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ABSTRACT

High-power electronics, such as GaN high electron mobility transistors (HEMTs), are expected to perform reliably in high-temperature
conditions. This study aims to gain an understanding of the microscopic origin of both material and device vulnerabilities to high tempera-
tures by real-time monitoring of the onset of structural degradation under varying temperature conditions. This is achieved by operating
GaN HEMT devices in situ inside a transmission electron microscope (TEM). Electron-transparent specimens are prepared from a bulk
device and heated up to 800 °C. High-resolution TEM (HRTEM), scanning TEM (STEM), energy-dispersive x-ray spectroscopy (EDS), and
geometric phase analysis (GPA) are performed to evaluate crystal quality, material diffusion, and strain propagation in the sample before
and after heating. Gate contact area reduction is visible from 470 °C accompanied by Ni/Au intermixing near the gate/AlGaN interface.
Elevated temperatures induce significant out-of-plane lattice expansion at the SiN,/GaN/AlGaN interface, as revealed by geometry-phase
GPA strain maps, while in-plane strains remain relatively consistent. Exposure to temperatures exceeding 500 °C leads to almost two orders
of magnitude increase in leakage current in bulk devices in this study, which complements the results from our TEM experiment. The find-
ings of this study offer real-time visual insights into identifying the initial location of degradation and highlight the impact of temperature
on the bulk device’s structure, electrical properties, and material degradation.
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I. INTRODUCTION sensors as well as GaN HEMT.' ™" GaN HEMTs are used in harsh

Wide-bandgap devices, such as AlGaN-GaN high electron environments where traditional silicon-based transistors may not
mobility transistors (HEMTSs),""* have become increasingly operate efficiently, making them suitable for downhole drilling,

popular because of several advantages over traditional silicon-based geothermal exploration, automotive for efficient power conversion,

transistors in extreme environments, such as higher bandgap, lower and space missions. The thermal stability of these structures and
intrinsic carrier concentration, excellent power handling capabili- changes in stress related to thermal excursions are keys for stable
ties, etc.'” Next-generation radar systems, satellite communications, ~ operation.'"'* Apart from applications in high-temperature envi-
and high-frequency wireless communication devices require micro- ronments, AlGaN/GaN HEMTs designed for room-temperature,
wave power amplification and high-power, high-temperature appli- high-power applications may experience device self-heating. This
cations. Temperature affects the GaN-based devices, such as UV self-heating phenomenon can elevate the channel temperature
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beyond 300°C,'” a condition known to expedite device failure in
high-power AlGaN/GaN transistors. The AlIGaN/GaN/SiC structure
exhibits superior thermal management and film quality compared
to Si or sapphire substrates, attributed to SiC’s higher thermal con-
ductivity and reduced lattice mismatch. However, achieving high-
quality GaN has proven challenging due to the lattice mismatch
and differing thermal expansion coefficients (TECs) between the
epitaxial layer and the substrate. Although a very thin AIN layer is
used to reduce the mismatch, TEC difference still poses a severe
problem as it produces residual stress in the heterostructure. The
disparity in the TEC among various layers can impact the device’s
mechanical and electrical performance while operating at elevated
temperatures. While extensive experimental research®*' has
explored the temperature-dependent degradation of GaN HEMTs,
as far as our knowledge extends, no study has yet pinpointed the
precise location where this degradation initiates solely due to high
temperatures. Conducting an in situ transmission electron micros-
copy (TEM) study along with the electrical characterization of bulk
devices can provide real-time insights into the performance degra-
dation of GaN HEMTs under varying temperature conditions,
which is the primary motivation of this study.

Various literature sources have reported on the high-
temperature performances of GaN HEMTs with Si, SiC, and
sapphire substrates, covering a temperature range from 25 to
500 °C.>°**?>** All authors commonly observe a significant reduc-
tion in drain current density and transconductance with increasing
temperature, attributed to the intrinsic scattering process and
decrease in carrier mobility.”” The degree of reduction with temper-
ature is dependent on the substrate and gate length used in the
devices. It has been found in several studies that the GaN HEMT
device shows good stability up to 300°C*"*** even after 250h
stressing,”” and the device recovers its original properties when
cooled down from 500°C to room temperature.”>** A change in
gate metal color accompanied by a sharp decline in device perfor-
mance is reported.”” The color alteration began at approximately
400 °C, indicating that device degradation results from gate metal
alloying. An increase in leakage current due to the instability of
Schottky contact is observed due to contact degradation by Au dif-
fusion through the gate edge to the gate and AlGaN interface.”*””
Maier et al. observed high leakage current and gate diode break-
down in GaN HEMT at 500 °C after 215h stressing.”” Besides high-
temperature operation experiment, a study’* reported that postan-
nealing of the device at 400 °C significantly improved the perfor-
mance of AlGaN/GaN HEMTs with notable enhancements in
breakdown voltages (from 7.5 to 187 V), elimination of kinks in
device characteristics, and reduced trap presence, resulting in better
uniformity and adjusted threshold voltages. These findings under-
score the positive impact of postprocessing annealing on the DC,
RF, and microwave power characteristics of GaN-based HEMTs.
Their research was constrained to a maximum temperature of
400 °C, and they solely anticipated the Ni diffusion from the gate to
AlGaN as a potential cause for the drop in drain current, lacking
any additional experimental validation. Ni/Au metallization is com-
monly used as Schottky contact and is usually the primary cause of
failure in high-temperature operations. The intermixing of Ni and
Au is anticipated to occur at the Schottky contact. All these find-
ings point out that the primary factor influencing failure is the
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device processing technology and metallization scheme (ohmic and
Schottky contact) rather than the stability of the heterostructure
material. Moreover, biased devices exhibit more pronounced degra-
dation from electromigration compared to their unbiased counter-
parts exposed to the same temperature environment.”” Chowdhury
et al. reported that stressed devices consistently developed crack-
and pit-shaped defects in the AlIGaN/GaN crystal material under
the drain-side edge of the gate, but unstressed devices did not show
these features. The formation of these defects is consistent with the
theory of damage from the inverse piezoelectric effect,”” suggesting
that the electrical degradation is a direct result of the formation of
these defects. However, in strained heterostructures such as AlIGaN/
GaN, the thermal and mechanical stresses resulting from mis-
matches in TEC and lattice parameters have the potential to cause
premature material degradation. It has also been demonstrated that
achieving device operation up to 900 °C is possible by employing a
lattice-matched InAIN/GaN heterostructure and substituting the
Au conductive overlay with Cu,” while operation at 1000°C is
attainable with refractory metal contacts, specifically Mo gates.””
However, identifying a distinctive failure pattern in the device char-
acteristics data or the postmortem analysis approach, where TEM
analysis is conducted after device degradation, cannot provide an
exact temperature of initiation of degradation. In situ TEM studies
provide a powerful platform for real-time observation of dynamic
processes at nanoscale in electronic devices.””*' Here, we introduce
an in situ heating study within TEM to observe real-time Schottky
metal degradation at elevated temperatures. Furthermore, the bulk
form of the device undergoes heating in a comparable environment
to assess whether the degradation observed in the TEM sample is
mirrored in the electrical properties of the bulk sample.

Il. MATERIALS AND METHODS

In this study, we chose to utilize commercially available Cree
multi-finger HEMT dies (CGH60008D, Wolfspeed, rated at 6W,
18 GHz, and 40 V) as shown in Fig. 1(a). The manufacturer’s pro-
vided layer structure, as shown in Fig. 1(b), includes approximately
amr20nm Aly,,GagsN barrier, az 1 nm-thick AIN interlayer, a
1.4um GaN buffer, and a 100 um 4H-SiC substrate, with a gate
length of Lg=0.25um. The formation of Ohmic contacts (Ti/Al/
Ni/Au) is achieved directly on the upper AlGaN layer. In addition,
Schottky metal gate electrodes are created by depositing Ni/Au
metallization, and a laterally extended gate metallization is applied
to reshape and redistribute the strong peak electric fields during
device operation. For in situ heating within the TEM, a lamella is
prepared from the bulk GaN HEMT device using Ga+ focused ion
beam (FIB), as illustrated in Fig. 1(a), and placed it on a molybde-
num refractory metal grid. To reduce beam-induced damage, the
final thinning steps involve low-kV (5kV) thinning with a 48 pA
current. TEM and EDX experiments were conducted using a
300 kV Tecnai G2 F30 S-TWIN, equipped with scanning transmis-
sion electron microscopy high-angle annular dark field (STEM
HAADF) capabilities, offering a resolution of 0.17 nm. We
employed the Gatan model 652 double-tilt heating holder,
equipped with a water-cooled Tantalum furnace capable of reach-
ing temperatures up to 1000 °C as demonstrated in Fig. 1(c). This
furnace features an encapsulated heater connected to two terminals
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FIG. 1. (a) SEM image of a bulk GaN HEMT die. The arrow pointing outward from an active channel out of six and the double headed arrow shows the direction of FIB
cut. (b) A cross-sectional cut was made inside the SEM image using a Ga+ FIB and placed on a molybdenum (Mo) TEM grid, exposing the terminals, substrate, and the
conductive channel material. (c) The Gatan heating holder, equipped with a Tantalum furnace, houses a Mo grid that contains a TEM electron-transparent lamella with a

thickness of approximately 100 nm.

for the current supply, and it also incorporates a platinum-13%
rhodium thermocouple, securely spot-welded to the furnace body
to monitor the furnace temperature. All connections are routed
through a vacuum feed-through to the model 901 SmartSet hot
stage temperature controller, which manages water pumping when
the temperature exceeds 500 °C. The heating process was conducted
in a “Ramp” mode with a ramping rate of 10 °C/min.

lll. RESULTS AND DISCUSSION

Before ramping up the temperature, TEM imaging is con-
ducted at multiple locations, especially focusing on the gate, source,
and drain regions for each 100°C temperature increment up to

400 °C. This is performed to assess and compare any changes fol-
lowing the temperature increase. Specific attention is placed on the
AlGaN/GaN interface, which serves as the conducting channel in
the device’s bulk state. High-resolution TEM (HRTEM), energy-
dispersive x-ray spectroscopy (EDS), and scanning transmission
electron microscopy are conducted both in the initial pristine state
and subsequently after each 100 °C temperature increment, as well
as during any observable changes. Additionally, video recordings
are made during the intervals.

Figure 2(a) shows a STEM image of the cross section of the
GaN HEMT encompassing the gate, drain, and source regions. The
Ni gate contact material is positioned directly on top of the AlIGaN
layer [Fig. 2(b)], and the gate and drain material layers [Fig. 2(c)]
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FIG. 2. (a) Scanning transmission electron microscope (STEM) images of the GaN HEMT lamella, displaying the (b) gate and (c) drain terminals in their initial pristine
state, before undergoing any heating. The gate metal is Ni, while the source (not shown here) and drain terminals consist of Ti metal placed directly on the AlGaN/GaN
semiconductor layer.
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FIG. 3. (a) HAADF image provides a view of the gate and the AlGaN/GaN region, while the accompanying energy-dispersive x-ray spectroscopy (EDS) map reveals the
elemental distribution. In the EDS map, the red-colored area represents the passivation layer of SiN,. (b) and (c) A closer view of the gate contact reveals Ni/Au metalliza-
tion, a configuration that is further corroborated by EDS mapping. The fine boundary between each metal layer is clearly discernible in its pristine state.
J. Vac. Sci. Technol. B 42(3) May/Jun 2024; doi: 10.1116/6.0003490 42, 032209-4
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are distinctly visible in their pristine state. The area beneath the
drain contact displays a slight roughness, attributed to variations in
the milling rates of the metal and semiconductor during the FIB
milling process, creating a “curtaining effect” in the milled
region.”” Additionally, the abrupt junction in the metal/semicon-
ductor contact region arises from nonuniform metal diffusion
during 850 °C source/drain activation annealing. Considering that
GaN and SiC materials have higher melting points than the contact
terminal material, our primary focus was directed toward the latter
during imaging and video recording.

EDS at room temperature in the gate region shows the compo-
sitional map [Fig. 3(a)] of the GaN HEMT lamella, with a particu-
lar focus on the gate contact area, where a sandwiched structure of
Ni and Au layers is discernible from Figs. 3(b) and 3(c).
Our mapping suggests that gate metallization is structured in a
Ni/Au/Ni/Au sequence.

Before taking any measurements, we implemented a 1-h
waiting period to prevent drift during high-resolution imaging. Up
to 300 °C, there were no apparent changes in the device structure
near the metal-semiconductor contacts as depicted in Figs. 4(a)-
4(c). Additionally, EDS analysis, which is not presented here, did
not reveal any evidence of material diffusion. However, starting at
300 °C, we observed a slight increase in brightness of the gate metal
and AlGaN interface, with the effect becoming more pronounced
as the temperature reached 400°C as displayed in Fig. 4(d).
Furthermore, starting at 300 °C, we observed the edge of the gate
material diffusing, beginning from the Au metal region and extend-
ing toward the Ni/Au region. By the time we reached 400 °C, we
noted alloying and the complete disappearance of each individual
layer of the metal stack. The initial diffusion of the Ni/Au layer at
the edge, rather than at the AIGaN/Ni/Au contact region, can be
attributed to the fact that the edge region is in contact with a mate-
rial of relatively lower thermal conductivity (SiN,) along with a
rough interface between them. The STEM image provides
enhanced contrast, revealing the disassociation of the Ni/Au layers
as Ni metal coalesces with other Ni atoms and increases in area

(a)

(b)

100 nm

100 nm
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and mobility, as illustrated in Figs. S1(a) and S1(b).”" See supple-
mentary material’’ for more images of degradation in GaN HEMT.

Around 470 °C, it becomes evident that the gate contact area
near the drain terminal is diminishing due to the diffusion of Ni
from the metal stack, as depicted in Fig. 5(a) with an increase in
brightness. Notably, there are no signs of degradation in the
source and drain contacts at 500 °C. A prior in situ study con-
ducted within TEM revealed that under high current density, the
drain metal contact became mobile and mixed with more Au
metal, which subsequently diffused through the AlGaN and GaN
layers to the substrate due to electromigration."’ However, our
examination using low-resolution scanning transmission electron
microscopy (STEM) did not reveal any such formation or diffu-
sion into the AlGaN layer since biasing was not applied. Instead,
Ni at the gate edge appears to have separated and relocated to an
adjacent area, forming a separate Ni metal region within the gate
region. We identified the atomic diffusion of Au and Ni metals
through EDS line spectra as illustrated in Fig. 5(b), collected at
various locations spanning the gate and AlGaN interface, and
subsequently averaged. The analysis reveals the presence of both
Au and Ni metals penetrating deeply into the AlGaN layer, with
Ni being more abundant compared to Au. The degradation of the
gate contact can lead to several issues, including a reduction in
the barrier height, an increase in leakage current, and the forma-
tion of local hotspots during device operation. These factors col-
lectively pose a risk to the device’s reliability. Even though our
experiment was conducted in device’s off-state mode, it offers
valuable insights into the potential consequences during device
operation. Specifically, it highlights that if the channel tempera-
ture surpasses 500 °C, there is a risk of the gate material diffusing
away. This risk is particularly pronounced in the gate edge near
the drain contact area, which is identified as a hotspot with the
highest electrical field (Fig. 6).

EDS spectra after 500 °C also show significant intermixing of
Ni and Au as illustrated in Fig. 5(c). The Au map clearly shows
that it has reached near the AlGaN layer through the Ni layer, and

FIG. 4. These TEM images depict the gate edge at every 100 °C temperature increment up to 400 °C. (a) and (b) At 100 and 200 °C, no noticeable changes are
detected. (c) At 300 °C, the gate/AlGaN interface begins to exhibit signs of degradation, with slight whitening in that area, indicating the mixing/alloying of the gate material.
(d) At 400 °C, the whitening intensifies, indicating the alloying of the gate edge material, marked within the white box.
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the Ni Schottky contact has become an Au Schottky contact. The
Schottky barrier height of Au on GaN is comparable to that of Ni
on GaN (Auw: 5.1eV versus Ni: 5.15eV).” However, the Au
Schottky gate exhibits instability during high-temperature stress,
leading to a decrease in barrier height and elevated leakage
current.”® Au also does not stick well with AlGaN. Due to poor
adhesion between Au and AlGaN, the gate control of the two-
dimensional electron gas (2DEG) can be compromised. It is impor-
tant to note that the brighter area near the orange box in Fig. 5(c)

(a)

(b)

EDS Normalised Intensity (a.u.)

ARTICLE pubs.aip.org/avs/jvb

is due to contamination buildup during STEM-EDS imaging and is
not indicative of Au diffusion.

High-resolution transmission electron microscopy (HRTEM)
images were taken at 100 °C increments, revealing that there is no
notable deterioration in crystal quality up to 480 °C. Given the con-
siderably higher melting temperatures of GaN and SiC, no degrada-
tion is expected at 480°C. The lattice expansion resulting from
heating can alter the strain propagation within the conductive
2DEG layer positioned between AlGaN and GaN, potentially

T T T

Gate (]N i/A'u) GaN

. AlGaN

0 20 40 60 80

Distance (nm)

FIG. 5. (a) TEM and STEM images at 500 °C, illustrating the reduction in the gate contact area due to the vaporization of the gate metal at the Ni/AIGaN interface.
(b) EDS line spectra across the Gate/AlGaN/GaN interface taken in multiple sites and averaged afterward. (c) An EDS map that further validates the mixing of Ni and
Au at the interface, with no distinct boundary being visible anymore. Additionally, the Au map indicates that Au has diffused near the interface highlighted using a dotted

box.

€2:21:10 ¥20T Aen 81

J. Vac. Sci. Technol. B 42(3) May/Jun 2024; doi: 10.1116/6.0003490
Published under an exclusive license by the AVS

42, 032209-6


https://pubs.aip.org/avs/jvb

JVSTB

Journal of Vacuum Science & Technology B

ARTICLE

pubs.aip.org/avs/jvb

FIG. 6. HRTEM images of SiN,/GaN/AlGaN interface at (a) 25 and (b) 400 °C. While certain areas in the GaN region appear blurrier after 400 °C, there is no significant

crystal deterioration observed in the AlGaN and GaN regions.

leading to degradation in the device’s electrical performance.
Additionally, geometric phase analysis (GPA) was performed based
on the HRTEM images along in-plane (e,,) and out-of-plane (g,y)
directions to visualize the lattice strains within the device layer
stack at different temperatures.”"** Figure 7 shows the HRTEM
images of the SiN,/GaN/AlGaN interface and the corresponding
GPA strain maps at 300, 400, and 480 °C, respectively. The inset in
the HRTEM images is the fast Fourier transform power spectrum
with labeled g-vectors used for phase calculation. The reference
lattices were taken from the clean and undistorted GaN region in
all the HRTEM images. Here, €, and &, indicate the in-plane and
out-of-plane strain directions at the SiN,/GaN/AlGaN interface.
It can be seen that the intensity of the in-plane strains at the
GaN/AlGaN interface [Figs. 7(d)-7(f)] are consistent and less
impacted by the rise of the temperature. In contrast, by increasing
the temperature from 300 to 480 °C, the out-of-plane strain maps
[Figs. 7(g)-7(i)] show increasingly distinguishable contrast in the
GaN and AlGaN phases, indicating that the lattice expansion is
more noticeable along the out-of-plane direction to the interface.
We have added the line intensity profiles of the out-of-plane (e
strain maps of the film at different temperatures in Fig. $2.”

To compare the observed temperature degradation inside the
TEM to traditional bulk device performance, we also subjected a
bulk GaN HEMT sample to a heating process inside a vacuum
chamber, raising the temperature in 100°C increments up to
600 °C over the course of 1 h. It is anticipated that the degradation

)

observed in the gate region of the ~100 nm-thin lamella and in the
bulk sample will differ due to variations in the surface-to-volume
ratio and boundary conditions in these two scenarios. After each
100 °C temperature increment during 1-h high-temperature stress,
we conducted measurements of the device’s electrical transport
properties, especially gate leakage to identify any indication of
permanent degradation. It is important to highlight that these elec-
trical measurements were performed at room temperature following
cooling of the device.

Figure 8(a) depicts a pivotal device parameter, namely, trans-
conductance (Gm), which quantifies the relationship between
changes in the device’s output current (drain current) and changes
in its input voltage (gate-source voltage). We have observed a shift
in the peak Gm value, which corresponds to a threshold voltage
shift. This shift is initially positive, rising to 200 °C, and subse-
quently becomes negative, dropping from —2.8 to —3.1 V. The G,
value reaches the highest value at 300 °C (92% increase), primarily
due to the high forward saturation current observed at this temper-
ature. Subsequently, there is a decline in the Gm value, although it
remains 48% higher than that of the pristine device. Regarding
leakage current, we have observed a consistent and gradual
increase. This increase becomes more pronounced at temperatures
of 500 and 600 °C, where we observe a significant one and half
order of magnitude increase in leakage current. The increase in
leakage current is an obvious indication of Schottky contact degra-
dation at higher temperatures. The initial increase in
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FIG. 7. (a)~(c) HRTEM of GaN HEMT lamella at 300, 400, and 480 °C taken at the [1,0,—1,0] zone axis. GPA map where the strain directions are adjusted to make sure
we get the (d)—(f) in-plane and (g)—(i) out-of-plane (with respect to the interface) direction of strains in the film.

transconductance indicates that annealing is beneficial for devices
up to 300°C. As AlGaN has smaller CTE than GaN," higher
tensile strain is exerted from both SiN, and GaN layers. This tensile
strain enhances the band bending effect in the AlGaN layer, elevat-
ing the number of surface states with donorlike characteristics
above the Fermi level, ultimately leading to an augmented electron
density within the 2DEG."” Such an increase is reported at 600 °C
in contrast to our device, where it occurs at lower temperatures,
and this disparity can be ascribed to variations in device design
and the residual strain introduced during the fabrication process.
However, beyond 300 °C, the tensile strain surpasses its critical
threshold, initiating strain relaxation that can result in a decrease in
2DEG density due to the creation of additional defects or structural
cracks. Additionally, the diffusion of gold or nickel into the AIGaN
layer can effectively reduce the thickness of the AlGaN layer,
thereby increasing the threshold voltage in the device.”® A TEM

sample has been prepared from the bulk devices after annealing at
500 °C to examine potential gate metal diffusion. In Fig. 9(a), the
EDS line spectra reveal that the metal stack maintained its layered
structure. However, discernible Au diffusion through the AlGaN
layer has been identified, further confirming the degradation of
gate characteristics. Au diffused to the GaN layer, while Ni showed
very little or no diffusion. This preferential diffusion of Au can be
attributed to the significant difference in electronegativity between
Au and Ga, which facilitates a stronger bonding interaction
between Au and GaN compared to that between Ni and GaN."*
The STEM HAADF image depicted in Fig. 9(b) illustrates a certain
level of intermixing between Ni and Au in the edge region of the
gate. A closer examination of the highlighted dotted region con-
firms this intermixing. However, it is important to note that
no significant intermixing is observed in the gate contact region
in contrast to our observations in the TEM heating experiment.
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FIG. 8. (a) Transconductance derived from transfer characteristics at Vys=1V as a function of annealing temperature. (b) Forward and reverse leakage current characteris-

tics of Ni/Au Schottky contact as a function of annealing temperature.

A recent investigation”” reveals the disappearance of Ni from the
gate contact and its substitution with Au in their bulk devices after

sample. This implies that high temperatures, coupled with device
operation, expedite the degradation of the device. The presence of a

exposure to 500 °C. It is noteworthy that their devices were oper- whitish region at the gate edge, as indicated by the arrow, resembles &
ated at 500 °C, unlike our case where we solely annealed the our TEM heating experiment after 470 °C. §
8
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FIG. 9. (a) EDS line spectra across the Gate/AlGaN/GaN interface [the orange line in Fig. 8(b)] taken in multiple sites and averaged afterward. The TEM sample was pre-
pared from a bulk GaN HEMT device that underwent annealing at 500 °C for an hour. (b) The STEM HAADF image of the gate area of the same bulk device with a
dotted box shows a closer look at the edge.
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We also increased temperatures beyond 500 °C in TEM samples
to observe degradation in other terminals. See supplementary mate-
rial”® for more images of degradation at higher temperatures in GaN
HEMT. Figure S3(a)’’ clearly illustrates the degradation of the source
and drain contacts, which becomes evident at temperatures exceeding
600°C, as observed in comparison to their pristine condition in
Fig. 2(c). Beyond 600 °C, they undergo alloying, resulting in the dis-
appearance of visible features. Notably, the Ti/GaN interface experi-
ences intermixing and surface roughening after 600°C. Ni metal
islands begin to coalesce into larger islands within the Au metal and
migrate toward the edge of the gate, as depicted in Figs. S3(b) and S3
(¢).”° By 800°C, approximately half of the gate metal had disap-
peared. Given that melting or vaporization at 800 °C is unlikely, we
hypothesize that the gate metals underwent recrystallization/densifi-
cation to form more stable Au/Ni grains. Figure $3(d)™ shows
increased brightness in the gate area, which could result from thicker
gate regions, as intensity scales linear with thickness. It is possible
that Au and Ni diffused and underwent densification, leading to a
thicker layer. The bulk device exhibited comparable gate contact dif-
fusion and visible signs of gate metal degradation, including field
plate melting above the gate contact at 800 °C as shown in Figs. S4
(2)-S4(c).”” Additionally, a gap in the source and drain contacts is
formed due to metal evaporation or migration, leading to a complete
loss of current output from the device.

The long-term reliability and stable operation at high tempera-
tures must be ensured to address the increasing power density and
reduced size of the GaN-based electronic power devices. Efficient
thermal management techniques, such as advanced heat sinks or
using diamond (which has six times higher thermal conductivity
than SiC) as a heat spreader, can help minimize peak temperatures
during both regular device operation and operation in high-tem-
perature environments. Our study suggests that optimizing the
design of gate and field plate structures, coupled with an efficient
heat spreader, is crucial in achieving reliability of devices in
extreme environments. Metal migration stands as a primary tem-
perature limitation, and the incorporation of new metal stacks
holds the potential to increase the operating temperature. To
prevent thermal degradation in GaN HEMTs, one effective strategy
is to incorporate a diffusion barrier between the gate and the
AlGaN barrier. This can help reduce gate leakage by minimizing
the migration of materials across interfaces.

IV. CONCLUSION

In conclusion, this study provides crucial insights into the
temperature-dependent degradation mechanisms of GaN HEMTs,
shedding light on their behavior under extreme conditions. The
investigation, conducted through in situ transmission electron
microscopy (TEM), reveals that the gate material starts to degrade
at temperatures as low as 300 °C, with significant alloying and layer
disappearance observed at 400 °C. Notably, the gate material starts
diffusing away after 470 °C, and atomic diffusion of Au and Ni into
the AlGaN layer was detected through EDS mapping. GPA reveals
consistent in-plane strains at the GaN/AlGaN interface, while
out-of-plane strains exhibit distinguishable contrast, indicating
notable lattice expansion along the out-of-plane direction with
increasing temperature. Furthermore, the investigation of bulk GaN

ARTICLE pubs.aip.org/avs/jvb

HEMT devices complements these findings, as it demonstrates that
similar degradation processes occur, leading to gate contact diffu-
sion/alloying, field plate degradation, and the creation of gaps in
the source and drain contacts, ultimately resulting in a complete
loss of current output at 800 °C. Almost two orders of magnitude
increase in leakage current and threshold voltage shift are observed
at temperatures higher than 500 °C. By employing advanced heat
spreader materials and optimizing gate designs, the heat generated
in the high-temperature environment can be effectively dissipated,
preventing temperature spikes that may compromise the reliability
of GaN HEMTs.
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