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1hao 

Abstract—In this work, the electrical performance 
degradation and circuit burnout in gallium nitride (GaN) 
based microwave monolithic integrated circuit (MMIC) 
power amplifiers under on-state with high drain bias have 
been studied in-depth. It is found that when the drain bias 
increases from 30 V to 90 V, the saturation drain current 
decreases by 16%, and the output power drops 
significantly by 4.5 dB. With the aid of photon emission 
measurements (PEM) and scanning electron microscopy 
(SEM), it is found that catastrophic burnout occurs in the 
power-stage GaN HEMTs and the MIM capacitors, 
respectively. For the GaN HEMT, electrons in the channel 
can gain enough energy with the transverse high electric 
field to become hot electrons. One part of hot electrons can 
surmount the AlGaN/GaN interface barrier and then induce 
leakage paths in the AlGaN layer, resulting in a significant 
leakage current. The other part of hot electrons will collide 
with the lattice near the drain edge and induce significant 
electron trapping, which will result in a significant 
longitudinal local electric field. When a critical electric field 
is achieved, catastrophic burnout occurs. Results obtained 
from TCAD simulation verified it. For the MIM capacitor, the 
failure is attributed to the dielectric breakdown at the edge 
of the capacitor, which also plays an important role in the 
circuit deterioration. 
 

Index Terms—GaN MMIC power amplifiers, HEMTs, MIM 
capacitors, hot electron, electron trapping. 

I. INTRODUCTION 

allium nitride (GaN) based microwave monolithic 
integrated circuit (MMIC) power amplifiers (PAs) are 

promising candidates for high-power and high-frequency 
applications due to their superior properties such as high 
efficiency, high output power, low loss, and compact size [1], 
[2]. Currently, reliability issue is still the major concern for 
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GaN MMIC PAs. Especially, in some cases, GaN MMIC PAs 
operate at high voltage levels with pulse mode. It will induce a 
strong voltage overshoot, which may be much higher than the 
rated operation bias [3]-[7]. The co-existence of overshoot 
voltage and on-state current motivate high-energy hot electrons, 
aggravating the circuit deterioration of GaN MMIC PAs.  

Previous investigations on the hot electron effect are mainly 
focused on the degradation in GaN HEMTs instead of GaN 
MMICs [7]-[17]. These works have reported that the worst 
degradation may occur in semi-on-state condition [13], [14], 
including on-resistance (Ron) increases, threshold voltage shifts, 
saturation current decreases, transconductance and cutoff 
frequency degradation, power drop, breakdown walkout, etc. 
Several failure mechanisms have been proposed, such as the 
trapping effect, the defect in the epitaxial barrier layer at the 
edge of the gate on the drain side [8], [9], bulk and surface traps 
located between gate-source (G-S) and gate-drain (G-D) [8], 
[12], and hot electron assisted defect formation and propagation 
[10], etc. However, the degradation of GaN MMICs may differ 
from that of discrete GaN HEMTs due to higher integration and 
more complex circuit structure. To the best of our knowledge, 
there is rare research on the degradation of GaN MMIC PAs 
under on-state with high drain bias. Accordingly, the failure 
mechanism in this case is still not well known. It hinders our 
understanding on the degradation of GaN MMIC PAs in high 
drain bias cases. 

In this work, the degradation mechanism of GaN MMIC PAs 
under on-state with high drain bias has been investigated 
in-depth. It is found that the electrical degradation of GaN 
MMIC PAs exhibits a significant bias dependence, and the 
circuit burnout phenomenon is also observed. The failure 
mechanism based on hot electron and trapping effects was 
analyzed and proposed with the aid of the PEM and SEM 
techniques. It reveals that both the drain edge of the 
power-stage HEMTs and MIM capacitors in GaN MMIC PAs 
are the sensitive positions for circuit failure under on-state with 
high drain bias. 

II. MMIC PROCESS AND CIRCUIT DESIGN 

A 9.0-11.0 GHz three-stage power amplifier with a 
GaN-on-SiC MMIC process is studied in this work. This 
process provides 0.25 µm gate-length AlGaN/GaN 
Schottky-HEMTs. The gate-to-source and gate-to-drain 
distances of the devices are 0.8 µm and 2 µm, respectively. The 
MMIC process also provides other passive devices, such as 
NiCr resistor, MIM capacitor, active layer GaN resistor, low 
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loss microstrip lines, and through substrate via hole. The 
backside is electroplated with 10 μm metal for grounding. 

The chip was designed as a reactively matched three-stage 
amplifier with three separate GaN HEMTs. The corresponding 
circuit design is given in Fig. 1. The first and second-stage 
HEMTs were used as the predriver and the driver stages, 
respectively, to ensure that sufficient output power and 
appropriate half-sinusoidal output waveforms were delivered to 
the final power-stage HEMT. Gate ground design, as the 
resistors R1, R3, and R5, is used to ground the gate to achieve the 
self-biasing function. The source ground resistances R2, R4, and 
R6 are used to control the current in each stage. Capacitors C1, 
C3, C5, C8, C10, and C15 are used as DC blocks to isolate every 
bias port. The remaining capacitors and inductors are used for 
filtering and inter-stage matching. The output power (Pout) of 
this PA is 29.5-30.5 dBm within the band, and the breakdown 
voltage is greater than 130 V. 

 

Fig. 1. Circuit diagram for the designed GaN MMIC PA in this work. 

III. EXPERIMENTS AND DISCUSSION 

A. The Electrical Performances Degradation 

The electrical characteristics of the fabricated GaN MMIC 
PAs are measured at room temperature. The DC output 
characteristic is measured with VDS sweeping from 0 to 28 V 
with the step of 0.1 V. The RF performances are measured at 10 
GHz, and biased at VDS = 28 V with a quiescent current of 180 
mA.  

In order to investigate the degradation mechanism of GaN 
MMIC PAs, stress tests were performed under semi-on-state 
with multiple DC bias conditions, including VDS-Stress = 30 V, 60 
V, and 90 V, respectively. Even with different VDS biases, the 
drain current was kept at a constant value of 180 mA, which can 
ensure the quantity of hot electrons is constant. The maximum 
stress time was set to 100 ks in total or until breakdown. For 
each stress condition, the junction temperature was held 
constant at 85 ℃, which can eliminate the effect of 
temperature-related degradation [9], [18]. The junction 
temperature was estimated using infrared temperature 
measurement system under the same conditions [24], [25]. In 
order to ensure the junction temperature was constant, the 
baseplate temperature of the thermal platform was set and 
adjusted actively as the drain bias increased.  

The electrical characteristics of the stressed GaN MMIC PAs 
were measured and compared. Fig. 2(a) depicts the DC output 
characteristic of GaN MMIC PAs  under different VDS-Stress. It is 

clearly observed that DC output performance degrades as 
VDS-Stress increases and the maximum reduction of the saturation 
drain current (Idsat) reaches 16% under VDS-Stress = 90 V. Fig. 2(b) 
shows the degradation of Idsat with stress time under different 
VDS-Stress. It is found that the degradation of Idsat under VDS-Stress 
= 30 V is negligible. With the increasing VDS-Stress, obvious 
degradation occurs. Especially when VDS-Stress= 90 V, Idsat 
decreases dramatically with increasing stress time, and 
breakdown occurs eventually when the stress time reaches 10.5 
ks. It should be noted that RF parameters are more important 
for PA's performance evaluation in most cases. Fig. 3 depicts 
PAs’ RF performance degradation. As shown in Fig. 3(a), it is 
observed that the Pout degradation under VDS-Stress = 30 V is 
negligible. With the increasing VDS-Stress, however, the 
degradation becomes more and more significant. It should also 
be noted that self-oscillation occurs with a lower Pin (less than 
-2 dBm) when VDS-Stress achieves 60 V, and it becomes more 
severe as VDS-Stress increases to 90 V. It may be explained by 
circuit mismatches caused by the degradation of the active 
devices and bias network [19]-[23]. Fig. 3(b) shows the RF 
performance degradation against VDS-Stress at Pin= 10 dBm. It is 
evidently observed that both Pout and gain significantly 
decrease by 4.5 dB and the power-added efficiency (PAE) is 
reduced by 10% under VDS-Stress = 90 V.  

 
Fig. 2. The DC performance under on-state stress with different drain 
bias: (a) Id-VDS characteristics. (b) The normalized saturation drain 
current variation versus stress time.  

 

Fig. 3. The RF performances under on-state stress with different drain 
bias: (a) The output power vs. the input power at 10 GHz. (b) The output 
power, gain, and power-added efficiency (PAE) at Pin = 10 dBm as a 
function of VDS-Stress. 

B. Analysis of Current Leakage Paths 

In order to gain more information about the possible physical 
degradation, PEM analysis was carried out on fresh and 
stressed GaN MMIC PAs to localize the leakage paths that 
were produced during the stress. Fig. 4(a) shows that the 
photoemission signature of the fresh device over the entire 
structure is insignificant, indicating the absence of leakage 
paths. Compared to the reference fresh device, Fig. 4(b) shows 
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a slight photoemission signature, indicating that insignificant 
damages were generated under VDS-Stress = 30 V. In Fig. 4(c), the 
hotspots start to be well visible, in agreement with the onset of 
electrical degradation under VDS-Stress = 60 V. In Fig. 4(d), 
stronger light emission intensities and more extensive light 
distributions are observed under VDS-Stress = 90 V. It reveals a 
significant rise in leakage current, which is considered one of 
the reasons for the degradation of electrical performance [8], 
[9], [16]. Two aspects should be noted in this work. First, 
nearly all hotspots are observed in the power-stage HEMTs 
instead of driver-stage ones in GaN MMIC PAs. It is because 
that the power-stage HEMTs suffered the worst damage due to 
the presence of the highest power output during stress. Second, 
the strongest hotspot signal appears at the drain edge (DE) of 
the HEMTs, as illustrated by the insets in Fig. 4(c) and (d). The 
above results suggest that the drain edge of the power-stage 
HEMTs in GaN MMIC PAs may be the most sensitive and 
vulnerable area under on-state with high drain bias. 

 
Fig. 4. PEM images of HEMTs in the power stage in on-state mode (VDS 
=28 V) after different stress. (a) Fresh, (b) VDS-Stress = 30 V, (c) VDS-Stress = 
60 V, and (d) VDS-Stress = 90 V. The insets show a higher magnification 
(×100) of the marked hotspots. 

 

Fig. 5. PEM images of MIM capacitors in the power stage in on-state 
mode (VDS= 28 V) after different stress. (a) Fresh, (b) VDS-Stress = 30 V, (c) 
VDS-Stress = 60 V, and (d) VDS-Stress = 90 V.  

In addition to the leakage current in GaN HEMTs, failures 
were also observed in MIM capacitors in the power stage, as 
illustrated by Fig. 5. Fig. 5(a) shows the initial state of MIM 
capacitors. It is almost free of any leakage paths. Compared to 
the reference fresh capacitor, slight emission intensity was 
observed in Fig. 5(b), indicating that insignificant damages 
were generated under VDS-Stress = 30 V. In Fig. 5(c), the hotspots 
start to be well visible, in agreement with the onset of 

self-oscillation under VDS-Stress = 60 V. In Fig. 5(d), a stronger 
photoemission signature is observed under VDS-Stress = 90 V. It 
indicates that a significant leakage path is formed in the 
capacitor, which can seriously affect the stability of the bias 
network, leading to more severe self-oscillation even burnout. 
It should be noted that nearly all leakage paths are observed at 
the edge of MIM capacitors. This is because the electric field 
peak at the edge of the capacitor is denser than that in the bulk 
of the capacitor due to the electric field concentration effect, 
which will lead to dielectric breakdown at the edge. In addition, 
the local temperature near the power stage is higher, which can 
accelerate the degradation of capacitors here. The above results 
suggest that the failure of MIM capacitors also plays an 
important role in circuit deterioration, which should also be 
considered during the MMIC circuits assessment. 

C. Defects Induced by Hot Electrons 

In order to further investigate the physical origin of these 
leakage paths, the SEM analysis was performed on the 
degraded GaN MMIC PAs, which are shown in Fig. 6. The 
images were collected from the hotspots observed by PEM and 
the failure points in the burned GaN MMIC PAs. Fig. 6(a) 
shows the initial state of the device structure. It is clear that 
there is almost free of any intrinsic visible crystal defects. In 
Fig. 6(b), it is obviously observed that the cracks and pits start 
to appear around the drain edge, which is consistent with the 
result observed in Fig. 4. Furthermore, Fig. 6(c) and (d) show 
the evolution process of cracks and pits traveling from the drain 
edge toward the gate during the stress.  

 
Fig. 6. FIB-SEM images show the evolution process of catastrophic 
failure under VDS-Stress = 90 V. (a) Fresh state. (b) Cracks and pits form at 
the drain edge (DE), (c) traveling from the drain edge toward the gate, (d) 
arriving at the gate. Traces of cracks and pits are marked with red 
arrows and explained with yellow texts. 

One may suspect that the degradation and catastrophic 
burnout under high drain bias may be attributed to the inverse 
piezoelectric effect. In order to verify it, off-state stress with 
identical drain bias was performed on discrete GaN HEMTs 
fabricated in the same wafer with the identical process. In Fig. 
7(a), it can be seen that the DC output performance degrades 
slightly as VDS-Stress increases. Even under VDS-Stress = 90 V, the 
maximum reduction of the saturation drain current is just 2.6%. 
Fig. 7(b) depicts the HEMT’s RF performance degradation. It is 
observed that the Pout degradation is insignificant and only 
decreases by 0.4 dB even at VDS-Stress= 90 V, which is much 
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lower than that in GaN MMIC PAs. The above results suggest 
that the electrical performance degradation caused by the 
off-state high drain bias is insignificant. It confirmed that the 
origin of electrical degradation of GaN MMIC PAs under 
on-state with high drain bias is not due to the inverse 
piezoelectric effect but rather closely related to the channel hot 
electrons. 

 
Fig. 7. The electrical performances of discrete GaN HEMTs under 
off-state stress with different drain bias: (a) The DC output 
characteristics. (d) The output power vs. the input power at 10 GHz. The 
static operating point is VDS = 28 V, Idq= 180 mA.  

D. Degradation Mechanism Based on on-state Hot 
Electrons 

In order to obtain an in-depth insight into this degradation, a 
hot electrons-based mechanism is proposed in this work. In Fig. 
8, the schematic cross sections of HEMTs in GaN MMIC PAs 
are presented to understand the dynamic behavior during the 
stress. As shown in Fig. 8(a), when the GaN MMIC PA is 
biased at low VDS-Stress with on-state, electrons in the channel 
are accelerated by the transverse high electric field and then 
gain energy to become hot electrons accordingly. Especially, 
when the drain bias increases, more hot electrons with higher 
energy will be formed near the drain electrode, as illustrated in 
Fig. 8(b). Most of hot electrons can be collected by the drain 
electrode and form drain current. The other hot electrons are 
divided into two parts. One part of hot electrons with enough 
energy can surmount the AlGaN/GaN interface barrier and pass 
through the AlGaN layer. It then causes damage and induces 
leakage paths across it, which induces hotspots as that can be 
observed by PEM in Fig. 4. The other part of hot electrons will 
collide with the lattice in GaN buffer layer, especially near the 
drain edge and generate new defects. Meanwhile, these 
electrons can get trapped within the newly generated defects 
and cause significant electron trapping. 

Based on the above procedure, the following side effects will 
be induced: 1) The density and mobility of electrons within the 
2DEG channel will be reduced due to the depletion and the 
coulomb scattering effect of electron trapping within the buffer 
layer, which will decrease the DC and RF output performance. 
2) With the stress time increasing, the electron trapping within 
the GaN layer will increase, which induces a higher electric 
field. The simulation results in Fig. 9 verified it. Fig. 9 shows 
the electric field for the devices with different amounts of 
buffer acceptor trap concentrations under VDS-Stress= 90 V. It is 
clearly observed that the electric field near the drain electrode 
increases dramatically with the increasing electron trapping 
within the GaN buffer layer. When a critical longitudinal 
electric field (ECr) is achieved, a catastrophic burnout occurs 
near the drain edge, which can be observed as that in Fig. 6.  

 
Fig. 8. Schematic cross sections of the HEMTs in the GaN MMIC PAs 
show channel electrons, electron trapping (Green symbols), and current 
leakage path (Yellow arrow) under (a) Low VDS-Stress and (b) High 
VDS-Stress, respectively. 

 
Fig. 9. The simulated electric field from the source edge to the drain 
edge with different acceptor trap concentrations in the buffer at VDS-Stress 
= 90 V. 

IV. CONCLUSION 

In conclusion, this work has studied the degradation 
mechanism of GaN MMIC PAs under on-state with high drain 
bias. It is found that the saturation drain current and RF output 
power drop significantly after the stress. Utilizing PEM, it is 
found that the leakage current of the MMICs significantly 
increases. When the drain bias increases to 90 V, a catastrophic 
burnout is observed on the power-stage HEMTs and MIM 
capacitors. With the aid of SEM and TCAD simulation, it is 
found that the destructive damage happens near the drain edge 
of the power-stage HEMTs, which is explained by the 
hot-electron effects and the corresponding electron trapping. 
With the drain bias increasing, the electrons in the channel can 
gain enough energy and then collide with the lattice in the 
buffer layer, especially near the drain edge, and generate new 
traps. The sequential electron trapping within these traps leads 
to a critical breakdown electric field. The leakage paths and 
burnout in MIM capacitors is observed at the edge of the 
capacitor, which is attributed to the electric field concentration 
effect. The results in this work can provide valuable 
information on the understanding of degradation mechanisms 
of GaN MMICs, which plays an instrumental role in their 
performance evaluation and reliability improvement. 
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