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AlGaN/GaN high electron mobility transistors (HEMTs) were irradiated by 256 MeV 271 ions with a fluence up to
1x10'0 jons/cm? at the HI-13 heavy ion accelerator of the China Institute of Atomic Energy. Both the drain current Iy
and the gate current Iy increased in off-state during irradiation. Post-irradiation measurement results show that the device
output, transfer, and gate characteristics changed significantly. The saturation drain current, reverse gate leakage current,
and the gate-lag all increased dramatically. By photo emission microscopy, electroluminescence hot spots were found in
the gate area. All of the parameters were retested after one day and after one week, and no obvious annealing effect was
observed under a temperature of 300 K. Further analysis demonstrates that swift heavy ions produced latent tracks along
the ion trajectories through the hetero-junction. Radiation-induced defects in the latent tracks decreased the charges in the

two-dimensional electron gas and reduced the carrier mobility, degrading device performance.
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1. Introduction

Researchers have demonstrated remarkable advances in
microwave and low noise operation of AlIGaN/GaN high elec-
tron mobility transistors (HEMTs) over the past few years.[!=]
Potential applications for such devices include broad-band
satellite transmission for communications, television, weather
forecasting systems, nuclear reactors, and military systems. !
Space applications require radiation resistance, so the mecha-
nisms of radiation-induced degeneration should be studied. It
is expected that GaN-based electronic devices will be consid-
erably more radiation-resistant than their more conventional
GaAs-based counterparts due to the higher displacement en-
ergy of the nitride materials. However, many research re-
sults show that ion-irradiation can make GaN HEMTs degen-
erate. High concentrations of the two-dimensional electron
gas (2DEG) produced as a result of the material polariza-
tion of the AlIGaN/GaN hetero-junction interface is the basis
of AlGaN/GaN HEMTs, so the materials, structures, carrier
generation, and transport mechanisms are apparently different
from other semiconductor devices. The mode and mechanisms
of AlIGaN/GaN HEMTSs’ degradation caused by radiation are
very complex.

The radiation environment of outer space can be divided
into three categories.>®! The first is trapped particle environ-
ment, which comprises two regions called the inner and outer
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Van Allen belts for electrons, protons, and heavy ions. The
second are the decay products of the cosmic ray environment,
which comprises 85% protons, 14% a-particles, and 1% of
heavier ions with an atomic number up to 92. The most abun-
dant elements are carbon, oxygen, and iron nuclei. The third is
the solar flare particle environment, which comprises protons,
electrons, a-particles, and heavy ions. Altogether, the energy
and flux ranges of interest include up to 100 MeV and 107
10° particles-cm™2 /day for the protons and up to 10 GeV and
10°-107 particles-cm 2 /day for heavy ions. A satellite located
at any near-earth orbit will be exposed to a flux of high en-
ergy particles from any of the above mentioned environments.
Recently, GaN-based devices have been studied by subjecting
them to protons, neutrons, and low energy heavy ion irradia-
tion, and the DC performance was degraded somewhat after

7-101 hyt few researchers have tested the gate-lag

irradiation, |
and electroluminescence after heavy ion irradiation. In the
present work, we have tested, for the first time, both gate-lag
performance and electroluminescence distribution after expo-
sure to heavy-ion irradiation of 265 MeV '*’I ions with a flu-

ence of 1 x 10'% jons/cm?.
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2. Experiments
2.1. Device under test (DUT)

Figure 1 is a schematic of the AIGaN/GaN HEMTs used
for this work. The DUT was fabricated starting from epitax-
ial structures that consist of a 2-nm GaN cap layer, a 18-nm
AlGaN barrier layer, a I-nm AIN spacer layer, a 2-um GaN
buffer layer, and a GaN transition layer grown on SiC sub-
strate. A sandwich of Mo/Pt/Au (30/40/300 nm) metals was
evaporated to form Schottky gate contacts and another sand-
wich of Ti/Al/Ni/Au (20/30/50/100 nm) metals was used for
the source and drain ohmic contacts. The devices have a gate
length of 0.5 um, a gate width of 1.5 mm, and gate—source and
gate—drain spacing of 2 pm and 5 pum, respectively.
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Fig. 1. Schematic diagram of the details of AIGaN/AIN/GaN HEMT
structures (not to scale).

2.2. Measurements

Iodine ions at 265 MeV were chosen for our irra-
diation experiment at the HI-13 heavy ion accelerator of
China Institute of Atomic Energy. The beam flux was
about 10° ions/(cm?-s) with a total fluence of up to 1 x
10'% jons/cm?. By Monte Carlo simulation in SRIM 2003
(Stopping and Range of Tons in Matter), the electronic and nu-
clear stopping powers of 265 MeV ?’T ions in GaN are found
to be 29.92 keV/nm and 0.081 keV /nm, respectively, and the
projected ion range is 12.5 pm. Hence, those ions lose their
energy predominantly in the electronic stopping power regime
throughout the entire 2-um-thick GaN film, while the ion end-
of-range region is deep inside the sapphire substrate. All of
the ions were at normal incidence, and all of the tests were
performed under room temperature.

During irradiation, the drain-source voltage (Vps) was
20 V, and gate-source voltage (Vgs) was —3 V. Before and
after irradiation, the electrical parameters were all measured
under room temperature, including DC output, transfer charac-
teristics, gate leakage and gate-lag performances by B1500A
semiconductor parameter analyzer. The device was also char-
acterized by photo emission microscopy (PEM). About two
days and again at one week after the irradiation, the same mea-
surements were performed to confirm the existence of an an-
nealing effect.

3. Results and discussion

3.1. The drain-source and gate current monitored results
under irradiation

In the irradiation test, the drain-source and the gate cur-
rent were monitored in off-state with bias of Vgg —3 V and
Vbs 20 V, and the results are shown in Fig. 2. It is obvious
that both the drain current Iy and the gate current [, increased
during heavy ion irradiation.
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Fig. 2. (color online) The drain-source and gate current monitored re-
sults under irradiation.

3.2. Output characteristics

Figure 3 shows the drain-source current as a function of
drain-source voltage (Ips—Vps) characteristics before and af-
ter heavy ion irradiation. The gate voltages are 0 V, —0.5 V,
—1V,—-15V,-2V, =25V, and -3 V, respectively. It can
be seen from Fig. 1 that after irradiation, the saturation current
Ips increases. In the case of gate voltage of —2.5 V and drain-
source voltage of 10 V, the Ipg increases by almost 40% after
irradiation, from 135 mA to 190 mA. Moreover, there is also
a decrease in the initial slope of the current curve at low bias,
which indicates a change in carrier mobility or density. The
output characteristics were measured again about one week
after irradiation and the results were the same. This means
that there are no annealing effects under room temperature.
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Fig. 3. (color online) Output characteristic curves of the HEMT device
before and after irradiation.
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3.3. Transfer characteristics

The transfer characteristics of DUT were tested with a
drain-source voltage of 2 V before and after the heavy ion irra-
diation. The results are shown in Fig. 4. It can be seen that the
threshold voltage after irradiation decreases by about 4.7%,
from —2.78 V to —2.91 V. Moreover, the maximum trans-
conductance decreased by about 13%. The transfer charac-
teristics after one week were the same as that after irradiation,
so there are also no annealing effects in the transfer character-
istics at room temperature.
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Fig. 4. (color online) Transfer characteristic curves of the HEMT device
before and after irradiation.

3.4. Gate leakage current

Figure 5 shows the gate characteristics of the HEMT be-
fore and after heavy ion irradiation. The gate leakage current
after irradiation was significantly increased with a fluence of
1 x 100 ions/cm?. At the negative gate voltage of —10 V, the
gate leakage current increased from 0.6 1A to 1 mA, more than
three orders of magnitude from the value before irradiation.

Usually, the mechanisms of gate leakage involve surface
generation recombination in the low bias voltage region and
an increase in channel resistance at a higher voltage.[!!]
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Fig. 5. (color online) Gate leakage curves of the HEMT device before
and after irradiation.

3.5. Gate-lag performance

Gate lag can significantly limit the RF performance and
long term reliability of GaN HEMTs.['? Figure 6 schemati-
cally illustrates the gate lag. When the Vgg is 0 V, the device is

“on” and the drain current is at its maximum value. When Vg
is —10 'V, the device is off. However, when Vg changesto 0V,
the drain current does not immediately return to the peak cur-
rent level, this is the gate lag. Gate lag can significantly limit
RF performance and the long-term reliability of AIGaN/GaN
HEMTs, so its effects are important in order to characterize

GaN response in a space environment.
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Fig. 6. Schematic of gate lag in AlGaN/GaN HEMTs.

Figure 7 shows the gate-lag characteristic before and after
irradiation. The current collapse before irradiation was about
1%, but after irradiation it increased to 2%. The gate lag in
un-irradiated GaN devices has been attributed to two mecha-
nisms, trapping in the bulk GaN region of the device and trap-
ping on the AlGaN surface.!'3!4] The gate lag due to surface
traps originates from temporary variations in the occupancy of
donor traps in the access regions next to the gate (source-gate,
drain-gate). The gate lag due to bulk traps in the GaN buffer
region may also occur, due to the trapping of hot electrons
generated in the 2DEG under the gate edges. This depletes the
2DEG and causes a reduction in the drain current. The magni-
tude of the reduction in drain current depends on trap density
and distribution, trap energy, and the presence or absence of a
passivation layer on the surface.
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Fig. 7. (color online) Gate lag before and after irradiation.
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3.6. Photo emission microscopy (PEM) results

Photo emission microscopy (PEM) was used to charac-
terize the spatial distribution of electroluminescence (EL) to
locate possible failure sites. The characterization of the inten-
sity and spatial distribution of EL may have implications for
detecting the structural damage in AlIGaN/GaN HEMTs. As
shown in Fig. 8, the spatial distribution of the EL intensity of
the device after irradiation became non-uniform, with many
hot spots appearing in the gate area. “Hot spots” mean areas
where leakage is more evident, and it is probable that high-
energy heavy ions induce latent tracks as newly added leakage
passages degrade the gate.

Fig. 8. (color online) Spatial distributions of the EL intensity of the de-
vice in off-state (Vs = —10 V, 50 objective) (a) before and (b) after
irradiation.

3.7. Discussion

For AlGaN/GaN HEMT devices, the current at position x
in 2DEG channel is described as

I = gng(x)wv(x), (1)

where g is the electron charge, ng(x) is the concentration of
2DEG, w is the width of the gate, and v(x) is the velocity of
the electron at x.

The value of v(x) changes with changing electric field in-
tensity, and it is related to electron mobility. When the chan-
nel electric field is equal to or higher than the critical electric
field E,, the electrons reach saturation velocity vg, but when
the voltage is lower than E., the electron velocity will be de-
termined by mobility u, that is,

v=uE, E<E,
v=v,, E>E,

so for the curve below the knee voltage in the output charac-
teristics, the slope is expressed as I /E = gnsW u, which means
that the slope depends on the 2DEG density and mobility.

In the depletion approximation, the total charges of 2DEG
[15]

ng = ? (VGS — Vru(x) — %> ) 2

are given by

q

where d is the distance between the gate and the thin charge
layer, Vgs is the gate source voltage, €(x) is the dielectric con-
stant of AlGaN, EF is the Fermi level of the two-dimensional
potential well, and x is the mole fraction of Al in AlGaN com-
ponents.

The threshold voltage is given by
o(x)

B gNad3 _o(x) .
28()(?) S(X) (dd+d1)a (3)

Vru(x) = @p(x) — AE:(x)

where Njy is the doping concentration in the AlGaN layer, dq is
the thickness of the AlGaN layer, @ (x) is the Schottky barrier
height, AE,(x) is the conduction band discontinuity, and d; is
the undoped AlGaN spacer layer thickness.

From Egs. (1)-(3), we know that the saturation Ipg de-
pends on 2DEG concentration in the channel and on carrier
mobility. The threshold gate voltage is influenced by doping
density and the Schottky barrier height.

When ions impact semiconductor materials, they interact
with the target atoms and extranuclear electrons, and electron—
hole pairs are produced: this is an ionization effect. On the
other hand, nuclear collisions result in displacement of the lat-
tice atoms, and point defects are formed: if the nuclear energy
loss is large enough, the secondary particles may further affect
the lattice structure, and localized defect clusters are formed.
It has been assumed in previous studies that lattice defects are
produced as a result of nuclear collisions, while electronic en-
ergy loss processes have a negligible role in defect formation
in GaN under bombardment with keV ions. Indeed for keV
ions, low electronic energy losses of less than 1 keV/nm do
not result in lattice defects in GaN.

However, for swift heavy ions (SHI) like 265 MeV "I in
this work, electronic energy loss can reach 29.92 keV/nm, in-
ducing extremely intense electron—hole pairs. Then, ultra-fast
excitation of valence electrons occurs along ion paths, which
results in latent tracks in the DUT. This phenomenon was ver-
ified by Kucheyev’ work in GaN material using Au ions with
energy of 200 MeV.!'%! Such tracks are continuous or discon-
tinuous cylindrical damaged zones created along the paths of
rapidly moving ions. The hot spots of photo emission mi-
croscopy (PEM) test results illustrate many defects produced
by "I ion irradiation. The latent tracks produced by 265 MeV
1971 jons would be new leakage paths, so the gate leakage of
the post-irradiation device increased significantly. Meanwhile,
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radiation induced electron traps and trapped positive charges
in the AlGaN layer act as trap-assisted-tunneling centers that
also increase the gate leakage current.

The displacement effect in AlGaN / GaN HEMTs by
heavy ions results in defects in the AlGaN barrier layer, as
deep level trapping centers the defects distributed in the mate-
rial randomly. At the same time, the ionization effect induces
electron—hole pairs, the electrons will be swept out of the bar-
rier layer because of its high mobility, and then the holes left
will be trapped and form fixed positive charges. These fixed
positive charges will make the conduction band more discon-
tinuous. Then, the excited carrier intensity increases, and so
the saturation of source-drain current increases and the thresh-
old voltage negative drifts.

Aditya Kalavagunta’s research showed that barrier layer
surface traps are the primary cause of the gate lag.!'”) Heavy
ion bombardment results in more surface traps and increase
the current collapse. In addition, heavy ion irradiation- in-
duced traps in the barrier layer are fully filled when the gate
voltage is —10 V, but at the moment the gate voltage changes
to 0 V, these trapped electrons need to be released immedi-
ately, which also results in an increase of the gate lag.

4. Conclusion

We investigated the influence of heavy ion irradiation on
the electrical properties of AlGaN/GaN HEMTs. After irradi-
ation by 256 MeV '?"Tions with a fluence of 1x 10'? ions/cm?,
an increase of drain current and a degradation of gate per-
formance were observed, in which the saturation drain cur-
rent increased about by 40% and the gate leakage current in-
creased by approximately four orders of magnitude. The gate-
lag transient electrical measurement technique was applied
to analyze the degradation of the irradiated device. It was
shown that the value of the drain current collapse increased
to 2%, which is about two times the value before irradiation.
Drain current, gate leakage, and gate lag of the irradiated de-
vice were measured after two weeks and no clear change was
observed in those device characteristics, which indicates that
there are no annealing effects in AIGaN/GaN HEMTs. Fur-
ther analysis demonstrated that swift heavy ions produced la-

tent tracks along the ion paths through the hetero-junction.
These radiation-induced defects decreased the charges in the
2DEG and reduced the mobility, leading to the degradation
of the device’s performance. Radiation induced electron traps
and trapped positive charges in the AlGaN layer act as trap-
assisted-tunneling centers that increase the gate leakage cur-
rent. Surface traps and bulk traps increase the amount of ob-
served gate lag after irradiation.
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