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ABSTRACT

We report thermal and mechanical responses accompanying electrical characteristics of depletion mode GaN high electron mobility
transistors exposed to gamma radiation up to 107 rads. Changes in the lattice strain and temperature were simultaneously characterized by
changes in the phonon frequency of E, (high) and A; (LO) from the on-state and unpowered/pinched off reference states. Lower doses of
radiation improved electrical properties; however, degradation initiated at about 10° rads. We observed about 16% decrease in the saturation
current and 6% decrease in the transconductance at the highest dose. However, a leakage current increase by three orders of magnitude was
the most notable radiation effect. We observed temperature increase by 40% and mechanical stress increase by a factor of three at a dose of
107 rads compared to the pristine devices. Spatial mapping of mechanical stress along the channel identifies the gate region as a mechanically
affected area, whereas the thermal degradation was mostly uniform. Transmission electron microscopy showed contrast changes reflecting a
high vacancy concentration in the gate region. These findings suggest that localized stress (mechanical hotspots) may increase vulnerability

to radiation damage by accommodating higher concentration of defects that promote the leakage current.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087209

AlGaN/GaN high electron mobility transistors (HEMTs) are
attractive for high-power, high temperature, and high-frequency appli-
cations because of their high critical electric field and excellent trans-
port properties compared to conventional Si and GaAs technologies.'
Key to this technology is the mechanical stress induced channel consti-
tuted by a high-density two-dimensional electron gas (2DEG).” They
have also gained considerable interest for use in radiation-harsh envi-
ronments because of their higher threshold energy for atomic displace-
ment.” The higher power density of these wide bandgap devices
implies stronger coupling of electrical behavior with the mechanical
and thermal domains. Therefore, performance degradation due to
mechanical stress and/or high channel temperature becomes impor-
tant for device reliability, more so with particle irradiation. However,
the majority of the radiation effects’ studies to date have focused on
the electrical domain. Fundamental phenomena that drive the degra-
dation like thermoelastic stress and vertical electric field or tempera-
ture have been studied only for pristine devices."” Radiation induced

effects in GaN devices, including single event effects and total dose,
have also been investigated significantly over the last ten years, con-
centrating on mostly assessing the changes in electrical parameters.”’
Spatial mapping of radiation vulnerable regions is a relatively newer
concept, which has shown that single event effects not only depend on
the high electric field regions but also depend on defect or trap distri-
bution over the channel.” This provides the motivation for this study,
where we explore the impact of gamma irradiation on electrical
parameters as a function of the dose level with simultaneous measure-
ment and comparison of mechanical stress and thermal behavior
before and after radiation.

Radiation damage mechanisms vary by radiation type, fluence
and total dose, energy and temperature, as well as the carrier density
and bond energy in material specific heterostructures, unintentional
impurity content, and dislocation density in the active region.”” The
effect of gamma irradiation on GaN HEMTs is complex and often
equivocal in the literature.'” "’ Subtle differences in the device
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structure' "'’ and preexisting trap density might cause such variations.

‘When gamma rays are incident on matter, they primarily interact with
electrons and may get absorbed, scattered, or produced electron—
positron pairs.'” When they interact with weakly bound electrons,
they lose part of their energy in freeing electrons and may be scattered.
The electrons generated through interactions of gamma rays with the
material are known as Compton electrons. These, in turn, can create
Frenkel pairs and defect clusters, which can migrate, recombine, or
form complexes within materials.'”'* Both negative'”'*"” and posi-
tive'™'>'?”" threshold voltage shifts have been reported in the litera-
ture after gamma irradiation. Moreover, an increase in the drain
saturation current, 2DEG sheet concentration, and mobility has been
observed up to certain doses,'”"” and at higher doses, significant
decreases (up to 60%) in current and other transport characteristics
were reported. "

This study is motivated by the inherent coupling of mechanical
stress with electrical and thermal characteristics in GaN-based systems.
In particular, we seek to answer how thermal/mechanical stress is
changed spatially across the channel when radiation induced defects are
present. Thermal degradation is already a recognized performance bot-
tleneck in high-power density devices due to self-heating during opera-
tion. Radiation-induced mechanical stress may degrade both thermal
and electrical transport by adversely altering both electron and phonon
density and mobility during high voltage operation.” Since the phonon
frequency is altered by both lattice strain and temperature, we adopt a
micro-Raman spectroscopy technique that measures the changes in the
phonon frequency of E, (high) and A; (LO) from the on-state and
unpowered/pinched off reference states to decouple and measure the in-
plane stress and temperature simultaneously.”

Commercially available (CGH60008D, Wolfspeed) dies were
irradiated at room temperature to cobalt-60 y-doses of 10°, 5 x 10°,
10%, 5 x 10°, and 107 rads at the Radiation Science and Engineering
Center at Penn State University. Samples were fixed within a 4 in. @
x 4 in. tall iso-dose region inside the gamma cell and irradiated at a
NIST traceable certified dose rate of 180 krad/h. The layer structure
reported by the manufacturer included a ~ 20 nm Al ,,Gag 75N bar-
rier, ~1nm thick AIN interlayer, 1.4 um GaN buffer, and 100 um
4H-SiC substrate with a gate length of L, = 0.25 um. DC characteriza-
tion was performed with a temperature-controlled semiconductor
parameter analyzer (Formfactor 11000). Micro-Raman measurements

(@)
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Vg (V)
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were performed using a Horiba LabramHR Evolution with a 532 nm
ULF (ultra-low frequency) equipped with 2048 x 512 pixels back illu-
minated liquid nitrogen cooled InGaAs array detector. For higher
spectral resolution, an 1800 g/mm grating was used along with a
100x, NA = 0.9 objective lens to focus the laser excitation on the sam-
ple and collect the Raman scattered light resulted in a laser lateral spot
size of <1.0 um. Measurements were taken in the Raman backscatter-
ing configuration with unpolarized detection, enabling the A; (LO)
and E, (high) phonon modes of GaN to be measured simultaneously.
Raman maps were recorded with a step interval of 0.25 um across the
device channels, and an array of 34 x 3 points scanned. Using a
marker on the sample, the Raman maps were recorded in the same
location during in situ biasing experiments. Each line scan across the
device channel was then analyzed to provide the mean and variance of
the Raman peak shift at each position along the channel. Peak posi-
tions were determined by peak fitting the Raman spectra using a
Lorentzian peak profile using the LabSpec6 software.

Figure 1(a) shows the effect of radiation dosage on the drain cur-
rent (Ips) at zero gate voltage (V). The initial (up to 10° rad) enhance-
ment in output is attributed to relaxation of the elastic strain, leading
to higher mobility in AlGaN/GaN heterostructures where the 2DEG is
formed.""”> Furthermore, low dose ) irradiation creates nitrogen
vacancies, which act like a donor and may contribute electrons in the
channel, which increase Ipg.'”*" Similar findings have been reported
by Lee et al.”" and Vitusevich et al.'' and attributed to an increase in
the minority carrier lifetime and carrier diffusion length. However,
instead of their reported negative shift in the threshold voltage with
higher dose, we observed positive shift (from —3.1 to —2.97 V) caused
by the introduction of negatively charged traps in the AlGaN barrier
or in the GaN buffer. The largest change was observed for the gate
leakage current, which degraded by ~3000 times at the 10" rad dose.
The saturation drain current, threshold voltage, leakage current at
—4V, and maximum transconductance as a function of the radiation
dose are presented in Table I. At 107 rads, the drain saturation current
decreased by 16% at zero V, while 50% reduction in Ipg was observed
after 1.2 x 10°® rad gamma irradiation.”’ The 2DEG carrier density (1,)
in the channel was estimated from the I-V characteristic and
decreased by 10% after 10" rad doses. The differences in the carrier
density and drain saturation current indicate that not only carrier den-
sity but also carrier mobility has decreased in the channel.”
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TABLE |. Saturation drain current, threshold voltage, leakage current at —4V, and
maximum transconductance as a function of the irradiation dose.

Saturation
drain  Threshold Leakage Maximum
current  voltage current transconductance
(Ips) (A)  (Vin) (V) (A) (Gm) (mS)
Pristine 0.64 —310 —351x10" 27.5
5% 10°rad  0.62 —2.82  —49x107° 26.8
107 rad 0.54 —2.82  —1.05x1077 25.8

The maximum transconductance (G,,) was decreased by 6% after
10" rad doses. A 25% decrease in G, was reported before 6 x 10° rad
gamma irradiation.” The observed decrease in transconductance (G,,,)
can be attributed to the large number of defect sites, which outweighs
the gamma-radiation induced carrier generation and decreases in the
effective channel doping through introduction of deep electron
traps.”

The significant degradation in terms of the leakage current may
have impact radiation sensitivity, wherein we hypothesize that the lat-
tice defect would play a key role. Defects, such as vacancies or disloca-
tions, would develop to relax the high mechanical stresses in the lattice
and interfaces, promoting the leakage current. This would impact both
electron and phonon transport, and higher temperatures are expected
as well. We performed micro-Raman spectroscopy utilizing the peak
shift of two phonon modes [E, (high) and A; (LO)] to simultaneously
determine operating temperature and stress. Furthermore, during the
ON state of the device, the high electric field and temperature are gen-
erated, which also contribute to overall strain. As the vertical electric
field is approximately equal in both the pinched off state and ON state,
the electric field can be decoupled by taking pinch-off as a reference
state and E, (high) and A; (LO) modes are sufficient to measure two
unknowns, i.e., temperature and stress. By measuring the E, (low)
phonon mode, an electric field can be derived but the E, (low) mode
has low frequency (140-145cm™ ') and low intensity, which makes it
difficult to fit during analysis. Shifts in Raman peaks can be expressed
by two linear equations

scitation.org/journal/apl

(w — wO)Ez(high) = AEz(high)(T — To) + KEz(high)G'7 (1)
(0= ®0)y 10) = Ap10)(T = To) + Ky, (10) 0, &)

where ® and w, are the Raman peak position of the nth phonon
mode in the operating state and a reference condition (pinched off
state), respectively, (T — Tj) is the temperature difference between
those two states assuming negligible temperature rise in the pinched
off state [V, < Vy, (threshold voltage)] due to the very low dissipated
power, A is the temperature coefficient, K is the biaxial stress coeffi-
cient, and ¢ = (g5 + 7,)/2 is defined as average stress or in plane
stress in the ¢ plane stimulated by the thermoelastic effect. The tem-
perature and stress are obtained from

{AT} _ {Aﬁzwfgh) KEz(higmr |:Asz(high):| 3)
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This method is known as the linear peak fit method”” and is
advantageous over other existing methods in terms of experimental
time and accuracy. Coefficients A and K for both phonon modes are
taken from the literature,”””” where their values are measured and
compared by different methods like XRD, Raman, photoluminescence
(PL), Ab initio (DFT), etc., and these values agree within 10% accuracy
or better. The pinched off state and on state are at V, = —4V and V,
= —1V, respectively, and Vpg is kept fixed at 5 V. At the on-state, dis-
sipated power from pristine and 10” rad irradiated devices are 2.25
and 2 W, respectively.

Figure 2(a) shows the top view of the device. One device under
preirradiated condition and another device under postirradiated con-
dition are used for the experiment. As these devices are commercially
made and their electrical parameters are consistent, we used one device
for each experiment. However, to confirm repeatability in our mea-
surements, we have taken all the measurements three times. The error
bar is calculated from the uncertainty in the measurement data along
with the uncertainty in the coefficient. The Raman signals are very
strong across the channel except over the gate region, where the gate
metal (Au/Ni) is deposited. Both the A; (LO) and E, (high) phonon
modes shift to lower frequencies when operating the device, primarily
due to self-heating. The highest temperature gradient is found near the
vicinity of the gate region, where the highest concentration of the elec-
trical field appears, but irradiated devices show a larger temperature
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across the GaN layer as shown in Figure 3(a). The gradient is almost
similar for both doses with only the absolute values being increased,
which may suggest uniform damage across the channel. Defects intro-
duced by irradiation can scatter charge carriers and elevate tempera-
ture during operation. In the same manner, the mechanical stress
reaches its highest value near the gate with a value about —0.3 GPa.
Figure 3(b) shows that the average induced stress is higher on the
drain side of the gate than the source side. Similar measurements on
pristine devices have been performed previously with different bias
conditions; however, with the same dissipated power, the temperature
rise near the gate terminal is consistent with their findings."”” They
also reported a linear relationship of temperature and stress with dissi-
pated power, which is a concern as it may restrict the use of the GaN
HEMTs at high power in harsh radiation environments. Our results
indicate that the channel has developed more scattering centers after
being irradiated, which explains an increase in the leakage current.

As shown in Fig. 3, both temperature and mechanical stress are
maximum at the drain side of the gate region, indicating the vulnera-
bility of this region to incoming radiation. This finding can explain the
three orders of magnitude increase in the gate leakage current. Further
evidence of gate region vulnerability is shown in Fig. 4, where a bright
field transmission electron microscope image is shown for a radiation
dose of 10" rad. The threading dislocations are seen over the entire
channel length because of the uniform radiation exposure. However,

FIG. 4. Bright-field TEM image showing increased contrast at the gate region aris-
ing from electron scattering due to increased vacancy density.

the higher mechanical stress at the gate region may lead to a clearly
discernible change of contrast (below the gate). For the same speci-
men thickness, regions with higher vacancy density are expected to
scatter more transmission electrons as the electron beam traverses
the specimen and, thus, appears darker in a bright field image. We
have observed this effect in heavy ion irradiated GaN HEMTs
previously.”*

In summary, we characterized thermal and mechanical effects of
gamma radiation on GaN HEMTs. Decreases in the drain saturation
current and maximum transconductance, positive shifts in the thresh-
old voltage, and increases in the leakage current were found for
5x 10° and 107 rad irradiated devices, which indicate generation of
point defects and at higher doses, carrier scattering became pro-
nounced, leading to the degradation of carrier mobility. Micro-Raman
studies revealed higher channel temperature and mechanical stress
during the ON state after the sample was irradiated to 10” rad. Three
orders of magnitude increase in the gate leakage current was observed,
which could be attributed to the increased stress (and, hence, vacancy
density) at the gate region. This was confirmed with transmission elec-
tron microscopy. These findings lead to the insight that stress localiza-
tion in electronic devices increases vulnerability to radiation damage.
Regions with higher stresses will contain higher concentration of
defects not only to promote charge generation (in the case of ionizing
radiation) but also to enhance transport as reflected by the relative
magnitude of the leakage current.
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