.” (a) and
(b) Forward characteristic. (c) and (d) Reverse characteristic.

1.2 st o + 800y
—a—A002 L] | 32 7000] [=—A001 |
114 |—=—A003 —+—A002
—e— A004_Storage| 28 soop- [—*—A003
g £ —e— A004_Ref
10 § < s
s {248
A w :’ 400
- 09 E
20 3000
F
2
084 16 o
100y
07 y 12 0 - ’
1 10 100 1000 1 10 100 1000
Time (h) Time (h)
Fig. 5. Evolution of the Schottky barrier height and the ideality factor during

the aging test.

The output power and drain current variations may be a
consequence of an evolution of the GaN structure; however,
in order to give a more accurate conclusion and to gain more
information, complementary measurements (“interim measure-
ments”) during the ageing test are mandatory.

The gate design and process is a major reliability issue in
AlGaN/GaN HEMTs [19]. The Schottky junction is consid-
ered among the most sensitive part on HEMT devices, which
makes the follow-up of its characteristic fundamental during an
aging test. This contact is precisely characterized in forward
and reverse diode during interim measurements (see Fig. 4).
The Schottky parameters [Schottky barrier (®y), ideality factor
(n), and the reverse gate leakage current (/)] are extracted
(see Fig. 5) from the forward and reverse Schottky character-
istics. It can be noticed from Schottky characterizations that
the ideality factor fluctuates over time, whereas the Schottky
barrier shows a decrease at the early hours of the stress and
then increases. Unlike @y, the leakage current increases at first
and then decreases. The variation of these parameters shows
a stabilization of the Schottky contact, which takes place at
different times depending on the devices. The stabilization is
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Fig. 7. Evolution of the relative threshold voltage variation during the stress.

earlier for the device “A001” and comes later for the amplifiers
“A002,” “A003,” and “A004_Storage.”

Next, the transconductance characteristics (G, — V) are
studied in detail for each device (see Fig. 6). Fig. 6 shows that the
maximum of G, (G, (max) ) decreases during the aging for all the
devices. In addition to a decrease of G, (max)» the transconduc-
tance curves of devices “A001,” “A003,” and “A004_Storage”
present a negative shift. The decrease of Gy, (may) 18 attributed to
traps located between gate and source (G-S) or gate and drain
(G-D) at the AlGaN/GaN interface [12], [20], [21]. However,
the lateral translation of the transconductance curve is related to
the threshold voltage Vi, shifts caused by traps located under
the gate fingers [12], [20], [21]. Fig. 7 shows the evolution
of the relative threshold voltage variation during the stress. It
seems that the threshold voltage of the devices “A001,” “A003,”
and “A004_Storage” shows a drift toward more negative values
during the stress. However, the threshold voltage of the device
“A002” is relatively stable. These results are in a good correlation
with G, variations. The positive and negative pinch-off voltage
shifts are common degradation of GaN HEMT devices and have
been noticed during the dc stress [22] and RF stress [23]. The Vj,
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Fig. 8. GL and DL evolution during the stress.

shift could be caused by the charging of traps or by the generation
of charged traps below the gate contact. For the first mechanism,
the degradation can be fully recovered by UV light illumina-
tion or temperature storage, while for the second mechanism,
degradation can be, sometimes, partly recovered by tempera-
ture storage [24]. In our case, the degradation for devices that
underwent the RF stress was irreversible. Therefore, the drain
current degradation is probably caused by emission/capture of
electrons from slow traps or/and by hot-electron-induced slow
trap generation at the AIGaN/GaN interface or at the SiN/GaN
cap interface [24], [25].

The first conclusion that could be drawn is that the stress
seems to be causing a variation in the quantity of traps at different
locations.

1) For the devices “A001,” “A003,” and “A004_Storage”:
The traps are located under the gate and between G-S
or D-S at the AIGaN/GaN interface (shift of V4, and drop
of Gm(max))~

2) For the device “A002”: The traps are only located be-
tween G-—S or D-S at the AlGaN/GaN interface (drop of
Gm(max))-

The evaluation of the trapping state is then essential for a better
interpretation of the results. In order to better investigate the trap-
ping phenomena in GaN HEMTs, “GL” and “DL” measurements
are conducted. Pulsed I-V measurements were performed at
three different quiescent points (Vgsy/Vbsq: 0 VOV, =7V/0 V;
and —7 V/30 V), then GL and DL ratios are extracted according
to the method explained in [26]. Fig. 8 shows the evolution
of GL and DL during the aging test. It can be noticed that
the DL fluctuates over time, whereas the GL increases after
the aging test. The increase of GL is more important for the
devices that underwent higher compression (~ 10% for “A002”
and “A003” versus 4% for “A001). The GL is principally due
to two mechanisms [12], [27]. The first one is the virtual gate
mechanism, which is associated with the increase of ionized
donor states located on the surface between the gate and the
drain electrodes [28]. The second mechanism is related to the
positive shift of the pinch-off voltage for negative gate bias,
which is due to charge trapping under the gate [12]. This states
that the origin of the GL variation of devices “A001” and “A003”
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before and after the aging.

could be the virtual gate mechanism or/and the positive shift
of Vi, Since the Vy, of the amplifier “A002” is stable, the GL
variation of this device could only be attributed to the virtual
gate mechanism. However, the GL variation of the amplifier
“A004_Storage” could only be related to the positive shift of
Vi because the device was stored under 120C without dc and
RF bias. In the literature, traps that influence the DL transient
response of GaN-based HEMTs are presumed to be located in the
buffer [14], while traps responsible for the GL could be located
at the surface [12], [29] or in the bulk (AlGaN barrier or GaN
buffer) [13], [30], [31]. This suggests that the stress caused an
evolution of the quantity of traps in the buffer at the gate edges
or/and under the gate.

B. Interpretation

It is obvious that the change in RF and dc indicators are
more pronounced at elevated compression levels certainly due
to higher nonlinear effects. Indeed, we studied the linearity of
the amplifiers by analyzing the response (Vo) to a single input
signal (V4,) at the fundamental frequency (3 GHz) (see Fig. 9).
The amplifiers are set to saturation that justify their nonlinearity
and the presence of the spectral harmonics. Therefore, it can
be seen from Fig. 9 that the ratio between the levels of the
fundamental component and the first (or the second) harmonics
suggest that nonlinearity effects are less pronounced at lowered
compression levels (8,09 dB for A002 and 6,13 dB for A003
versus 11,3 dB for AOO1). Moreover, it can be concluded from
Fig. 9 that the aging test does not have any impact on the linearity
of the amplifiers “A002” and “A003” because the spectrums
before and after the stress coincide perfectly. For the “A001”
amplifier, a very slight increase of the level of the V,, spectrum
is observed after the stress.

The correlation between the drain current and RF power
variations is a well-known signature of GaN technologies [23];
this suggests that the RF variation at the output of the devices is
not related to a degradation of the two-dimensional electron gas
(2DEG) channel, but more likely to a change of the gated zone
(under or below the 2DEG) [32].

During the RF stress at low compression (3 dB), the device
“A001” shows a slight increase of the GL (4%) and Vi, (4%),
accompanied with a decrease of G, (max). This reflects a slight
evolution of traps located under the gate and between G-S or
G-D at the AlGaN/GaN interface. The effect of these traps
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seems to be compensated by an early stabilization of the gate
contact that helps improving the RF performance of the device
and increase slightly the output power and the drain current.
For the device “A002” operating at a high compression (6 dB),
Vin is stable, while G, (max) decreases and GL increases (8.5%)
with the stress. This states that the stress causes an evolution of
the traps distributed between G-S or G-D at the AIGaN/GaN
interface. The reduction of the output power and drain current
seems to be due to GL effects that becomes more important after
the stress [33], [34]. According to Paine[5], [6], the change of
peak transconductance is caused by hot-electron effects. When
the device is driven in ON-state at high Vg, the 2DEG channel of
electrons is accelerated by a high electric field and reaches a high
energy, which make the electron “hot.” For the device “A003”
operating at a high compression (6 dB), G, (max) decreases,
while Vj;, and the GL increases (4% and 10%, respectively) with
the stress. The change of Vj, is attributed to electron trapping
phenomena near the gate [5], [35]. This means that bulk traps
located under the gate and at the G—S or G-D are the cause of
the RF output power and drain current degradations. These traps
are induced by hot-electron effects. Indeed, the hot electrons can
overcome energy barriers and dissipate their extra energy in col-
lision with the crystal. Thus, they can create defects or dangling
bonds that may act as deep levels or traps [20]. For these reasons,
hot electron can be the origin of the observed degradations and
trapping phenomena within the passivation or GaN layers. Both
devices “A002” and “A003” have shown a stabilization of the
gate contact (the “A003” was earlier than the “A002”), but its
effect cannot be noticed on the device performance because the
impact of hot electrons is more predominant.

However, the degradation mechanism cannot be associated
only to high electric field conditions, because some degradations
have also been found on the device stored under 120 °C (no dc
and RF bias). This means that there is a strong contribution
of high electric field conditions and high temperatures. Con-
sequently, degradation can be electrically (energy levels) and
thermally activated.

Indeed, the thermal storage stress at 120 °C of the device
A004_Storage results in an increase of Vi, (7%), which cor-
relates with a negative shift of the G,,, curve. A degradation of
the transconductance peak can be seen, while the GL slightly
increases by 2.5%. This states that the thermal storage causes
trapping effects that took place on the device surface both under
the gate and in the access regions [32], [36]. These effects are
not permanent and can be recovered after a time of inactivity.
However, traps phenomena could explain the general evolution
of the electrical parameters but it does not explain why the device
“A004_Storage” shows the largest threshold voltage shifts [an
increase of Vth (7%)], while the GL increases only by 2.5%.
Thermal storage must have caused another mechanism that
compensates the GL increase. What might cause the degradation
here is still not clear. Some research groups [37]-[39] speculate
that the dc and RF degradations at a high temperature storage
(>300°C) might be induced by the change of surface charge dis-
tribution between the nitride passivation and the AlGaN barrier
layer, metal contact degradation, isolation, or imperfect material
quality on AlGaN/GaN HEMTs subjected to a thermal stress.
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The Schottky characterizations of the A004_Storage device
suggest that the thermal storage causes a stabilization of the
gate contact. Zhao et al. [40] report that the temperature plays a
significant role in the cleaning of gate contacts, which may lead
to a reduction of the leakage current.

For hot-electron evaluation and in order to investigate possible
physical degradations, PEM measurements are conducted. The
ceramic cap of the transistor frame has been removed to allow
die inspection with PEM.

C. PEM Characterizations

PEM is a powerful failure analysis tool that has proven its
efficiency in many reliability studies of AIGaN/GaN HEMTs.
In the ON-state operating mode, PEM was used to reveal the
presence of impact ionization in AlIGaN/GaN HEMTs [41] and
to localize electronic traps produced in the devices during the
stress [42]. In the OFF-state, PEM was used to monitor the
degradation of AlIGaN/GaN HEMT devices [43] and to analyze
the stress-induced percolation path [44]. This technique was also
used to evaluate the impact of the surface oxidation [45]. In this
article, PEM analysis on new and stressed AlGaN/GaN HEMTs
is presented in the ON-state and the OFF-state operation modes.

PEM observations have been performed using the HAMA-
MATSU microscope PHEMOS 1000. Images are acquired under
the same dc bias conditions with the same exposition time (10 s),
detector sensitivity, and color scale. In the ON-state operation
mode (Vgs = 30 V and I4s = 1.09 mA/mm), the photoemission
(PE) signature of the new reference device “A020” appears
quite uniform over the entire structure with a localization of
the emission along the 20 gate fingers as shown on Fig. 10.
Compared to the reference device, the aged devices reveal a
different light distribution. An inhomogeneous light emission
is observed along each gate finger with a stronger intensity
at the center of fingers. This is due to the nonuniformity of
the temperature distribution, which is higher in the center of
the fingers as it has been observed from infrared microscopy
measurements. In addition, the electroluminescence produced
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Fig. 11.
mode.

Spots localization of a new device “A014” operating in the OFF-state

is not uniform on the surface of the device, and the central
fingers are brighter than the peripheral fingers. This suggests
that the degradation is not uniform on the device and that the
pinch-off voltage of the central fingers has increased. Indeed,
the light intensity is related both to electric field and current
flow, which means that the drain current distribution among
fingers is probably also irregular. As the gate voltage Vi is
uniformly distributed, the pinch-off voltage may have shifted
more negatively at the center of the die rather than at the edge.

In the OFF-state operating mode ( Vgs =30V and Vy =
—7 V), the reference device (“A014”) presents a low leakage
current (12.36 uA/mm), and the PEM measurements reveal the
presence of many “hot spots” (see Fig. 11). These hot spots may
be due to the presence of native intrinsic crystal defects, with
local change in the electric field [46] or a current leakage path.
PEM measurements are realized with a higher magnification
(X100) in order to localize more precisely the position of these
hot spots. The PE image in Fig. 11 shows that the PE spots are
located at the edge of the gate on the drain side. These spots will
be analyzed by the spectral PEM (SPEM) technique to determine
their origin.

Compared to the new device, the aged amplifiers present a
different behavior in the OFF-state operating mode. Indeed, in
this mode, they produce a luminescence along the gate fingers
similar to the one produced in the ON-state operating mode.
The luminescence is nonuniform and some discrete and very
localized hot spots can be noticed. The variation in the PE
response after aging is probably related to the increase in the
reverse gate leakage current and to hot-electron effects. Indeed,
the reverse gate leakage current being higher on the aged devices
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(few milliamperes) for the same dc bias (=7 V, 30 V), the PE
signature is, therefore, localized along the fingers because of
the current flow. The illumination is higher in the center of the
devices because the temperature and the energy of the electrons
are greater in the central areas. The PE distribution reveals,
here, the leakage pathways resulting from a gate leakage current
assisted by traps.

The PE characterizations were performed also in a diode
mode: G-S diode mode [V = —7 V; see Fig. 12 (a)—(c)] and
G-D diode mode [V = —30 V;see Fig. 12 (d)—(f)]. From
Fig. 12, we notice great similarities on all aged devices. In
the G-S diode mode, no particular signature was observed on
the new device due to the low leakage current (Igs = 4 uA).
However, the aged devices that present a higher leakage current
(few milliamperes) show an emission on the central fingers of the
die, located on the central part of the fingers. The aged devices
in the reverse-biased G-D diode mode present a light emission
response almost identical to the one obtained in the OFF-state
operating mode. The only difference lies in with the intensity of
the light emitted signal, which is stronger in the OFF-state mode.

1) SPEM Analysis: SPEM is used to extract the fingerprint
of the defect emissions of our DUT. A diffraction grating was
used as a spectrometer and placed in the optical path of the
PE microscope, between the objective lenses and the charge-
coupled device (CCD) detector [26]. The reference device spots
have been analyzed with the SPEM technique and compared
to the stressed device spots (see Fig. 13). The PE spectrum is
extracted from the diffraction line connecting the orders “0” and
“1” of the diffraction pattern. Fig. 14 presents the PE spectrum
of the new device spots and the stressed devices spots obtained
in the OFF-state mode.
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We note great similarity between the spectral distributions
of spots “1” and “3” of the new device, which range between
770 and 890 nm. These distributions are centered on 835 nm,
which corresponds to an energy level of 1.48 eV. The spectrum
of the spot “4” of the new device indicates an almost monochro-
matic emission centered on 855 nm, which corresponds to an
energy level of 1.45 eV. The spectrum of the spot “2” of the
new device is narrower than the spectrum of spots “1”” and “3.”
It ranges between 790 and 885 nm and its central component
is located at 848 nm corresponding to 1.46 eV. For spots “1,”
“2,” and “3,” other peaks are observed at different wavelengths.
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TABLE I
POSITIONS OF THE PEAKS OBSERVED ON THE SPECTRA OF THE SPOTS OF THE
DEVICES “A014,” “A001,” AND “A002”

Peaks 1 2 3 4 5 6 L] 8 9 10 11 12 13 14 15 16 17
770nm 800nm 8150m 825nm 840nm 850nm
1.61eV 1.55eV 1.52eV 1.5eV 148V 1.45eV
805nm 820nm 835nm 845am
1.54eV 1.51eV 1.48eV 1.46eV
778am 790nm 820nm 835nm 855nm
1.59eV 1.57eV/ 1.51eV 1.48eV 1.45eV
855nm
1.45eV
850nm
1.45eV
850nm
1.45eV

Spot 1
860nm 870nm 885nm
1.44eV 142¢V 14eV
8700m 8850m
1.42eV 14eV

Spot 2
Spot 3
Spot 4
Spot 5

Spot 6

875nm 885nm 895nm 920nm 915nm

Sook7 1.42eV 1.4eV 138eV 135V 1.35eV

Table I summarizes the positions of the peaks of each spot. Peaks
at 1.4, 1.42, 1.48, and 1.51 eV can be noticed to occur both on
the spectrum of spots “2” and “3.” This means that the two spots
have components of the same physical origin. We also note that
the peak at 1.45 eV is present for the spots “3” and “4.” The peak
at 1.46 eV has been observed by SPEM by Glowacki et al. [47]
on new AlGaN/GaN HEMTSs. The authors [47] also observed
that the same peak and another peak at 1.59 eV on AIGaN/GaN
HEMTs degraded following the dc stress. They claim that the
origin of these traps may be attributed to the following:

1) intraband transitions of highly energetic electrons due to

diffusion by charged centers;

2) intraband transitions of electrons assisted by phonon;

3) direct transitions of electrons between bands;

4) recombination via deep levels.

In [48], the authors found with deep-level transient spec-
troscopy (DLTS) a peak at 1.48 eV on Schottky InAIN/GaN.
Sun et al. [11] observed with DLTS and DLOS a 1.5-eV trap
on AlIGaN/GaN HEMTs stressed by a dc test. The authors[11]
suspect that this trap is the cause of the ON-state resistance Ron
variation following the stress. Arehart ef al. [49] found the same
trap by DLOS on Schottky AlGaN, but the origin of this trap
is still unknown. In [50], the authors found a trap at 1.55 eV
by DLOS on AlGaN/GaN HEMTs but they could not identify
its origin. The shape of the spectrum of spots “1,” “2,” and “3”
is similar to the one obtained by Shigekawa et al. [51] on Al-
GaN/GaN HEMTs but the dynamics of the spectrum is different.
The spectrum found in [51] extends between 500 and 800 nm
withapeak at 670 nm (1.85eV) or 690 nm (1.8 eV) depending on
the value of Vi (Vg = —4 V and Vs = 0V, respectively). The
emission is attributed to the intraband transition of the channel
electrons located at the edge of the drain where the field is high.
Zanoni et al. [3] report a PE spectrum of an AlIGaN/GaN HEMT
that ranges between 1.2 and 2.4 eV. The authors claim that
the light emission is caused by intraband transitions of highly
energetic electrons.

For the aged amplifier “A001,” two spots were observed in the
OFF-state mode [see Fig. 13(c)]. The two spots were analyzed
in SPEM in order to identify their nature [see Fig. 13(d)]. Even
if the spot “5” has a wider spectrum than the spectrum of the
spot “6,” we note that the two spectra are centered on the same
wavelength of 850 nm corresponding to 1.45 eV. This trap was
also obtained on the reference device, which means that it is
probably a native defect.
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On the aged amplifier “A002,” a spot was observed in the OFF-
state mode [see Fig. 13(e)]. The spectral PE analysis of this spot
shows an extended spectrum between 870 and 935 nm, centered
on 915 nm (1.35eV) with peaks at 875 nm (1.42 eV), 885 nm
(1.4eV),895nm (1.38eV),and 920 nm (1.35eV). Defects at 1.4
and 1.42 eV have already been observed on the reference device,
which means that they are probably native defects. The peak at
1.35 eV has already been observed by Moultif ez al.[26] on new
and aged AlGaN/GaN HEMTs, and according to the literature,
it corresponds to an interstitial carbon defect [10], [52]-[54].

IV. CONCLUSION

This article presents a reliability study on an AIGaN/GaN
HEMT under the RF stress. The RF stress on AIGaN/GaN
HEMTSs under a continuous power operation induces variations
in the dc and RF performances that are most significant for the
most compressed devices (drain current and RF output power
drop, positive shift of the threshold voltage, decrease of the
maximum transconductance peak, and increase of GL). These
variations are attributed mainly to hot-electron effects and traps
located on the bulk under the gate or between G-S or G-D,
which is confirmed by PE. Failure analysis on aged devices
shows that PE distribution is strongly inhomogeneous, unlike
in the case of reference new devices because the temperature
and energy of the electrons are greater in the central areas of the
devices. PE spots located at the edge of the gate on the drain
side are observed. Spectrally resolved PE measurements from
new and aged AlGaN/GaN HEMTs identify 17 wavelengths
on this technology of devices. The spectrum of PE from aged
devices has additional maxima in the higher wavelength regime.
Similar peaks are observed in new samples in the OFF-state
operation mode suggesting that the traps are native defects
present before and after aging. To provide more information
on generated/activated defects and their distribution, A-DCTS
measurements would be conducted in the future on other aging
campaigns.
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