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A B S T R A C T

The challenge of accurately diagnosing and understanding failure mechanisms in GaN power devices under high- 
stress conditions has been a persistent issue, particularly with respect to catastrophic failures difficult to detect 
through conventional electrical measurements. This study focuses on p-GaN-based high-electron-mobility tran
sistors (HEMT) technology device, subjected to high-stress conditions, to analyze the entire device architecture 
and mainly the structure of the gate–source bridge. SEM analyses reveal significant structural damage, including 
cracks and voids, particularly near the metal interconnection lines and GaN buffer layers, whereas Raman 
spectroscopy highlights distortions in the wurtzite GaN crystal structure. By integrating the spectroscopic and 
morphological results, useful insights into the GaN device layers interested by the failure mechanisms are pro
vided. These data are useful to optimize the multi-layer stacked structures and then to enhance the GaN HEMTs 
main characteristics.

1. Introduction

Power electronic devices have become indispensable in modern 
technology, facilitating efficient electrical energy conversion and con
trol across various applications [1]. Over the past century, advance
ments in power electronics have been driven by significant 
improvements in device performance, especially in terms of energy 
conversion efficiency and power density. However, traditional silicon- 
based devices are now approaching their physical limits, particularly 
in high-power and high-temperature environments [2]. As a result, the 
exploration of alternative materials has gained momentum. Gallium 
Nitride (GaN), a wide bandgap semiconductor stands out for its superior 
electrical and thermal properties [3,4]. GaN power devices surpass 
traditional silicon devices by offering higher breakdown voltage, faster 
switching, and improved thermal conductivity [5]. Since A. Khan et al., 

pioneering GaN transistor in 1993, the technology has advanced 
quickly, leading to the commercial release of GaN products by com
panies like International Rectifier and Efficient Power Conversion [6].

Today, GaN-on-Si devices are widely used in applications such as 
automotive systems, data centers and communication systems, where 
their high efficiency and compact form factor are critical [7]. These 
advancements position GaN as a key material in the future of power 
electronics, particularly for applications requiring high-speed switching 
and reduced power loss. GaN is a material which enables a range of new 
high-frequency topologies; commercial devices now have blocking 
voltage ranging from 40 V to 1200 V. Generational improvements are 
driving RDS(ON) and device capacitances lower (RDS(ON) scales 
approximately as (LGD)2 for high voltage devices), but still far from a 
theoretical limit, and drain-drift length is still 5× larger than the limit 
for 650 V devices, which means a 10× improvement in transistor area 
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for a specific resistance value. For example, the power ICs based on GaN 
may be applied in high-power, multi-kW applications, with one example 
being a 3.2 kW, 1 MHz, AC-48 V converter prototype with 65 W/in3 

power density [8]. However, despite their impressive performance, GaN 
power devices show significant challenges in terms of reliability. A 
primary limitation is their susceptibility to failure under high electrical 
and thermal stress [9,10]. Prolonged exposure to such conditions can 
induce structural degradation, which reduces the operational lifespan of 
these devices. Defects such as dislocations and point defects, often 
introduced during epitaxial growth and fabrication, affects significantly 
the device architecture degradation, leading to failure. Actually, the 
surface defects can significantly impact carrier lifetime and mobility, 
while interface defects at the semiconductor-metal/oxide junctions can 
alter the Schottky barrier height [11,12]. Therefore, the understanding 
of these degradation mechanisms is crucial to improve the long-term 
reliability of GaN power devices and ensure their adoption in high- 
performance applications [13].

To address these challenges, advanced failure analysis techniques are 
required to uncover the specific mechanisms responsible for device 
degradation. Among them, Scanning Electron Microscopy (SEM), pro
vides detailed insights into the morphological changes that occur within 
GaN devices under high-stress conditions [14–17]. Although morpho
logical characterizations allow to highlight the damage, they do not 
identify and explain its origin. On the contrary, spectroscopic tech
niques, such as the Raman spectroscopy, allow the identification of 
structural defects and degradation pathways, offering valuable infor
mation for enhancing device design and material processing approaches. 
Several studies have highlighted the role of hot electrons in accelerating 
performance degradation, particularly in the on-state medium-term 
reliability of GaN HEMTs. This mechanism is significant as it shows that 
temperature has a negligible effect on the degradation process. Different 
failure mechanisms have been identified, including gate degradation 
under reverse bias conditions, which can be influenced by initial device 
defects. Additionally, metal electrode melting has been observed in 
devices operating at high power and frequency conditions. Parasitic 
effects such as the kink effect and current collapse are significant issues 
affecting GaN HEMTs. Again, these effects can be correlated with spe
cific material properties and defects, such as iron doping in the buffer 
layer [18]. Specifically, electromigration can cause the formation of 
dark spots in GaN devices, attributed to current filamentation. The lat
tice mismatch and thermal expansion differences between GaN and 
common substrates like silicon can lead to high dislocation densities, 
which might exacerbate electromigration effects. The design of GaN 
devices, such as the use of step-graded buffers and AlN nucleation layers, 
helps mitigate strain and dislocations, potentially reducing electro
migration risks. GaN HEMTs operate by utilizing a two-dimensional 
electron gas (2DEG) at the AlGaN/GaN interface. While electro
migration is a concern, the specific architecture and operation mode of 
HEMTs may reduce its impact compared to other semiconductor de
vices. Instead, thermo-migration in GaN devices, particularly in HEMTs, 
is a critical issue due to the high-power density and resulting thermal 
effects. GaN HEMTs are prone to self-heating due to their high-power 
density, which can elevate the channel temperature significantly [19]. 
Effective thermal management is crucial for maintaining the perfor
mance and reliability of GaN devices. This involves understanding and 
optimizing heat transfer mechanisms such as conduction, convection, 
and radiation. On the overall, high temperatures can cause material 
degradation, including intermixing of metals at interfaces (e.g., Ni/Au 
near the gate/AlGaN interface) and lattice expansion, which affects 
device structure and electrical properties: the exposure to high tem
peratures can significantly increase leakage currents in GaN devices, 
impacting their electrical performance. Thus, optimizing thermal design 
by using appropriate packaging (e.g., Flip Chip with Cu pillars) and 
cooling methods can help manage temperature increases [20]. In addi
tion, further research is needed to enhance the material quality. For this 
purpose, comprehensive reliability testing, also under various operating 

conditions, is essential for ensuring long-term stability.
In this paper, micro-Raman mapping and SEM analyses on a multi

layer architecture of GaN HEMT subjected to a high-voltage stress are 
presented and discussed. SEM provides nanoscale resolution (down to 
~10 nm) for imaging surface morphology and topography, far sur
passing the spatial resolution of standalone Raman spectroscopy (~200 
nm for confocal Raman imaging). This enables precise localization of 
features before chemical analysis with Raman spectroscopy. In fact, 
Raman spectroscopy offers molecular-level chemical sensitivity by 
detecting vibrational fingerprints of molecules. It can identify chemical 
compounds, crystallinity, stress/strain states, and spatial distribution of 
components and temperature effects. Combining SEM with Raman al
lows simultaneous structural and chemical analysis, which is not 
possible with SEM alone. Furthermore, both SEM and Raman are non- 
destructive techniques, making the combination ideal for analyzing 
sensitive samples without altering their structure or composition. Both 
techniques require little to no sample preparation, unlike traditional 
methods such as XRD or TEM, which may involve extensive sample 
thinning or staining. The key innovation of this study is the development 
of a new protocol for device characterization after assembly. This pro
tocol integrates the data obtained from both morphological and spec
troscopic analyses to deliver a complete assessment of the device's 
performance and reliability. By applying this integrated methodology, 
the study seeks to uncover the specific degradation mechanisms of GaN 
power devices. In future, this approach could be applied during the 
fabrication processes for the in-time detection of the device and even
tually real-time corrections.

2. Sample and characterization techniques

We analyze failed GaN devices provided by STMicroelectronics 
(Catania, Italy) of type 650-V p-GaN gate HEMT in PFLAT 5 × 6, after 
exposure to specific stress conditions. Details are reported in Table 1. We 
clarify that generally this device starts to degrade and then fails by 
exhibiting abnormal junction/dielectric leakages, such as on gate to 
drain, gate to source or drain to source when voltage is applied on those 
terminals. In our case, it is related to high voltage applied on Drain 
respect to Source with the Gate to Source shorted and at 0 V: this test is 
called High Temperature Reverse Bias (HTRB). To assess the reliability 
of the device and being able to predict the Failure In Time (FIT) for a 
given mission profile, it is critical to identify the failure mechanisms, the 
“involved” stressors and to select the potential “fatigue” models. In our 
GaN technology and for the performed HTRB test, the major stressors are 
the temperature, the voltage, and the time duration, as expected since 
high temperatures exacerbate material degradation, including nitrogen 
escape and thermal cavity formation, which contribute to voids and 
cracks within the GaN structure. Trial reported in this paper is regarding 
an HTRB stress at 1200 V for 10 h at 140 ◦C with a smooth temperature 
ramp. Temperature control is performed by 4 temperature probes 
positioned inside the chamber. Through retroactive feedback, the probes 
thermally stabilize the chamber by balancing the heating provided by 
the resistors and the cooling provided by a heat transfer liquid. A total of 

Table 1 
details about the investigated samples.

Technology VDS RDS 

(ON) 

max

ID Stress 
condition

Electrical 
Characteristics

What 
observed

p-GaN gate  
HEMT

650 
V

120 
mΩ

15 
A

HTRB 
1200 V 
140 ◦C

Short all pins Extended 
burn in 
active area 
with FIB 
cut for SEM 
analysis 
and Raman 
mapping
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1000 devices have been stressed with the condition above reported and 
two devices appear failed after stress. The shape parameter (β) > 1 in the 
Weibull analysis (commonly used to model failure rates during HTRB 
testing) indicates wear-out failures from prolonged stress conditions. 
The two failed devices show a burn of about 10 μm in a random position 
inside active area on which SEM and Raman analyses were carried out.

Scanning Electron Microscopy (SEM) analyses were performed by 
using a Zeiss electron microscope (Gemini 2 model), operating at an 
accelerating voltage of 20 kV. SEM apparatus is coupled with a Quantax 
EDX spectrometer to carry out energy dispersive X-ray (EDX) analysis. 
The EDX detected pear-shaped dimension is about 0.7 mm.

Raman spectra excited with the 532 nm diode laser line were ob
tained with the XploRA Horiba apparatus, equipped with an Olympus 
BX40 microscope, a 1800 line/mm grating and a Peltier-cooled charge- 
coupled device (CCD) sensor as the detector; the elastically scattered 
radiation was rejected by an edge filter. The laser power at the sample 
surface is about 10 mW when using the 50× microscope objectives, 
whereas accumulation times were varied, depending on the signal-to- 
noise ratio, between 20 and 80 s. The sample stage was moved in 5.5 
μm increments over an area of approximately 25 μm × 25 μm; all the 
spectra shown here were normalized to their own integration times.

3. Results and discussion

3.1. Conventional optical inspection and SEM Analyses

The device has been opened from the backside using a parallel 
lapping technique. Specifically, frame and preform were removed 
thanks to mechanical polishing and the procedure was stopped when Si- 
substrate is completely exposed. At this step, sample has been undergone 
to a dry etch recipe able to remove Si-substrate without attacking GaN- 
epitaxial level. The optical inspection of the devices (Fig. 1a,b) revealed 
burned regions extending across several strips of the device.

Then, an extensive series of cross-section SEM analyses were per
formed to investigate in detail the morphological changes and the spe
cific regions of the device architecture in which the damage occurred. 
Focused Ion Beam (FIB) cut has been made in the failed burnt region 
(Fig. 1c and Fig. 2) to enable the recording of detailed cross-section SEM 
images. After FIB cut, the sample was positioned within the SEM 
chamber as shown in Fig. 2c.

Fig. 3 shows cross section SEM images of the entire FIB cut region of 
the device. The overlaying red rectangle indicates the region of interest.

A reconstructed panoramic view of a portion of this device resulting 
“failed” from the electrical tests (after stress) was carried out (Fig. 4). 
From a first inspection, the damaged regions are mainly near the con
necting path of the metal lines and near the GaN EPI buffer.

To better understand the results, the device architecture is sche
matically illustrated alongside a high-resolution SEM image of an un
affected device (Fig. 5). The main components of the device, such as the 
metal lines, GaN buffer, and passivation layers, are clearly identified.

SEM cross-section images, shown in Fig. 6 and comparing unaffected 
and damaged regions of the device, revealed severe cracks located below 

the metal drain/gate/source sections in the failed areas.
Specifically, the cracks originated near the drain-side gate edge, 

extending toward the source. This is attributed to the high electric field 
at the drain-side gate edge, which generated significant thermal stress 
that, in turn, triggered the formation of cracks and voids in the GaN 
structure compromising the device's integrity [21]. Further examination 
of the device revealed additional damage within the passivation layer, as 
shown in Fig. 7. The failure extended into this layer, leading to internal 
strain and delamination. Specifically, cracks in the passivation material 
were closely associated with the failure signatures observed in the metal 
interconnects and redistribution layers (RDL) [22]. SEM analysis 
revealed four key failure signatures, as illustrated in Fig. 7. The first was 
metal melt damage, primarily located in the Electrostatic Discharge 
(ESD) protection circuitry. This damage is indicative of excessive current 
flow, which led to localized melting of the metal contacts, as shown in 
Region A [23]. The second failure signature was the presence of cracks 
in the passivation and dielectric layers. These cracks were associated 
with significant internal strain, as highlighted in Region B [24]. A short 
circuit between the gate and the field plate of the internal device was 
also observed, contributing to the device's overall failure, as seen in 
Region C. Lastly, contact spiking and metal burnout were detected in the 
metal layers, where the combination of high current density and thermal 
stress resulted in rapid degradation, as identified in Region D [25]. 
These findings collectively offer insight into the mechanisms leading to 
the device's failure.

The failures observed were largely driven by the design and perfor
mance of the RDL structure, which plays a crucial role in routing signals 
across the device. The RDL consists of multiple layers of metal in
terconnections, insulating materials, and vias, providing signal routing 
and thermal management. However, the RDL structure exhibited sig
nificant deformation under high current densities. As reported in liter
ature [26] polyimide has relatively low thermal conductivity, so it can 
hinder effective heat dissipation. When encapsulated, the heat gener
ated within GaN devices, which are known for high power density and 
thermal output, may not transfer efficiently through the polyimide layer, 
leading to localized overheating in the areas directly beneath the 
encapsulation [27]. It is already known that the encapsulation layer can 
create significant temperature gradients within the device. If the ther
mal conductivity of the encapsulating polymer is low, it can cause heat 
to accumulate at the interface between the RDL and the polyimide, 
potentially leading to more severe burning in that area. Conversely, if 
heat is not effectively dissipated from the center of the GaN device, it 
may also suffer from overheating, but this would depend on how well 
heat can spread through the device structure itself. Hence, according to 
SEM evidence, the failure mechanism was primarily driven by thermo- 
migration, where a temperature gradient caused material to migrate 
from the center of the RDL (poor heat dissipation) to the edges (better 
heat dissipation). This redistribution of material resulted in voids and 
deformation, leading to open-circuit breakage in the RDL. The electro
migration flux was also considered, but the SEM results suggest that 
thermo-migration, rather than electromigration, was the dominant 
process responsible for material displacement and eventual failure. The 

Fig. 1. Optical images of the sample at 10× (a), 50× of magnification before (b) and after (c) FIB cross-sectioning.
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Joule heating effect exacerbated the device failure by causing further 
delamination between the RDL and the PI dielectric layer (Fig. 7). High 
temperatures generated during device operation led to thermal expan
sion and mechanical stress, resulting in the detachment of the RDL from 
the underlying passivation layers. This delamination further contributed 
to electrical failure, as it disrupted the continuity of the metal in
terconnections [28].

SEM images show that craters and cracks are concentrated in high- 
stress regions, at depths of 15–35 μm, predominantly observed near 
gate and drain regions where electric fields are highest, whereas 
breakdown paths align along high-current regions between electrodes. 
To evaluate the elemental composition of the analyzed devices, a 
quantitative analysis of the energy dispersive X-ray spectroscopy (EDS) 

spectra was performed using an accelerating voltage of 14 kV. In Fig. 8
are shown EDS microanalyses of device architecture in damaged and 
unaffected layer regions. The EDS spectrum obviously showed the 
presence of Ga, Al and N elements together with those of some metal 
species (W, Ti etc.) assigned to DEG and contact ohmic parts. As shown 
in GaN device architecture (Fig. 5) and SEM images, the source and 
drain electrodes pierce through the top AlGaN layer to form an ohmic 
contact with the underlying 2DEG. This creates a short- circuit between 
the source and the drain until the 2DEG “pool” of electrons is depleted 
and the semi-insulating GaN crystal can block the flow of current.

By comparing the unaffected and failed devices, it emerges that the 
EDS estimated Ga/N ratio is higher than 7 and lower than 2 for the 
unaffected and damaged sites, respectively. It seems that the amount of 

Fig. 2. Operative configuration adopted to acquire SEM images in cross and the FIB working procedure.

Fig. 3. Cross section SEM image of the entire FIB cut region of the device. In red the region of interest to be investigated.

Fig. 4. A panoramic SEM image of a portion of the “failed” device.
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gallium with respect to nitrogen decreases. In addition, in some 
damaged regions, nitrogen was not detected, or its content is very low as 
well as the oxygen and titanium content increases, indicating that the 
underlying substrate is exposed. Specifically, EDS analyses show that the 

peak of the N element can be seen in the GaN area outside the channel 
and, in the damaged regions, the GaN stoichiometric ratio is not 
perfectly respected. Voids formed due to nitrogen escape during high 
electric field stress are typically sub-micrometer to several micrometers 

Fig. 5. GaN device architecture and their main components (top panel); SEM image at high resolution (bottom panel) in an unaffected region and correspond
ing details.

Fig. 6. SEM images on FIB cross section of the device in (a) unaffected and (b) failed regions with red rectangles identify the region where the drain, gate and source 
are located. For the details of regions A, B, C and D see text and Fig. 7.
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in size. These voids are also near breakdown regions where thermal and 
electrical stress is highest as reported in Ref. [29]. It can be assumed that 
under stress, defects and damage on the surface of the GaN material will 
form a leakage path, such as nitrogen vacancy-related shallow donors. 
The current density in the leakage path is very high, which results in a 
lot of heat. Therefore, when the temperature is high enough to decom
pose GaN, the N element escapes from the surface, and the Ga element is 
left in the leakage path, connecting the two electrodes together.

3.2. Raman Analysis

Fig. 9 shows representative Raman spectra of the failed device sub
jected to 1200 V at 140 ◦C. These spectra were recorded after the silicon 
substrate was removed and data were collected from both “unaffected” 
(position 1) and “damaged” (positions 2 to 5) regions.

In a few surface points, a Si TO mode signal at 521 cm− 1 was 

detected, suggesting that some remnants of the silicon substrate were 
still present [30]. The spectra also revealed characteristic GaN phonon 
modes, particularly the E2(high) mode at about 570 cm− 1, which is 
associated with atomic oscillations along the c-plane of GaN's wurtzite 
structure. This mode is sensitive to lattice strain elongations and is a key 
marker for detecting residual stress in GaN HEMT devices throughout 
the AlGaN/GaN heterostructure. Additionally, the A1 longitudinal op
tical (LO) mode at 470 cm− 1 was observed, which undergoes nearly 
elastic scattering through collisions with hot electrons in GaN HEMT 
channels. These collisions reduce the lifetime of LO phonons, as reported 
in the literature [31]. Subsequent Raman mapping was performed in the 
FIB cut region (154.1 μm × 84.58 μm) of the same device to further 
investigate the Raman changes at different architecture levels, such as 
the epitaxial layer. The Raman signal was collected from the entire de
vice structure, as illustrated in Fig. 10.

To make the process followed even clearer, Fig. 11 provides a 

Fig. 7. HR SEM images of the device above the metal contact sections and in the passivation region. Letters indicate the observed failure signatures described in 
the text.
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Fig. 8. SEM analysis on unaffected (a,b) and damaged regions (d,e) of the analyzed device; representative EDS spectra (c) and elemental composition (f) evaluated in 
the highlighted points.

Fig. 9. Representative Raman spectra of failed device after HTRB 1200 V 140 ◦C.

Fig. 10. (a) Operative configuration adopted to acquire Raman spectra in cross, (b) for probing the different layers of the device architecture, (c) FIB cut region made 
in the failed region, and (d) SEM image of the FIB region.
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panoramic SEM image of the failed device superimposed onto the optical 
image, showing the locations where Raman mapping data were ob
tained. Raman spectra from the GaN buffer layers (layers 3 and 4) pre
dominantly displayed the E2(high) and A1(LO) vibrational modes, 
centered at about 568 and 737 cm− 1, respectively (Fig. 11 bottom 
panels). Interestingly, the intensity of A1(TO) and E1(TO) bands from the 
AlGaN/GaN heterostructure, centered at 534 and 561 cm− 1 respec
tively, was significantly lower with respect to the other layers [31]. The 
observed changes are ascribed to the induced effects of an inhomoge
neous electric field distribution, which determines the cracks/fails 
coming from the epitaxy layer. These changes are clearly observed from 

SEM images but are also indirectly evidenced by Raman vibrational 
mode modifications and in good agreement with HTRB tests. We outline 
this concept in view of the fact that the Raman technique (apparently 
less intuitive) could be used routinely to detect device structural defects 
and in turn their damaged regions, even before more expensive tests are 
performed. In the future, an automated protocol for Raman data analysis 
could be developed for a large scale application.

To this purpose, the trends discussed below are more interesting. As 
shown in Fig. 12, the E2(high)/A1(LO) ratio exceeded the value of 3 in 
the GaN buffer layers, but in the damaged regions (positions 3 to 5), this 
ratio dropped to 1.5, indicating a deformation of the hexagonal wurtzite 

Fig. 11. Panoramic SEM image of the “failed” device, superimposed to the optical image in which the Raman mapping data were acquired (top panel), and the 
Raman data coming from the different layers and in different point along each layer in order to investigate both the unaffected and damaged regions (bottom panels).
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GaN structure, which is associated with reduced free-electron densities 
due to the absence of n-type dopants [32]. Further, at the device 
epitaxial layer (layer 2), the E2(high)/A1(LO) ratio remained below 2, 
although a slight increase was observed near the damaged regions 
(positions 3 to 5). This is noteworthy because the A1(LO) mode varies 
with carrier density due to strong coupling with plasmons and its polar 
nature, whereas the E2(high) mode is typically used to probe biaxial 
stress in GaN due to its non-polar behavior [33,34]. These observations 
suggest that the high electric field, and the consequent melting, altered 
the internal structural parameters of wurtzite GaN, beyond the macro
scopic strain induced by the short-circuit occurrence. This effect also 
impacted the doping homogeneity in the GaN drift layer (epilayer), 
which is essential for high-voltage GaN-based devices.

The decrease in the E2(high)/A1(LO) Raman intensity ratio in GaN 
layers of power devices can indeed reflect changes in carrier density. 
This relationship is based on the sensitivity of the A1(LO) mode to free 
carriers, as it is strongly coupled to plasmon-phonon interactions. A 
decrease in this ratio indicates an increase in carrier density because the 
A1(LO) mode becomes more prominent due to stronger coupling with 
free carriers. Conversely, a higher ratio suggests lower carrier density or 
reduced plasmon-phonon coupling. Theoretical models like plasmon- 
phonon coupling and empirical relationships between Raman intensity 
ratios and carrier densities provide a robust framework for interpreting 
changes in E2(high)/A1(LO) [35–37]. This coupling modifies the in
tensity, linewidth, and frequency of the A1(LO) mode, making it a sen
sitive indicator of carrier density. The relationship can be described 
using the dielectric function formalism, where the coupled modes are 
derived from the longitudinal dielectric response: 

ϵ(ω) = ϵ∞

(

1 −
ω2

L
ω2 − iγω −

ω2
p

ω2 − iγpω

)

where ϵ∞ is the high-frequency dielectric constant, ωL is the longitudinal 
optical phonon frequency, ωp = (ne2/m*ϵ0)1/2 represents the plasma 
frequency (depends on carrier density n), and γp is the damping con
stants for phonons and plasmons. As n (carrier density) increases, the 
plasma frequency (ωp) shifts, enhancing the Raman intensity of A1(LO). 
In detail, the E2(high) mode is a non-polar phonon mode that is unaf
fected by free carrier interactions. Its intensity remains relatively con
stant regardless of carrier density. Thus, changes in the E2(high)/A1(LO) 
ratio directly reflect variations in A₁(LO), which are tied to carrier 
density. The intensity of A₁(LO) increases with higher n, following 

plasmon-phonon coupling dynamics. Generally, the decrement of the 
E2(high)/A1(LO) ratio correlates with increasing carrier densities typi
cally ranging from 1016 to 1019cm− 3 [38,39]. Thus, monitoring changes 
in the E2(high)/A1(LO) ratio provides insights into carrier injection, 
depletion, or trapping under operation, and it helps identify regions with 
high carrier concentrations that may lead to hotspots or reliability is
sues. This makes Raman spectroscopy a valuable tool for evaluating and 
optimizing GaN power devices by providing non-destructive insights 
into carrier dynamics and material quality. Ultimately, by correlating 
Raman measurements with electrical performance, manufacturers can 
optimize doping levels and reduce defects that impact reliability.

Additionally, a systematic trend in Raman shifts and intensities was 
observed for the vibrational modes in the 500–600 cm− 1 range, 
including the E2(high), E1(TO), A1(TO) modes, and an oxygen-induced 
defect vibrational mode centered at around 544 cm− 1. Fig. 13 pro
vides an in-depth analysis of the Raman spectral profiles along the 
second layer (epitaxial layer) of the device, focusing on both unaffected 
and damaged regions. In Fig. 13(a), a 3D Raman spectral profile is 
shown, outlining the spectral differences as one moves from unaffected 
positions (1, 2, 6) to damaged positions (3, 4, 5). The variations in the 
Raman spectra are observed in terms of shifts and intensity. Fig. 13(b-d) 
presents the fitting of these Raman spectra using four Gaussian com
ponents within the spectral range of 480–620 cm− 1, corresponding to 
different positions in the device. Fig. 13(b) illustrates the fitting for an 
unaffected region (position 1), where the Raman spectrum appears more 
well-defined. In contrast, Fig. 13(c) shows the fitting for a failed region 
(position 5), where the spectrum is less defined due to the damage. 
Finally, Fig. 13(d) displays the spectrum from a partially unaffected 
region (position 6), where the features are intermediate between the 
unaffected and damaged areas. This analysis reveals that the vibrational 
modes, especially in the 500–600 cm− 1 range, exhibit clear shifts be
tween the different regions of the device, indicating structural changes.

Fitting parameters, including Raman shifts and intensity ratios of the 
GaN vibrational modes, followed well-defined trends (as seen in 
Fig. 14). In the damaged regions, the GaN material lattice exhibited 
compression, indicated by the increase in E1(TO) and E2(high) Raman 
shifts, consistent with literature data [40]. Moreover, the E2(high) mode 
is commonly used to estimate stress by using the equation σ = Δω/kR 
which relates the Raman shift (Δω) in cm− 1 to the stress (σ) in GPa while 
kR is the Raman stress factor which assumes values ranging from − 2.69 
cm− 1/GPa to − 2.9 cm− 1/GPa for the (0001) plane. In our case, referring 
to the spectra in the damaged region, Δω = 5 cm− 1, kR is assumed of 
− 2.9 cm− 1/GPa then σ = − 1.73 GPa indicating compressive stress [41]. 
A slight redshift of the GaN:O mode vibrational band was also observed. 
Furthermore, the A1(TO) mode, attributed to interface and quasi- 
confined phonons, showed an opposite trend compared to the E2(high) 
mode, providing further evidence of strain in the stressed device 
(Fig. 14).

The ratios between the intensities of the GaN modes along layer 2 
(Fig. 14b) showed that the A1(TO)/GaN and A1(TO)/E2(high) ratios 
decreased in the damaged region but increased as one moved away from 
it. Further analysis is needed to clarify these trends, particularly the 
transitions between different modes, which are correlated with elec
tronic transitions associated with DX-like center behavior of substitu
tional oxygen on nitrogen sites [42].

4. Conclusion

This study provides valuable insights into the physical failure modes 
of GaN power devices, based on experimental evidence and detailed 
analyses carried out by combining SEM imaging (with FIB) and Raman 
spectroscopy. The investigation reveals critical morphological changes 
and degradation mechanisms in GaN devices. Observed dark spots on 
device strips are indicative of thermo-migration, leading to localized 
damage. These spots are notably present on the grounded contact, 
underscoring the significant role of both high-power dissipation and 

Fig. 12. E2(high)/A1(LO) ratio for all the considered layers at the different 
positions. Positions 3 and 4 of layer 1, due to the device damage, show a 
completely altered spectrum (see Fig. 11) not allowing a deconvolution.
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current flow in device degradation. Micro-Raman analyses further 
highlight distortions in the wurtzite GaN crystal structure, particularly 
under the source-drain and gate metal regions. This distortion suggests 
that strain within the GaN chip contributes to the observed failures. The 
combination of thermal and electrical stresses induces semiconductor 
melting, leading to catastrophic device failure, as observed by over
stressing the device with the high voltage applied. Addressing these is
sues through improved design and material processing is crucial for 
enhancing the long-term reliability and efficiency of GaN-based power 
devices.

In summary, SEM data used to identify surface defects, dislocations, 

and cracks that can propagate under stress give useful indications to 
implement improved epitaxial growth techniques (e.g., MOCVD) to 
reduce threading dislocations and surface roughness, which are com
mon reliability issues in GaN devices. Raman spectroscopy detects re
sidual stress in GaN layers. So, stress could be minimized by optimizing 
substrate materials and buffer layers (e.g., AlGaN/AlN) in order to 
reduce strain-induced degradation. Moreover, the development of trap- 
free dielectrics and interfaces as well as the use of advanced passivation 
layers could be useful to mitigate charge trapping, which causes current 
collapse, to stabilize surface states and reduce trapping effects. In 
addition, in future the integration of protection circuits with GaN 

Fig. 13. (a) 3D Raman spectral profiles acquired along the second layer but in different positions and (b-d) Representative fitting profiles with four Gaussian 
components performed in the spectral region 480–620 cm− 1.

Fig. 14. Raman shifts trend along the layer 2 (a) and ratios between the intensity of GaN modes along the layer 2.
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HEMTs could be adopted to handle transient events like power surges or 
short circuits. The authors, taking into account the experimental data 
reported in this paper, suggest to use routinely Raman spectroscopy 
during stress tests to monitor real-time changes in stress or strain within 
the material. Implementing effective thermal management techniques, 
such as using micro-trench structures filled with high thermal conduc
tivity materials like copper, can help mitigate thermo-migration by 
reducing temperature gradients. Improving the design of metal in
terconnects and using materials with higher electromigration resistance 
can help mitigate these effects. Additionally, reducing current densities 
through better device design can also be beneficial as well as imple
menting efficient cooling systems, such as micro-trench structures or 
advanced packaging techniques, can reduce temperature gradients and 
mitigate thermo-migration effects.
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