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4 Space Faring: The Radiation Challenge

Are We Protected From Space Radiation on Earth?
Yes, but not entirely. Life on Earth is protected from the full impact of solar and cosmic radiation by the magnetic fields that sur-
round the Earth and by the Earth’s atmosphere. The Earth also has radiation belts caused by its magnetic field. The inner radiation 
belt or Van Allen Belt consists of ionizing radiation in the form of very energetic protons — by-products of collisions between GCR 
and atoms of Earth’s atmosphere. The outer radiation belts contain ions and electrons of much lower energy. As we travel farther 
from Earth’s protective shields we are exposed to the full radiation spectrum and its damaging effects.12

In addition to a protective atmosphere, we are also lucky that Earth has a magnetic field. It shields us from the full effects of the 
solar wind and GCR.  Without this protection, Earth’s biosphere might not exist as it does today, or would be at least limited to 
the subsurface. The small blue torus near the Earth in the image below13 is the approximate location of the Van Allen Belts, where 
high-energy radiation is trapped.

Image Credit: NASA.

12  ht tp://w w w-istp.gsfc.nasa.gov/Education/Iradbelt.html
13  ht tp://science.msfc.nasa.gov/ssl/pad/solar/images/sunearth_lg.gif

1. Radiation from solar flares
x-rays, gamma-rays, protons, 

electrons
2. Galactic cosmic radiation

85% protons, 14% alpha particles, 
1% heavy ions
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Ionizing Radiation Sources



Inner belt - extends to 2.5 Earth radii 
• protons up to 600 MeV and 

electrons up to several MeV
Outer belt - out to 10 Earth radii. 

• electrons and protons (0.1 to 
5 MeV)

Van Allen belts 

Radiation in Low Earth Orbit

“Hacking the Van Allen Belts” 
IEEE Spectrum, Feb, 2014



Radiation (total ionizing dose) effects on 
AlGaN/GaN HEMTs using FLOODS

1. Modeling device degradation

2. Modeling reasons behind 
unexpected reliability         
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quantitative model is still needed. The dependence of the car-
rier removal rate on starting donor density is not easily
explained by the classical Gossick model. The carrier removal
rate in neutron irradiated p-GaN is about 20 times higher than
for n-GaN, despite the much higher concentration of acceptors
in p-GaN than donors in n-GaN that should negate the effect
of increased barrier height in p-GaN DRs.64,65 The same asym-
metry of carrier removal rates was observed for proton
implanted p-GaN and n-GaN (Refs. 65, 77–81) and suggests
that interaction of primary defects with Mg could be a factor
in both cases.

Figure 4 summarizes the difference in carrier removal
rates in n-GaN and AlGaN/GaN HEMTs for different doses

of common radiation species. Protons create more traps than
electron irradiation of the same dose. Moreover, the initial
data shown in Fig. 5 show that for the same proton dose,
InAlN/GaN heterostructures suffer more degradation than
their AlGaN/GaN counterparts. This is consistent with the
average bond strengths in the Al-based materials.

C. Effect of irradiation on lifetime of nonequilibrium
charge carriers

It is a common practice to characterize the effect of radia-
tion damage on carrier lifetime by the lifetime degradation
constant Ks (Ref. 82)

Io=I ¼ 1þ KsF; (1)

FIG. 3. (Color online) Schematic of (a) perfect GaN lattice prior to irradia-
tion, (b) point defects created by ionizing radiation, and (c) Gossick zones
typical of neutron irradiation.

FIG. 4. Carrier removal rates in n-GaN films or AlGaN/GaN heterostructures
as a function of dose for different types of radiation.

FIG. 5. Carrier removal rates by protons in InAlN/GaN and AlGaN/GaN
HEMTs.
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• Electron-hole pair generation

• Proton, electron, gamma-ray irradiation
• Point defects 

• Frenkel pairs
Ga vacancy (VGa), Ga interstitial (Gai)
N vacancy (VN), N interstitial (Ni)

• Modification of existing defects
• Dehydrogenation of defect complexes

Radiation-Induced Damage



5 MeV Proton irradiation

AlGaN/GaN HEMT Performance Degradation
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• Positive threshold voltage shift
• Reduction in mobility
• Reduction of drain current

GaN-based devices have
at least 5 times more radiation
tolerance than GaAs or Si 
devices 



AlGaN/GaN HEMT Performance Degradation

Fluences below 2x1014/cm2 have little effect on performance 
metrics

- radiation-induced defects in GaN buffer are on the 
same order of magnitude of as-grown defects

5 MeV Proton irradiation



Displacement-Related Trap Creation
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Device Equations



Radiation-induced Defect Estimation
TRIM (Transport 
of Ions in Matter)
simulation results

VGA – acceptor-like 
traps (-)

VN – acceptor or 
donor-like traps (+)

Positive VT shift 
needs acceptor-
like traps



Modeling Threshold Voltage Shift 

Neg trap conc:
1×1017 cm-3

30 nm into GaN

GaN

SiN SiN
AlGaN

Gate 

Au/Ni DS



Role of Trap Ionization
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Modeling Mobility Reduction
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Modeling Mobility Reduction
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observed in TEM images. TEM images acquired in every one 
degree in tilt angle from -70° to 70° were reconstructed into a 
single three dimensional feature. Figure 7 is a snapshot from the 
reconstructed video showing the three-dimensional morphology 
of the defect displayed in Fig. 6. The crack that has formed in the 
channel extends for the entire thickness of the TEM lamella, as 
indicated by the arrow. The crack detected at the center of the 
gate finger was also observed in multiple sections along the gate 
finger, indicating that physical features of a sample are represen-
tative of the physical features of the whole device [18]. Further-
more, tomography shows a more unclear interface between the 
channel and gate metal than that between the AlGaN and passiv-
ation layer. Surface defects of channels are found only in devices 
with severe electrical property degradation.

Several mechanisms for HEMT device degradation during 
operation have been suggested. However, there is no mechanism 
that sufficiently explains all the observed physical damage. It 
is known that AlGaN layer grown on GaN has a tensile in-plane 
misfit strain [19]. The tensile strain may account for the greater 
crack width in the AlGaN layer than that of the GaN layer. In 
addition, applied voltage in the AlGaN/GaN HEMTs causes the 
greatest amount of inverse piezoelectric strain/stress near the 
gate edge on the device [17]. Based on our observations, we 
believe that accumulated in-plane stress, a combination of the 
misfit strain and the inverse piezoelectric effect in the channel, is 
responsible for physical degradation of HEMT devices. However, 
this mechanism cannot sufficiently account for the formation of 
round pits in minimally degraded devices.

Device lifetimes showed significant sample to sample varia-
tion. Even devices fabricated by identical processes on the same 
wafer showed extremely high variation in lifetimes [18]. Also, as 
described earlier, the irregular leakage current was observed by 
PEM. Threading dislocations in the channel area below the gate 
are suspected to be the main pathways for gate leakage current. 
Leakage current and degradation during operation are believed 
to be related with stress/strain developed in channel layer. How-
ever, we could not, as of yet, find a direct correlation between 
these phenomena. The irregular leakage current and lifetime in 
GaN HEMT devices need to be further investigated to improve 
their performance and reliability.

4.%CONCLUSIONS

The origin of gate leakage current and electrical properties 
degradation during life test in production quality AlGaN/GaN 
HEMT devices were investigated by various microscopy tech-
niques. Irregular light emission along the gate was detected in 
the devices by PEM, indicating high leakage current. Site specific 
TEM analyses revealed that threading dislocations in the chan-
nel area below the gate, resulting from lattice mismatch with the 
substrates, act as high leakage current pathways. After reliability 
tests of devices under a high drain bias of 40 V, physical defects, 
such as pits and cracks, under the drain next to the gate, were 
observed in the electrically degraded devices. There is a strong 
correlation between the degree of physical damage and the deg-
radation of electrical properties. Leakage current and reliability 
of HEMTs involve mechanical stress in the channel area.
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5 MeV Proton irradiation

Pit-shaped defect

AlGaN/GaN HEMT Reliability Enhancement



Ren, F et al. JVST B 5 Microelectronics and Nanometer structures Apr 2011Kuball, M et al Microelectronics Reliability 51 2011 pp:195– 200

Pit-Shaped Defect Formation:  
• Piezoelectric material è high localized electric and strain fields (near gate / drain edge)
• Strain-enhanced gate metal diffusion

Gate-Diffusion Defect Formation



• Hypothesis I: Acceptor-like traps in the GaN buffer = virtual gate 
• Floods Test: Peak electric field values (5 nm into AlGaN) show ~1% change for 

post-irradiation simulation (need 40% reduction to match experiments)

Virtual Gate in GaN Buffer?
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• Hypothesis I: Acceptor-like traps in the GaN buffer = virtual gate 
• Floods Test: Peak electric field values (5 nm into AlGaN) show ~1% change for 

post-irradiation simulation

• Hypothesis I is unlikely: Need a Vth shift ~1V for 30% e-field reduction

uniform trap conc. in
AlGaN and GaN

Virtual Gate in GaN Buffer



Virtual Gate at SiN/AlGaN Interface 
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• Hypothesis II: Acceptor-like traps in the SiN/AlGaN interface = virtual 
gate 

• Peak electric field values (5 nm into AlGaN) show 10 to 50% change for various 
sheet charge densities (4% = 8×1012 /cm-2)

Virtual Gate at SiN/AlGaN Interface 



• The Id-Vg curves do not change much with the nitride charging.
• Hypothesis II is plausible.

Virtual Gate at SiN/AlGaN Interface 



Nature of SiN/AlGaN Charging?

• Electron/hole pair generation
– 2×1016 (pairs/cm3-s) calculated by TRIM
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Nature of Nitride/AlGaN Charging?

irradiations. This is shown in the SRIM simulated vacancy
density distributions for three MeV proton irradiations with
a dose of 5! 1015 cm"2 in Fig. 4. Although there were
spikes of vacancies concentrations at the tail of the vacancy
distributions, the proton irradiation induced defects are fairly
uniformly distributed throughout the entire HEMT structure.
In order to identify the effects of proton irradiation-induced
defects in different regions of the HEMT structure on the dc
performance of the HEMT, these defects needed to be sepa-
rately placed in the specific region of the HEMT, such as
only in GaN buffer layer or in AlGaN/GaN 2DEG channel
region. Figure 5 shows a cross-sectional transmission elec-
tron microscopy (TEM) image of the HEMT structure used
in this study. The TEM image shows the high density of dis-
locations resulting from the lattice mismatched growth as
well as enabling us to measure the exact thickness of each
layer and determine the proton energy needed to place the
defects associated with nonionizing energy loss at specific
locations. Since the tails of the vacancy distribution profiles
dropped very sharply, by irradiating protons from the back-
side of the wafer, these defects could be placed at these spe-
cific regions. Figure 6 shows SRIM simulated vacancy
density distributions for three implantation conditions from

the backside of the sample; 225 keV/4! 1012 cm"2,
275 keV/4! 1012 cm"2, and 340 keV/5! 1012 cm"2. The
reason for choosing these three proton energies was to place
the majority of the vacancies at three specific positions
inside the HEMT structure, namely, right at the interface
between the AlGaN transition layer and GaN buffer with the
225 keV proton implantation, in the middle of the GaN
buffer but not in the 2DEG channel with the 275 keV im-
plantation, or in the 2DEG channel as well as the AlGaN
barrier layer with the 340 keV implantation. The purpose of
selecting these three doses was to create a similar peak va-
cancy density as the vacancies created with the conventional
MeV implantation from the front side of the sample, as
shown in Fig. 4.

Figure 7 shows the drain I-V of HEMTs before and after
irradiation with 275 and 340 keV protons from the backside
the samples. The drain voltage was swept from 0V to 3V,
and the corresponding drain current was measured at different
gate voltage ranging from 0V to "2V with a step of "0.5V.
As shown in Fig. 7(a), no drain current degradation was
observed for the HEMTs irradiated with 275 keV protons
from the backside of the sample. This indicates that the proton
irradiation induced defects placed in the GaN buffer do not
affect the drain current. Similar results were obtained for the
HEMTs irradiated with 225 keV protons, for which the proton
irradiation induced defects were placed around the AlGaN
transition layer and GaN buffer. On the contrary, as shown in
Fig. 7(b), the drain current suffered 15% reductions for the
HEMTs irradiated with 340 keV protons, demonstrating that
the proton irradiation induced defects placed in the 2DEG
region and AlGaN barrier layer degraded the drain current.
To study the impact of proton dose on HEMT dc perform-
ance, another sample was also irradiated with 340 keV pro-
tons, but with a low lower dose of 1! 1012 cm"2. The drain
current reduction reduced 3.4%, which was roughly 1/5 of the
drain current reduction observed for the HEMTs irradiated
with the dose of 5! 1012 cm"2. Thus, besides the position of
defects created inside the HEMT structure, the density of the
defects also played an important role on the drain current

FIG. 4. (Color online) SRIM simulation of three MeV proton irradiation-
induced vacancy distributions as a function of proton penetration depth.

FIG. 5. (Color online) Cross-sectional TEM image of AlGaN/GaN HEMT
structure.

FIG. 6. (Color online) SRIM simulation of three different KeV proton
irradiation-induced vacancy distributions as a function of proton penetration
depth.
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Backside Irradiation Experiment



Nature of Nitride/AlGaN Charging?

• Mobile defect-related trap states that agglomerate 
at Nitride/AlGaN interface
– Maybe assisted by electron cloud 
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• GaN-based devices are robust 
to irradiation

• DC device degradation can be 
modeled by negative trapped 
charge near 2DEG

• Enhanced reliability can be 
modeled by negative trapped 
charge at SiN/AlGaN interface
• Reduces peak electric field

• Mechanism unclear

Funding source: DTRA, AFRL
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