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x 10P rad dose and 188 10°rad h * dose rate) GaN high electron mobility transistors. The saturation current
and maximum transconductance were fully and the threshold voltage was partially recovered at 30 °C or less. In comparison,
thermal annealing at 300 °C mostly worsened the post-irradiation characteristics. Raman spectroscopy showed an increase in
defects that reduce the 2-dimensional electron gas (2DEG) concentration and increase the carrier scattering. Since the electron
momentum force is not applicable to the polymeric surface passivation, the proposed technique could not recover the gate leakage
current, but performed better than thermal annealing. Tingings of this study may benethe mitigation of some forms of
radiation damage in electronics that are diilt to achieve with thermal annealing.
© 2022 The Electrochemical Society§CS'). Published on behalf of ECS by IOP Publishing Limited. [DO0:1149/2162-8777/
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AlGaN/GaN high electron mobility transistors (HEMTs) are addition, the HEMT gate is Schottky type, and the barrier height is
attractive for high-power, high temperature, and high-frequencyhighly sensitive to thermally-induced reaction with the
applications because of their high critical electrield and excellent ~ semiconductof®?* This indicates the need for an alternative and
transport properties compared to conventional Si and GaAspreferably non-thermal process to anneal radiation damage in
technologies:® Key to their superior electrical performance is the electronic materials and devices.
piezoelectric-induced channel formed by a high-density 2-dimen- We explore the effectiveness of the electron wind force (EWF),
sional electron gas (2DEG)They have also gained considerable which is purely mechanical in nature and derived from electron-
interest for use in extreme conditions such as radiation-harstdefect interaction. The electron momentum is transferred to the
environments in space, aviation, defense, medicine, and nucleadefective atoms, which gives rise to the EWF. Depending on the
power because of their higher threshold energy for atomicelectron momentum (which can be controlled by current density),
displacement.However, radiation effect on the trap states is known the EWF can impart sutient mobility to the defects to trigger
to induce negative shift of the threshold voltage due to hole trappingannealing without any need for thermal vibration. The fundamental
in the barrier layer or the interface between the barrier and theprinciple is the same as the concept of electro-migration darffage,
channel layeP. Exposure of GaN HEMTs to radiation has been where the uncontrollable temperatureld arising from electron-
found to degrade saturation drain current, gate leakage, and extrinsiattice interaction leads to thermal runaway. In this study, we
transconductance (3 due to the introduction of defects that act as suppress the temperatureeld by passing current pulses with a
scattering centers, leading to higher channel temperature and stresery small duty cycle, allowing only the EWF to manifest. It is
and thus decreasing operational reliabifity. The extent of damage important to note that EWF is, by default, very specto defects
and the physics of evolution depends on the type and level ofbecause it arises from electron-defect interaction 6hijherefore,
radiation dose as well as annealing temperattitéghe extent of if the temperature eld is suppressed, EWF is expected to target only
recovery reported in the literature ranges from partial to rfdne. the defects to produce an annealing effect while leaving the lattice or

Thermal annealing has been used predominantly to minimizeordered atoms alone. The concept has been appliecltb effect
defects in electronic materials and devi¢&2® The ndings are not  transistors$* although DC current was used instead of pulsed
very straightforward for"°Co gamma radiation. The GaN HEMT currents.
literature has reported rearrangement and removal of the pre-existing The objective of this study is to explore the effectiveness of low
and radiation induced defects/trap centers at annealing temperaturelity cycle pulsed current on annealing gamma radiation damage in
ranging from 100 °€1000 °C and suggested higher temperatures forGaN HEMTs. Gamma rays primarily interact with electrons and
higher doses of irradiatioh** 241617 At the same time, damage may get absorbed, scattered, or produce electron-positronZpairs.
from 10" rad (60x 10°rad h * dose rate) exposure is reported to be The electrons generated by this process are known as Compton
annealed marginally by prolonged storage at room temperature, witlelectrons. The radiation also creates Frenkel pairs and defect clusters
some permanent changes that deteriorated over fiffeThe that can migrate, recombine, or form complexes within
fundamental principle behind thermal annealing is that the enhancethaterials’®?” A high-energy electron can trigger secondary elec-
atomic vibration at higher temperatures induces mobility in defectstrons, which can cause displacement damage through non-ionizing
to diffuse them towards elimination by recombination of primary energy los$&2° If it has suf cient energy (B> Eg), it can knock off
defects or dissolution of defect complexes. The process is nota nucleus of a lattice atom and create a stable trap or permanent
straightforward for multi-layered materials with different thermal defect. This typically acts as a recombination center which traps
expansion coeftient since higher temperatures can increase thermo-conducting electron or hole and thus reduces carrier concentration in
elastic strain. Relaxation of this strain may actually increase thethe channel. Several research groups employed post-processing
defect density in the channel, leading to a decrease in mobility. annealing to irradiated devices to return to their pre-irradiated state.

Yadav et al. showed that low dose and high dose gamma irradiation

cause a 10.6% and 62.3% decrease in diffusion length in GaN
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HEMT, but after annealing at 250 °C, it was recovered by 66.7% andproposed EWF-based annealing. Finally, the pristine, irradiated, and
22.6%, respectively’ The impact of electron injection (such as annealed (both EWF and thermal) HEMTs were electrically char-
Scanning Electron Microscope beam) on irradiated devices hascterized with a temperature-controlled semiconductor parameter
demonstrated the potential for reducing radiation-induced defects iranalyzer (Formfactor 11000). The degradation in electrical char-
electronic devices. Several other reports claim that the deviceacteristics of the device is found to be permanent as no signt
performance was not fully recovered even after the high-temperaturehanges were detected over 3 months.

post-irradiation annealing except for partial recovery at a particular

intermediate temperature after gamma irradiatioif. Apart from Results

thermal annealing after irradiation, novel current injection-enhanced . o
9 ! Electrical characterization was performed at room temperature on

annealing has been used in neutron-iradiated GaN LED®e the pristine,®*Co gamma irradiated (5 10° rad), EWF-annealed

recovery of MOS structures and MOSFET dosimeters by thermal o -
and current annealing to remove traps in the oxide layer and(80 A, 20418, 2 Hz), and thermally annealed (300 °C, 2 min) HEMT

interfaces have been well studi®i®* These processes usually specimens. All data presented are for 6 gatgers, each with width

. L : and length of 0.25 and 200 microns respectively. Figushows the
require a long annealing time at high temperatures. output and transfer curves at zero gate voltage. The radiation damage

decreases the saturation current by 5.1%, which is recovered and
enhanced beyond the pristine value for EWF-annealing. Similar
Commercially available (CGH60008D, Wolfspeed) dies were results are seen for the transfer characteristics. We performed linear
irradiated at room temperature to cobalt-6foses of 5 10° rad at interpolation of the transfer curves to investigate the impact on the
the Radiation Science and Engineering Center at Penn Statéhreshold voltage. This is shown in Fig. where complete recovery
University. Samples werexed within a 4 @ x 4" tall iso-dose  of the threshold voltage is observed.
region inside the Gamma Cell and irradiated at a NIST traceable Gamma radiation is seen to degrade the trans-conductange (G
certi ed dose rate of 188 10°rad h *. The layer structure reported as shown in Fig4a. Here the typical bell shape is seen for the
by the manufacturer included a20nm Ab.JGa 7N barrier, pristine device, which is signcantly narrowed down (early col-
1nm thick AIN interlayer, 1.4um GaN buffer, and 10@m lapse) by the radiation. The (Gcollapse is ascribed to surface/
4H-SIC substrate with a gate length ofyl= 0.25um. The interface and optical phonon scattering, even though pronounced
HEMTSs were in oating condition during radiation. The irradiated roles of non-linear source and drain resistances and self-heating are
HEMTs were annealed at near-ambient temperature with the processuggested more recenfly Since the source and drain resistances are
schematically described in Figla. Here a DC power supply Ohmic in nature, EWF is expected to be effective in lowering them.
(Sorensen DCS16Q2E ) is used with a current pulse generator Self-heating should not be a demarcation factor since the substrate is
(Laser Controller, ED2P-AXA-0032) to apply up to 80 A current at the same (SiC) in all cases. Therefore, we expect the transconduc-
as small as 20 micro-seconds pulse duration. To minimize thetance degradation to be recovered by EWF-annealing. This is
temperature, we used 20 micro-seconds pulses at 2 Hz frequencye ected in Fig.4a. As shown in Fig4b, we did not see a major
The annealing process is carried out under an Optris Pl 640 thermalecovery in the leakage current. This is also expected because the
microscope to track the temperature rise in real time. This is showrEWF-annealing mechanism does not work for any insulating layer or
in Figs. 1b and 1c. The EWF-based annealing process took interfaces. The HEMT used in this study employs a polymeric
approximately 2 min with the temperature below 30 °C. The 640 passivation layer for the external surface. It is well-known that
x 480 pixels thermal microscope has 17 micrometers pixel pitch,leakage current depends on the radiation damageted on the
which does not spatially resolve the HEMT gate. However, if the passivation-barrier, buffer-substrate interfaces as well as these
gate temperature increases, the heats to the GaN layer to raise layers® Since the EWF is ineffective on non-conducting materials,
the overall temperature of the HEMT die. Such die-averagedthe technique was unable to recover the leakage current. A slight
temperature rise can be detected with the microscope temperatuiiacrease in leakage current after EWF annealing can originate from
sensitivity of 75 mK. Our temperature measurements are thereforé¢he presence of surface traps in the gate-source/drain regions
only approximate in nature, but the low die average3@ °C) SizN4/AlGaN interface generated due to a high electrédd during
suggests minimal heating. It is important to note that even at 80 Aelectro-pulsing?®
current, the very small pulse and low frequency enable near-room
temperature operation and thus avoid thermal runway for the HEMT. Discussion
In terms of power, the CGH60008D is rated 5 W for 20 V operation,
whereas the average power supplied by one pulse at 2 Hz frequenc
with an amplitude of 80 A is only 8 mW. We also performed thermal
annealing for 2 min at 300 °C to compare the outcomes with the
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An important question is how conventional thermal annealing
erforms compared to the EWF-annealing data presented above.
These two processes are fundamentally different because they use
temperature induced atomic vibration and mechanical force
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Figure 1. (a) EWF-based annealing process with electrical pulse parameters. (b) Temperatigeoprthe HEMT surface. (c¢) Thermal image of the HEMT
during EWF annealing.
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Figure 2. Effect of gamma irradiation doses and EWF-annealing on DC (a) outputMys and (b) transfer,d - V4 characteristics.
0.03 after thermal annealing, suggesting increased defect density at the
’ ] ' ' AlGaN barrier. This may arise from the thermo-elastic relaxation in
the AlGaN, which reduces the piezoelectric polarization in the
«seses Pristine material and, consequently, the 2DEG dendftpefects form due to
AlGaN relaxation and provide a path for electrons to leak from the
0.02 —— 5Mrady gate toward the drain contact, increasing gate leakage. Figure
e T shows the transfer function as well as the transconductance
=z —— 80 A EWF anneal comparison between the EWF and thermal annealing techniques.
o Interestingly, the thermally annealed sample showed kinks in drain
- current near Y 2 V and 3 V. Along with the signicant
increase in the leakage current, the data suggests the generation of
0.01 4 . additional traps in the GaN buffer or AlGaN barrier layér’
To obtain insights into the structural/crystal quality differences
between the EWF and thermal annealing, we performed micro-
Raman spectroscopy. Measurements were taken in a backscattering
con guration with unpolarized detection, enabling the (RO) and
0.00 : E, (high) phonon modes of GaN to be measured simultaneously. It is
3.0 29 2.8 -2.7 2.6 25 known that the full-width at half-maximum (FWHM) of Hhigh)

Vg (V) phonon mode reects the defect density in the cryst3iwhile any
shift in the peak indicates the internal str&8% For higher spectral
Figure 3. Threshold voltage changes due to gamma irradiation and EWF-resolution, we used an 1800 g/mm grating along with ax1L(00A =
annealing at zero gate voltage. 0.9 objective lens with a lateral spot size-of.0 zm. As shown in
Fig. 6a, spectral mapping was performed with a step interval of 2 um
respectively to mobilize defective atoms. In thermal annealing,across the device channels with an array of 11 x 19 points. Each line
higher temperature implies higher defect mobility through increasedscan across the device channel was then analyzed to provide the
atomic vibration amplitude. This iruences temperature selection to mean and variance of the Raman FWHM at each position along the
anneal irradiated devic€3*4%17 However, both lattice/ordered channel. Peak FWHM was determined by pedting the Raman
and defective atoms experience this vibration, making the atomicspectra using a Lorentzian peak pi®using the LabSpec6 software.
diffusion a random process. This is why conventional thermal Figure 6b indicates peak broadening happened after irradiation,
annealing requires longer times to remove the defects. Howeverindicating lower crystal quality and increased dislocation deriSity.
the critical factor is not time, but the thermo-mechanical stressBoth thermal and EWF annealing improve Galin quality, but
generated by the temperature. For electronic devices, the multiEWF produced the narrowest FWHM.
layered structure means large thermal mismatch strain, which may An important point of discussion is the electro-pulsing para-
increase the defect density instead of decreasing it. EWF, on theneters for the low temperature EWF annealing. The technique is
other hand, is a purely mechanical force that pushes atoms vigxpected to work with materials with electrons as the majority
convectiondiffusion (in the direction of electronow). For con- carriers. Thus, higher current density implies higher caty.
ventional biasing, Joule heating is always associated with EWF Because traps have different depths or energy levels, their elimina-
Therefore, the effectiveness of the proposed EWF-based annealingon may also need different current densities. The concern with very
depends on (a) suppression of the temperature and (b) electricdligh current density is the increasing possibility of temperature
conductivity of the material. increase leading to thermal runaway. Therefore, the studies should
We performed thermal annealing at 300 °C in an argon preferably be performed under temperature control or at least
environment. The duration was 2 min, the same amount for EWFmonitoring with a thermal microscope. In this study, we used the
annealing. The experimental results did not show any improvemensmallest pulse duration (20s) and frequency (2 Hz) to facilitate
in the output, transfer, transconductance or leakage characteristicthis. We performed the EWF annealing for up to 80 A current. The
The saturation current decreased while the leakage current increas@shprovements wererst noticed at 5 A. Between 5 and 80 A we did
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Figure 4. (a) Transconductance-gate voltage and (b) leakage current curves for the pristine, irradiated and EWF annealed HEMTs.
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Figure 5. (a) Transconductance-gate voltage and (b) leakage current curves for EWF annealed HEMTs compared to conventional thermal annealing at 300

not see appreciable improvement. As shown in Hg.distinct EWF generation due to electron-defect interactions. Thermal
improvement was seen at 80 A. This suggests a different level ofannealing, on the other hand, involves uniform heating of both
electro-pulse energy may be needed to interact with traps of differentattice/ordered and defective atoms to mobilize them through
depths. It is important to note that these experimental parametersandom diffusion. To examine our hypothesis, a comparative study
would strongly depend on the device type and details of the radiatiorbetween thermal and EWF annealing is performed on 50° rad
environment. Therefore, it is important to conduct a comprehensivegamma irradiated GaN HEMT. The EWF annealing could partially
study of the electro-pulsing parameters and compare that with theo fully recover the threshold voltage, transconductance, and satura-
gamma radiation literature. This will be conducted in the future.  tion current. On the other hand, thermal annealing induced more

defects and further degraded device performances. Tidengs are

Conclusions summarized in Tablé.

Therma anneaing has b the cnly avalale tecique i g, 10%, P15 O S Sy i pelerialy bene e mictosec,
literature. For multi-material, multi-layered systems, as in a tran- Y, y

. . . . ulti-layered systems can strongly impact performance and relia-
S|stor,| the outcome is go} always str:alghtf(cj)rward ‘;S high temperatur’%”imy T?llermal gnnealing is a ver)g/] \)//vell-gstabil)ished technique, but a
can also create new defects. In this study, we demonstrate a norn-_ 7: . X
- ' . -non-thermal approach can be more besial. The proposed EWF-

ther.mal annealing sgheme that. should be attractive for.electronl%ased anneali?% technique requires lower eneF;gyp and processing
ﬂg;’gfs' bTh: t?CiI:]n'qu:ie he)éﬂlr?gf\t Ed\:avrllzsitWh:alﬁa C‘:‘ﬁfgresjg]gs ‘ﬁ?rl]etimes. It can be performed in-operando because there is no need to
ve s?nallydutppcy CI% (4(% The EWE is ay urel mechgmical force subject the device of interest to an oven as in thermal annealing. At

ry - y cy o > a purely i the same time, the EWF is effective only for materials with electrons
that mobilizes the defective atoms, leaving the lattice/ordered atom

- : . L As majority carriers. Also, it may not be useful for the current
alone. This is possible because of the unique defect spigtof the leakage through the surface or interface of insulating layers.
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Figure 6. (a) Raman map grid on the GaN HEMT channel region to determine crystal quality, (bjdh) peak for the irradiated and annealed specimens.

Figure 7. Effect of current density on (a) output and (b) transfer curves for EWF annealing for pulses withd@ation and 2 Hz frequency.

Table |. Saturation drain current, threshold voltage, leakage current (at-5 V gate voltage), maximum transconductance, and average FWHM as a
function of irradiation and two different annealing processes.

EWF annealing

Pre-Irradiated Post irradiated 300 deg C annealing
5 Amp 80A
Saturation current 0.58 A 0.56 A 0.59 A 0.6 A 0.55A
Maximum transconductance 0.277S 0.268 S 0.292 S 0.286 S
Leakage Current 4.42 10 ° 1.64x 10 7 3.96x 10 7 3.46x 10 7 6.06x 10 *
Threshold voltage 275V 2715V 273V 2.74V
Average FWHM (& peak) 3.13 3.27 2.87 291

Currently, very little is known about the applicability of the EWF- electronics by performing parametric analysis of the EWF and
based anneal on electronic devices. Therefore, future studies need tievice-specic parameters and also on devices subject to different
be dedicated to understanding the defect-electron interaction inypes of radiation damage. In particular, it will be interesting to see if





