Study on the single-event burnout mechanism of
GaN MMIC power amplifiers
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In this letter, the single-event burnout (SEB) mechanism in gallium nitride (GaN) microwave

monolithic integrated circuit (MMIC) power amplifiers with a high linear energy transfer (LET) of

78.1 MeV * cm?/mg has been investigated in detail for the first time. A typical SEB phenomenon was

observed. 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, the incident heavy ions will generate electron-hole pairs

within it, which can gain enough energy with the transverse high electric field. The high-energy

electrons will collide with the lattice near the drain electrode 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. For the MIM capacitor, the burnout is attributed to the

single-event dielectric rupture via severe impact ionization or latent tracks when heavy ions strike it.

Gallium nitride (GaN) high electron mobility transistors
(HEMTs) are emerging devices for RF and microwave power
amplification due to their superior properties such as high
output power, high efficiency, and high operating temperature.
Moreover, its excellent radiation resistance makes it the ideal
device for space applications in harsh environments.'”’ In
recent decades, GaN HEMTs have been employed in
microwave monolithic integrated circuits (MMICs) design.
Compared to GaAs MMICs, GaN MMICs exhibit more
compact size, higher output power, and lower loss.
Furthermore, GaN MMIC power amplifiers (PAs) can offer
more radiation tolerance in systems with limited prime energy.
These properties make GaN MMIC PAs the promising

solution for satellite systems and telecommunication
equipment operated at high frequency and high power in
space.>>%?

However, reliability issues caused by radiation effects are
still observed in GaN-based devices, especially the
single-event burnout effects (SEBs), which can lead to device
burnout at a lower bias.!3-1%23-25 Up to date, some research on
the SEB in GaN HEMTs has been reported. However, most of
them focus on GaN-based power electronic devices.>%-?7
These works have reported several different failure modes,
including the permanent increase in leakage current and the
burnout of gate-drain and drain-source. In terms of that,
several failure mechanisms have been proposed, such as the
enhancement charge collection and the significant charge
amplification,>'>1421  gate leakage caused by latent
tracks,'®>!1-?2 oxygen and nitrogen vacancies,'® single-event
gate rupture,>?7 etc. However, to the best of our knowledge,
there is limited research on the SEB mechanism in GaN

MMICs. Accordingly, the failure mechanism and the sensitive
burnout position of SEB in the device are still not well known.
In comparison with discrete GaN HEMTs, GaN MMICs
include passive devices, especially the MIM capacitors. The
dielectric within it may be broken due to single-event
dielectric rupture (SEDR).!?%?° In addition, GaN MMICs
operate at high voltage levels with pulse mode in some cases.
It will induce a strong voltage overshoot much higher than the
rated operation bias, which makes SEB more easily triggered.
Furthermore, the degradation mechanism of GaN MMICs
under the linear energy transfer (LET) above 75
MeV * cm?*mg has not been reported to the best of our
knowledge. Thus, understanding the SEB mechanism of GaN
MMICs under heavy ion irradiation with high LET is very
pressing needed for RF applications in space.

In this work, the SEB experiments with LET of 78.1
MeV * cm?*mg were performed on GaN MMIC PAs for the
first time. The burnout phenomenon under heavy ion
irradiation was clearly observed. The failure mechanism was
analyzed and two types of failure mechanisms were proposed
with the aid of the SEM technique and TCAD simulation.

8.0-12.0 GHz two-stage GaN MMIC PAs with
GaN-on-SiC MMIC process have been studied in this work.
This process provides 0.40 pum gate-length AlGaN/GaN
Schottky-HEMTs. The distance between G-S and G-D is 1.7
pm and 3.5 pm, respectively. The process also provides other
passive devices, such as NiCr resistor, MIM capacitor, active
layer GaN resistor, low loss microstrip lines, and through
substrate via hole. The GaN MMIC PAs exhibited a saturated
output power (Pout) of 44-45 dBm, an average power-added
efficiency (PAE) of 37%, and an associated gain of 15 dB



within the band. The drain-source breakdown voltage exceeds
100 V.

In order to investigate the SEB effect, the GaN MMICs
are irradiated by Ta ion having the LET value of 78.1
MeV * cm?/mg with the energy of 1721.4 MeV. The ion flux is
around 1x10* ions/cm*s with a total fluence of 1x10°
ions/cm?. During the irradiation, the MMICs were biased with
the gate bias of -5 V. The drain bias increases from 30 V with
the step of 10 V until the device burns out. The SEB
experiments were carried out at the Heavy Ion Research
Facility in Lanzhou, Chinese Academy of Sciences, and were
performed at room temperature.

In order to accurately determine the SEB process, the
gate, source, and drain currents during the irradiation were
monitored, respectively. FIG. 1(a) shows the different leakage
current components during irradiation with Vps.swess = 30 V. It
is observed that both the gate and drain leakage currents have
a slight increase and agree well with each other. And the
source leakage current is more than one order of magnitude
lower than both of them. When the drain bias increases to 50
V, a similar procedure occurs, which is shown in FIG. 1(b).

In order to determine the burnout voltage under heavy
ions irradiation, the drain bias is further increased to 60 V,
which is shown in FIG. 1(c). It is clearly observed that both
the drain and the source leakage current have a sudden
increase and reach the preset current limit value soon, which
indicates that the SEB is triggered and a leakage path is
formed between the source and drain. In order to verify it, the
leakage currents under the identical bias conditions without
irradiation are also given in FIG. 1(d). It shows that no
increase is observed for all leakage currents from different
electrodes. It confirms that the failure of GaN MMICs under
irradiation is mainly attributed to SEB rather than the applied
electrical stress.
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FIG. 1. Currents measured during the heavy ion irradiation with (a)
Vbs-siress = 30 'V, (b) Vbs-stress = 50 v, and (C) Vs-stress = 60 V. (d) The

currents of the reference MMICs under Vps.syess = 60 V without irradiation.

During the irradiation, the gate bias is kept at -5 V.

In order to have an in-depth study, the photon emission
measurements (PEM) technique was utilized in this work to
locate the failure point. FIG. 2(a) shows the photoemission
signature of the fresh MMIC. It is clearly observed that there

are few hotspots, indicating the absence of leakage paths. FIG.
2(b) shows some photoemission signature occurs in the
irradiated MMIC with the drain bias of 30 V, which indicates
that some faint local damages were generated. These damages
are located in the GaN HEMTs rather than passive devices.
When the drain bias increases to 50 V, more light distributions
are observed, and the light emission intensities become
stronger in FIG. 2(c), which indicates that the damage induced
by heavy ions becomes more obvious. When the drain bias
increases further to 60 V, a large range of photoemission
signatures are observed in FIG. 2(d). It reveals a significant
rise in the leakage current of the MMIC after triggering SEB.
There are two features that should be noted. First, nearly all
hotspots are observed in the power-stage HEMTs instead of
driver-stage ones in the MMICs, which demonstrates that the
suffers  more stress.  Second,

power-stage severe

photoemission signatures are also observed in the MIM
capacitor region, which indicates that some leakage paths are
generated within the insulated dielectric in MIM capacitors.
The above results indicate that the heavy ions irradiation
under 60 V induced not only the power-stage HEMTs burnout
but also the dielectric damage in MIM capacitors within GaN
MMICs.

FIG. 2. PEM images of the fresh and irradiated GaN MMICs with different
drain bias. (a) Fresh, (b) Vpssiess = 30 V, (¢) Vps.siress = 50 V, and (d)
Vbs-stress = 60 V.

In order to further investigate the physical origin of these
leakage paths, the focused ion beam (FIB) and scanning
electron microscopy (SEM) analysis were performed in this
work. FIG. 3 shows the SEM photos for GaN HEMTs within
the MMIC. As shown in FIG. 3(a), no damage is observed in
the fresh device. However, a significant burnout was observed
between the drain electrode and the substrate in the irradiated
device with the drain bias of 60 V, as illustrated in FIG. 3(b).
It should be noted that the other regions away from the drain
electrode remain a relatively complete structure with little
damage.

FIG. 4 shows the SEM photos for MIM capacitors within
the MMIC. FIG. 4(a) shows the initial state of MIM
capacitors, indicating it is almost free of any intrinsic crystal
defects. FIG. 4(b) shows the morphology of the MIM
capacitor after triggering SEB with the drain bias of 60 V. It
can be seen that the dielectric layer and the top plate of the



capacitor are entirely burned out. In comparison, there is
almost no damage or degradation was observed on MIM
capacitors without irradiation at the identical bias voltage,
which confirms the breakdown of MIM capacitors is
attributed to single-event dielectric rupture.?$3* When heavy
ions irradiate MIM capacitors, dense electron-hole pairs can
be induced in dielectric along the ion track. Under the
influence of the high electric field across the MIM capacitor,
the generated electrons and holes will be accelerated and
become high-energy carriers. These high-energy carriers may
induce significant leakage current via severe impact ionization,
which can trigger the eventual burnout of the device. It is also
possible that the latent tracks induced by the heavy ions strike
induce leakage paths between the top plate and bottom plate,
which leads to the final destruction of the dielectric.
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FIG. 3. SEM images show the morphology of GaN HEMTs in the MMICs
under Vps.siress = 60 V. (a) Fresh state. (b) The SEB damage at the drain

region.

Substrate

FIG. 4. SEM images show the morphology of MIM capacitors in the
MMICs under Vps syess = 60 V. (a) Fresh state. (b) The morphology after
SEB.

In order to have an in-depth understanding on the SEB
mechanism in GaN HEMTs, TCAD simulation was carried
out in this work. By simulating heavy ions striking at different
positions from the source to the drain, it was found that SEB
can be triggered more easily when heavy ions strike from the
field plate edge. FIG. 5 demonstrates the hole and electron
density distributions in GaN HEMT at different times after an
ion strike at the field plate edge with the drain bias of 60 V. It
can be seen that at 1x107'12 s, dense electron-hole pairs were
induced along the ion track, as shown in FIG. 5(a) and (b).
Then, these electrons and holes move towards the drain and
gate electrodes driven by the transverse high electric field,
respectively. Holes will accumulate below the gate due to the
negative gate voltage, which can reduce the potential barrier
between the source and the buffer, as shown in FIG. 5(c). As a
result, electrons gradually begin to inject from the source to
the drain at 2x10°!' s, as shown in FIG. 5(d). It will form an
electron punch-through path and lead to the HEMT
unexpectedly turning on, resulting in the leakage current from
the drain to the source. In FIG. 5(e), when the time reaches
3x10°'% s, holes start to flow further towards the source.
Meanwhile, more electrons are injected from the source to the
drain, as shown in FIG. 5(f). Considering the significant

transverse high electric field between the gate and drain, these
injected electrons can be accelerated towards the drain
electrode and become high-energy electrons, which can
impact out more electron-hole pairs along the 2DEG channel,
especially near the drain region. Most of electrons can be
collected by the drain electrode and form drain current. The
others will collide with the lattice in the GaN buffer layer near
the drain region and generate new defects. Sequently, these
electrons can get trapped within the newly generated defects
and cause significant electron trapping. It is also possible that
some of the high-energy electrons can surmount the interface
barrier and inject into the AlGaN layer, which can form
leakage current paths and cause potential damage. The above

procedure is shown in FIG. 6(a).
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FIG. 6. (a) Schematic cross sections of GaN HEMTs in the MMICs show
the electron trapping (Green solid symbols), and current leakage paths
(Yellow arrow). (b) The simulated electric field in buffer layer at various
times during heavy ion irradiation.

With the electron trapping within the buffer layer
accumulates, the longitudinal electric field near the drain
electrode will be modulated. The simulation results in FIG.
6(b) present it. It is observed that the electric field near the
drain electrode increases dramatically after the heavy ion
strike. When a critical longitudinal electric field (Ecr) is
achieved, a catastrophic burnout occurs near the drain region,
which agrees well with the result observed in FIG. 3(b).

In conclusion, the SEB mechanism in GaN MMIC PAs
with a high LET of 78.1 MeV * cm?*/mg has been studied for
the first time in this work. When the drain bias increases to 60
V, a catastrophic burnout occurs with the drain current having
a sudden increase. Utilizing PEM, it is found that both the



GaN HEMT and MIM capacitor contribute to SEB. With the
aid of SEM, it is found that destructive damage happens near
the drain electrode in GaN HEMT, which is explained by the
local electric field modulate. The incident heavy ions can
induce electron-hole pairs. With the transverse high electric
field, high-energy electrons will be generated and new traps
will be generated near the drain electrode. The sequential
electron trapping within these traps leads to a critical
breakdown electric field. The burnout in the MIM capacitor is
attributed to SEDR through severe impact ionization or latent
tracks. The results in this work can provide valuable
information for the understanding of degradation mechanisms
and reliability improvement in GaN MMICs.
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