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ABSTRACT

Strain localization in microelectronic devices commonly arises from device geometry, materials, and fabrication processing. In this study, we
controllably relieve the local strain eld of AlGaN/GaN HEMTs by milling micro-trenches underneath the channel and compare the device
performance as a function of the relieved strain as well as radiation dosage. Micro-Raman results suggest that the trenches locally relax the
strain in device layers, decreasing the 2DEG density and mobility. Intriguingly, such strain relaxation is shown to minimize the radiation
damage, measured after 10 Mrads of 60Co-gamma exposure. For example, a 6-trench device showed only 8% and 6% decrease in satura-
tion drain current and maximum transconductance, respectively, compared to corresponding values of 15% and 30% in a no-trench
device. Negative and positive threshold voltage shifts are observed in 6-trench and no-trench devices, respectively, after gamma radiation.
We hypothesize that the extent of gamma radiation damage depends on the strain level in the devices. Thus, even though milling a trench
decreases 2DEG mobility, such decrease under gamma radiation is far less in a 6-trench device (1.5%) compared to a no-trench device
(20%) with higher built-in strain.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0125481

Gallium nitride (GaN) is a wide bandgap material with high criti-
cal electric eld, electron mobility, and thermal conductivity, enabling
high power and high speed electronic devices.1,2 It is attractive for
radiation environment as well, because GaN has lower rate of defect
generation upon irradiation than Si due to its higher threshold energy
for atomic displacement.3,4 The performance of AlGaN/GaN HEMTs
upon irradiation has mostly been studied as a function of radiation
type, dose, and energy as well as initial carrier density, impurity con-
tent, and dislocation density of the device.5 The response to gamma
radiation of GaN HEMTs have been reported with contradictory
results. Some studies6–10 reported improvement of device perfor-
mance, including higher saturation drain current, carrier concentra-
tion, and mobility due to partial relaxation of strain in AlGaN/GaN
heterostructure and uniform redistribution of defects and traps after
gamma radiation. Other studies11–18 reported degraded transport
properties of GaN HEMTs as a result of gamma radiation induced

additional defects and traps generation. Both positive14,18–20 and nega-
tive6,7,19 shift of threshold voltage have been reported upon gamma
radiation. In addition to the accumulated radiation dose and dose rate,
the structural differences, such as presence of passivation layer, materi-
als in the Ohmic and gate contacts, gate length, and width, are
reported to play an important role in the discrepancy of gamma radia-
tion response of GaN HEMTs.13,20–22

Even though the inuence of mechanical strain is extensively
studied in the literature, how it affects the post irradiation performance
is less understood. In particular, nano or microscale strain localizations
are yet to be studied. Existing studies involve only uniform strain
through using different substrate materials,23,24 cantilever,25 3 and 4-
point bending,26,27 and substrate removal techniques.28,29 Spatial map-
ping of strain is very difcult, and the global average can be negligible,
even with very high magnitudes of tensile and compressive localized
strain. The core theme of this study is that highly localized strain can
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act as ‘mechanical hotspots’ to facilitate nucleation of defects and traps
under radiation; a hypothesis that cannot be properly elucidated with
global strain. Residual strain in the AlGaN/GaN HEMT originates
during fabrication due to the heteroepitaxial growth of lattice and ther-
mal expansion coefcient mismatched materials on foreign sub-
strates.23,30,31 Depending on the substrate material and growth
process, the residual strain in the GaN layer could be tensile or com-
pressive, whereas the residual strain in the AlGaN layer is mostly ten-
sile.5,32 Strain can inuence the mobility of 2DEG electrons by
changing the band structure and trap energy, which can impact the
performance and reliability of GaNHEMTs.33 Excessive residual strain
in the AlGaN layer can cause strain relaxation during operation, nucle-
ating defects which act as trapping centers for electrons, and reduces
the carrier concentration and mobility of the device.34,35 There is very
little or no understanding of the impact of preexisting strain condition
and the spatial distribution of strain within the GaN HEMTs under
radiation. Therefore, in this research, we investigate the effect of the
preexisting strain condition through localized strain relaxation on the
performance of AlGaN/GaN HEMTs after gamma radiation.

We adopted the strategy of the localized strain relief by milling
micro-trenches under the channel, a technique commonly used to mea-
sure residual stress.36 Local strain relief was achieved on the commer-
cially available depletion mode AlGaN/GaN HEMTs (CGHV60008D,
WolfspeedV

R

) by milling a 70lm deep and 20 30 lm2 size micro-
trenches. All trenches were systematically fabricated at the half width of
the channel. Figure 1 schematically shows the pristine and 1, 3, and 6-
trench devices that were exposed to cobalt-60 gamma (60Co-c) radiation
of accumulated dose of 10 Mrads at a dose rate of 180 krads/h at room
temperature. The strain in the GaN layer before and after gamma irradi-
ation were mapped by micro-Raman spectroscopy with 2 and 0.5lm
step intervals along and across the device channel, respectively. Further
details are given in Ref. 37, where we observed strong inuence of a sin-
gle trench on the overall 2DEGmobility.

High-resolution micro-Raman spectra were obtained at room
temperature on the AlGaN/GaN channel in order to determine the
biaxial residual stress (rxx) and in-plane strain (exx) of the devices. The
strain maps across the channel in pristine and micro-trenched devices
are shown in Fig. 2(a). Relaxation of residual tensile stress and strain
was observed in the micro-trenched devices in the vicinity of the
trench. Figure 2(a) represents trends for the 3 and 6-trench devices as
well, more micro-trenches resulting in higher strain relaxation. The
corresponding strain maps after gamma irradiation with 10 Mrads are
shown in Fig. 2(b). All devices showed “U” shaped distribution of
strain across the channel, except for source to gate region of micro-
trenched device, suggesting higher strain at the edges of the source,
gate, and drain contacts. The deviation of the micro-trenched device
could be associated with the redistribution of strain as a result of creat-
ing trench under the channel. The FWHM of E2 (high) peak was
found to broaden from 2.396 0.10 to 2.656 0.14 and 2.456 0.11 to
2.646 0.12 cm1 for pristine and micro-trenched channels, respec-
tively, after gamma radiation. This suggests the increase in the defects
and traps, which might lower 2DEGmobility in GaN HEMTs.38

The output characteristics (Ids–Vds) of the pristine and micro-
trenched devices are shown in Fig. 3(a). The saturation drain current
of micro-trenched devices are found to be smaller compared to the
pristine device. The increase in the trench numbers on the substrate of
the device results in higher reduction in the saturation drain current,
which could be associated with the relaxation of higher strain in the
conductive channel and/or change in heat dissipation capacity as a
result of substrate micro-trenching. However, if the increase in self-
heating on the substrate micro-trench device is the reason for lower
saturation drain current, then the saturation drain current difference
between the micro-trenched and the pristine devices should have
increased with the increase in the gate bias. However, such trait has
not been observed in the Ids–Vds curves. In addition, the total substrate
area of the micro-trench devices was reduced by only 0.1%–1%

FIG. 1. Cross-sectional schematic (not up to scale) of pristine and micro-trenched devices along the plane of micro-trench.
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FIG. 2. In-plane residual strain distribution across the pristine and micro-trenched channel (1-trench device): (a) before gamma radiation and (b) after gamma radiation.

FIG. 3. DC characteristics of pristine and micro-trenched devices: (a) output curves (Ids–Vds) before gamma radiation, (b) output curves (Ids–Vds) after gamma radiation, (c)
transfer curves (Ids–Vgs) before gamma radiation, and (d) transfer curves (Ids–Vgs) after gamma radiation.
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compared to the pristine device. Such small reduction in the total sub-
strate area can be assumed to be insignicant for the SiC substrate,
which has good thermal conductivity (420W/mK), to alter the heat
dissipation capacity signicantly. Therefore, we speculate that the
change in the strain status of the micro-trenched devices is the domi-
nant factor to contribute to the reduced saturation drain current.

The impact of gamma radiation on the output characteristics of
devices with different strain conditions are shown in Fig. 3(b).
Exposure to 10 Mrads of gamma irradiation caused signicant reduc-
tion in the saturation drain current of all devices. Intriguingly, the sat-
uration drain current of the 6-trench device was found to be higher
compared to other devices after gamma radiation. The transfer curves
of the GaN HEMTs before and after gamma irradiation are shown in
Figs. 3(c) and 3(d), respectively. Before gamma irradiation, no differ-
ence in the threshold voltage (Vth) was observed among pristine and
micro-trenched devices. After gamma irradiation, all devices exhibited
a positive threshold voltage shift except the 6-trench device, where a
negative threshold voltage shift was observed. At higher gamma radia-
tion dose, the nitrogen vacancies produce acceptor like deep trap
states, which increases the activation energy for carrier recombina-
tion.12,14,15 As a result, a decrease in electron concentration in 2DEG
channel after gamma radiation can be observed leading to reduction
in the saturation drain current and positive shift of Vth, as reported in
several studies at relatively higher dose of gamma radiation.14,18–20

However, in the case of the 6-trecnh device, the negative shift of Vth

after gamma radiation might be related to non-uniform strain distri-
bution along every channel of the device, which might cause additional
charge polarization by accumulating the positive charge in the strain
localized regions or redistribution of charges around the strain locali-
zation after gamma radiation.39,40

Relative change in the important parameters, such as saturation
drain currents (Ids,sat), ON-resistance (RON), maximum transconduc-
tance (Gmax), and threshold voltage (Vth) of the devices before and
after gamma irradiation, have been reported in Table I. The gamma
radiation induced degradation of the devices reduces with the increase
in the number of trenches on the device. Such trend suggests that each
trench only affects the device channel above that trench. After gamma
radiation, the Ids,sat of the pristine device reduced by 15% at zero
gate voltage (Vg), whereas in the case of the 6-trench device, the corre-
sponding value reduced by 8%. The RON resistance of pristine and
6-trench device increased by 26% and 1%, respectively, at zero
gate voltage after irradiation. The Gmax of irradiated devices reduced
by 30% and 6% at 1V of drain voltage (Vd) for pristine and 6-
trench device, respectively.

The gate leakage current of GaNHEMTs before and after gamma
radiation is shown in Fig. 4. Before gamma radiation, the pristine
device showed least leakage current and with the increase in the num-
ber of trenches in the device, leakage current increased. After gamma
radiation, the leakage current of all devices increased. While the leak-
age currents of 1 and 3-trench devices were found to relatively higher,
the corresponding values of pristine and 6-trench devices were compa-
rable with least leakage current in the pristine device. Intriguingly, the
6-trench device showed the least radiation damage as the leakage cur-
rent was very close to the pristine device.

Radiation induced reduction in the carrier concentration and
mobility of the 2DEG channel was calculated from C–V measure-
ments,41–43 as shown in Figs. 5(a) and 5(b), respectively. The 2DEG
carrier density was found to decrease slightly with the increase in
trench numbers in the device before gamma radiation. After gamma
radiation, the 2DEG carrier density of all devices decreased. However,
no signicant difference in the carrier density was monitored among
the devices after gamma radiation. The electron mobilities at different
gate biases are shown in Fig. 5(b). The micro-trenched devices showed
smaller mobility compared to the pristine device with the increase in
the trench number before gamma radiation. However, the mobility of
the 6-trench device was found to be relatively higher at all gate voltages
compared to other devices after gamma radiation. The product of
2DEG carrier density and mobility (n2D.ln) at zero gate voltage of the
pristine device was found to be reduced by 20% after gamma radia-
tion, whereas the corresponding value reduced only1.5% in the case
of the 6-trench device. The term n2D.ln is inversely proportional to the
resistivity of the 2DEG channel. Therefore, smaller decrease in the
n2D.ln value of the 6-trenched device compared to the pristine and
other two devices resulted in gamma radiation induced lower degrada-
tion of DC transport properties of the 6-trench device, as reported in
Table I.

The degradation of transport properties after gamma radiation is
mostly dominated by the reduction of mobility of the devices, as the
pronounced impact of gamma radiation on the mobility can be
observed in Fig. 5(b). Before gamma radiation, lower mobility of

TABLE I. Gamma radiation induced relative change of drain saturation currents
(Ids,sat), ON-resistance (RON), maximum transconductance (Gmax), and threshold volt-
age (Vth) of the devices.

Parameters
Pristine
device

1-trench
device

3-trench
device

6-trench
device

DIds,sat at Vg¼ 0 V (%) 15.56 13.10 11.86 7.92
DRON at Vg¼ 0 V (%) þ26.09 þ19.39 þ6.17 þ0.58
DGmax at Vd¼ 1 V (%) 30.47 29.92 14.28 6.38
DVth (V) þ0.09 þ0.09 þ0.07 0.08 FIG. 4. Gate to source leakage currents of pristine and micro-trenched devices

before and after gamma radiation.
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micro-trenched devices compared to the pristine device is mainly due
to polarization coulomb eld (PCF) scattering of electrons in the
2DEG channel resulted from the non-uniform strain distribution in
the vicinity of strain released area along the channel.39,41 As a result,
with the increase in the number of trenches, the PCF scattering effect
increases causing the least mobility in 6-trench device, which ulti-
mately led to lowest saturation drain current and highest ON-
resistance before gamma radiation. After gamma radiation, signicant
reduction in the electron mobility might be associated with the radia-
tion induced defect formation as a result of increased strain value of
the GaN layer. Higher strain in the GaN layer may cause strain relaxa-
tion in the AlGaN layer creating higher amount of defects and disloca-
tions.8,44,45 High defect density increases the population of deeper level
traps and reduces the carrier diffusion length promoting scattering of
electrons.12 Therefore, gamma radiation induced 2DEG mobility deg-
radation of the devices is dominated by higher dislocation and defect
scattering phenomena of electrons.

We speculate that local strain relaxation in the vicinity of
trenched location causes depletion of 2DEG reducing the current ow
in the whole channel. Smaller residual tensile strain in the micro-
trenched channel is expected to induce smaller operation related stress,
i.e., electric eld induced inverse piezoelectric stress and thermal stress
along the channel23 compared to the pristine channel. In the presence
of higher number of defects and dislocations after gamma radiation,
the strain relaxed channel experiences lower scattering effect com-
pared to the strained channel due to reduced operational stress build-
up along the channel, which resulted in relatively higher mobility of 6-
trenched device after gamma radiation compared the pristine device
leading to higher saturation drain current. However, the increase in
the defect density such as vacancies and dislocations in the AlGaN and
GaN layers after gamma radiation can assist tunneling of electrons
through the barrier layer contributing to higher gate leakage current
after gamma radiation,16 as can be seen in Fig. 4. Negative gate bias
reduces the tensile strain in the AlGaN layer during operation,46,47

which resulted in relatively smaller gate leakage current in the pristine
device compared to micro-trenched devices after gamma radiation.
Relatively smaller gate leakage current of the 6-trench device

compared to 1 and 3-trench devices is the result of higher strain relax-
ation induced lower electrical eld stress under negative bias
condition.

In summary, this study focused on the effects of the pre-existing
localized strain on the gamma radiation damage susceptibility of
AlGaN/GaN HEMTs. Localized relaxation of residual strain is shown
to reduce the 2DEG sheet carrier density and electron mobility due to
higher scattering events in the presence of the nonuniform strain dis-
tribution, which ultimately reduces the saturation drain current and
transconductance of the device. The post-irradiation results demon-
strate that relaxing the pre-existing strain can lower the radiation vul-
nerability, albeit at the cost of slightly lower saturation drain current.
Although gamma radiation increases the density of defects and dislo-
cations in the device layers, the strain relaxed channel experiences
lower scattering of 2DEG electrons by defects, which might be associ-
ated with relatively smaller operation related stress build up along the
channel compared to non-strain relaxed or pristine channel. As a
result, the gamma radiation induced mobility degradation is mini-
mized to some extent. However, localized strain relaxation could
increase gate leakage current. Optimum condition to minimize radia-
tion induced performance degradation and defect mitigation would be
uniform strain relaxation of the device.
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FIG. 5. (a) Carrier density and (b) mobility of 2DEG channel of pristine and micro-trenched devices before and after gamma radiation.
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