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1. Introduction

Mechanical stress effects on microelectronics have been studied
for decades to enhance transport properties in silicon technolo-
gies.[1] In high-electron-mobility transistors (HEMTs), a high-
density 2D electron gas (2-DEG) is generated by a uniform
mechanical stress field. Such unique channel characteristics give
rise to low on-resistance and high-frequency behavior without any
intentional doping.[2,3] Due to their wide bandgap, high critical

field, and good saturation velocity, GaN
HEMTs are more attractive for high-
frequency, high-power applications.[3,4]

High threshold energy (Ed) for atomic
displacement,[5] dynamic annealing of point
defects,[6] and absence of a conventional gate
insulator[7] make them attractive in radiation
environment as well.

The intentionally induced stress field in
the GaN HEMT is mostly uniform
throughout the channel. This could be a
reason why the concept of localized stress
is yet to be investigated in the literature.
The other reason could be the small global
average of the localized stresses; whichmay
appear too insignificant to influence any
properties. Finally, mapping mechanical
stress with nanoscale resolution is a daunt-
ing task. All these factors compounded the

GaNHEMT literature to study the role of the uniform stress field
only. However, off-state biasing may induce highly localized
mechanical stress around the electrical field.[8] Device fabrication
and design features can also create stress localization. However,
there is no concerted effort to map spatial non-uniformity of
mechanical stress to investigate the effects on transistor charac-
teristics. The commonly applied experimental techniques, such
as cantilever,[9] three-,[10] and four-[11] point bending cannot cap-
ture stress localization. Substrate removal[12,13] is also used to
generate uniform bending stress.

The motivation for this study comes from the opportunities
offered by stress confinement effects to identify regions suscep-
tible to radiation. We hypothesize that nanoscale confined
stresses (mechanical hotspots) may dictate site-specific nucle-
ation of radiation damage (or even operational degradation).
For example, gate leakage of HEMTs has been ascribed to the
local stress intensity that promotes interdiffusion of the
Schottky contact metallization.[14] Only a few studies have
attempted to control intrinsic stress to show appreciable influ-
ence over radiation effects.[15,16] There is a need to extend these
studies to specific types of radiation and stress.

2. Experimental Results and Discussion

TEM images in Figure 1 show a significant amount of displace-
ment damage leading to dislocation threads in a 10Mrad
gamma-irradiated HEMT. This is indicated in the dashed rectan-
gle in a low magnification mode. Higher magnification observa-
tion in the same areas indicates reduced periodicity in the lattice,
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Nanoscale localized mechanical stress fields develop unavoidably in micro-
electronic devices due to structural and processing aspects. Their global average
is too small to influence bandgap or mobility, but it is proposed that stress
localization can influence defect nucleation sites under radiation. This is
investigated on gallium nitride high-electron-mobility transistors (GaN HEMTs).
Using transmission electron microscopy, we spatially resolved the stress field in
the AlGaN layer for both pristine and 10Mrad gamma-irradiated HEMTs. The
quantitative nanobeam electron diffraction and geometric phase analysis indicate
that tensile stressed localizations experience higher radiation-induced strain. This
finding is explained by the tensile stress dependence of the carrier concentration
and mobility in the AlGaN layer. Since gamma radiation damage is inflicted by
high-energy electrons only, localized regions of higher tensile stress in the AlGaN
layer are expected to be more susceptible to gamma rays.
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shown with a dashed circle. Similar lattice damage was observed
in the AlGaN layer as well. Such displacement damage resulted
in a �16% decrease in saturation current in the device and a
�6% decrease in transconductance.[17] Leakage current was most
adversely affected, with an increase of �3 orders of magnitude.
The details on the degradation of electrical characteristics are
given in Figure 2.

While lower doses of gamma irradiation are known to enhance
performance,[18,19] doses exceeding one are expected to show per-
manent degradation. This is clearly observed in the measured
electrical characteristics in Figure 2. The extent of damage
depends on the dose rate as well. It is possible that our dose rate
of 180 krad h�1 did not allow enough time for the relatively
mobile nitrogen vacancies to self-anneal at low temperatures.[20]

Gamma radiation generates high-energy electrons through the
Compton scattering process, which create Frenkel pairs and
defect clusters that can migrate, recombine, or form
complexes.[21–23] The damage process, therefore, depends on

the electron concentration and mobility in the material. The
HEMT is a unique structure with AlGaN and GaN layers that
are different in terms of carrier concentration. The AlGaN layer
stress is always tensile in nature, which creates the 2-DEG near
the AlGaN–GaN interface. The 2-DEG is essentially an extremely
high concentration free-electron layer. If there is a nanoscale
localization of higher tensile stress, that region may see excess
free electrons, thereby increasing the gamma radiation
susceptibility.

Figure 3 shows the mechanical stress mapping of the pristine
and 10MRad gamma-irradiated GaN HEMT at unbiased condi-
tions. The strain [(aAlGaN� aRef. AlGaN)/aRef. AlGaN] values are mea-
sured at the AlGaN layer only, hence they are all tensile in nature.
For an Al concentration of 22%, the lattice parameters a and c for
reference/relaxed AlGaN are calculated fromVegard’s law.[24] We
measured the strain of both in and out-of-plane directions and
observe that the average in-plane strain value is higher than
the out-of-plane as a result of lattice mismatch. We also noticed
a higher gradient of strain near the device terminals in post-
irradiation condition. Since localized strain is superimposed
on the uniform polarization strain, our hypothesis suggests
higher post-radiation strain in the localized region of tensile
stress. This trend is observed in Figure 3.

We present an alternative approach to investigating our
hypothesis. It is based on the observation that interfaces in
multi-layers or heterostructures are intrinsically strained by lat-
tice mismatch.[25] Interfaces are defined as 2D features with most
of the atoms positioned at nonequilibrium inter-atomic distance.
This is well-established in the HEMT literature through the
abundance and prominence of traps in the AlGaN–GaN or
GaN–barrier interfaces, albeit studied from an electronic trans-
port perspective.[26] These traps are essentially created from the
relaxation of highly localized mechanical stress.[27] Therefore,
validation of our hypothesis could take place through a careful
observation of radiation-induced defect density at the interface

Figure 1. a) Displacement damage in 10Mrad gamma-irradiated gallium
nitride high-electron-mobility transistors (GaN HEMT). The arrows indi-
cate line defects or dislocations. b) High-resolution transmission electron
microscope (TEM) (dashed circle) shows an example of localized areas
with reduced crystallinity.

Figure 2. Effect of gamma irradiation on: a) output and b) transfer curves at zero gate voltage. c) Reverse characteristics as a function of gate voltage and
d) transconductance–gate voltage curves as a function of gamma irradiation dose.
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and comparing that with the interior of the layers constituting the
interface.

We mapped strain on both pristine and 10Mrad gamma-
irradiated HEMT specimens with nanoscale resolution.
Figure 4 shows TEM images of the AlGaN–GaN interface for
pristine and irradiated specimens. To pinpoint the defects, we
performed a geometric phase analysis.[28] This highlights the
extent of radiation damage in atoms that are slightly away from
equilibrium (at the interfaces indicated by the dashed lines)

compared to the regular lattice in the AlGaN or GaN layers.
We notice that both pristine and irradiated interfaces contain
atomic defects. However, after irradiation, the AlGaN–GaN inter-
face experiences significantly higher residual strain compared to
the individual layers. This is shown in Figure 4b,d, where the
strain scalebar read 1.5% in irradiated condition compared to
0.4% strain in pristine condition. Or in other words, the localized
strain at the AlGaN–GaN interface makes it more susceptible
compared to the individual layers. This qualitatively supports
our hypothesis.

While this study is focused on the AlGaN layer, the fundamen-
tal concept of carrier concentration and mobility dependence of
gamma radiation damage can be applied to the GaN layer. Here,
there is not only no 2DEG––but also the stress field can be com-
pressive. Compressive stress increases the electron’s effective
mass and decreases atomic binding energy (more rapidly than
a tensile stress), making the GaN layer vulnerable to compres-
sion.[17] The stress measurement technique, therefore, plays a
critical role. For example, Raman spectroscopy captures the
GaN layer stress as the laser penetrates the surface passivation
and ultra-thin AlGaN layer.[29] In contrast, cross-sectional speci-
mens and nanobeam electron diffraction allow this study to
probe the AlGaN layer only.

A final point of discussion is the relative contribution of the
AlGaN and GaN layers to gamma radiation damage. Considering
the very high penetrating capability of gamma rays, the AlGaN
layer may see very little damage if it is facing the radiation source.
Thus, the GaN layer, with more stopping power, could play a
prominent role in permanent damage. This is clear from
Figure 1, where dislocations are seen mainly in the GaN layer.
It is also important to note that the fundamental mechanics of
stress localization discussed in this study are applied only to
gamma radiation.

Figure 3. a) In-plane and b) out-of-plane strain mapping in the AlGaN
layer along the channel of a 10Mrad gamma-irradiated GaN HEMT.

Figure 4. Bright field TEM image and geometric phase analysis mapping of the strain of the AlGaN–GaN interface for: a,b) pristine and c,d) exposed to
10MRad gamma-irradiated conditions. Scale bar at the right (the value range of the scale bar is different for each image) highlights the extent of radiation
damage strain at the interface compared to the bulk regions.
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3. Conclusion

We propose that the radiation susceptibility of an electronic
device is influenced by nanoscale stress concentrations, which
arise due to materials synthesis, device architecture, and fabrica-
tion processing. Such localized stresses are mostly unavoidable
consequences of fabrication and are different from the inten-
tional strain engineering (e.g., forming the 2-DEG in a
HEMT) that involves a uniform strain field. The effect of the
stress is to increase carrier concentration and mobility, which
influences radiation susceptibility. If validated, the hypothesis
can help identify regions that are susceptible to radiation as well
as operation degradation.

In this study, we performed nanobeam electron diffraction in
the TEM on the AlGaN layer in both pristine and 10Mrad
gamma-irradiated HEMTs to investigate our hypothesis. The
accuracy of the validation requires very precise strain mapping
resolution over the entire device area. Therefore, a secondary
(direct but qualitative) approach was undertaken. Here, the
AlGaN–GaN interface was observed for the generation of
atomic-scale structural defects in the irradiated HEMT compared
to the pristine one. The preliminary results clearly show that the
interface is affected more by the radiation compared to the indi-
vidual AlGaN or GaN. This can be explained by the higher strain
localization density at the interface. We conclude that insights
into strain localization effects in electronics device degradation
can lead to a fundamental understanding of spatial nonunifor-
mity of irradiation or operation-related damage physics.

4. Experimental Section
Commercially available GaN HEMTs on SiC substrates (CGH60008D,

Wolfspeed) were exposed to Cobalt-60 gamma radiation dose of up to
10MRads at room temperature at grounded condition. This was per-
formed at the Radiation Science and Engineering Center at Penn State
University at a NIST traceable certified dose rate of 180 krad h�1. The layer
structure reported by the manufacturer included a �20 nm Al0.22Ga0.78 N
barrier, �1 nm thick AlN interlayer, 1.4 μm GaN buffer, and 100 μm 4H–
SiC substrate with a gate length and width of Lg¼ 0.25 μm and
Wg¼ 200 μm respectively. Electrical characterization is done after 4 h
to avoid any short-term instability induced in the device by irradiation.
The long-term stability of the device’s electrical output was also checked
and it was found that 10Mrad irradiated devices showed no significant
change over 3 months’ period. Mechanical stress was spatially mapped
on the �20 nm thick AlGaN layer, which typically experiences an in-plane
biaxial stress. The nanobeam electron diffraction (NBED)[30] in a transmis-
sion electron microscope (TEM) was used. Electron transparent speci-
mens were prepared with a Gaþ Focused Ion Beam (FIB), varying the
ion beam current from 21 nA to 72 pA to minimize ion damage. NBED
experiments were performed in a 200 kV FEI Talos F200X TEM with a
0.12 nm resolution. After aligning the samples to the zone axis ([1 0�1
0]), the smallest C2 aperture (10 μm) was used to make the beam size
confined to the AlGaN layer.

The hypothesis was supported if the stress localized regions exhibit
higher increments of irradiation-induced strain compared to other areas
with no localization. It is well known that gamma rays produce high-energy
electrons upon impingement. Therefore, higher electron concentration
and mobility were expected to increase radiation susceptibility. Since
the AlGaN layer exploits tensile stress to develop the 2-DEG, it was inves-
tigated whether the localized regions of high tensile stress also experience
higher radiation damage.
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