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Abstract—Device design and technology parameter dependent
critical voltage governing interaction of hot electrons with traps
in Carbon doped GaN buffer is reported in this work. A
mechanism controlling trapping of hot electrons in GaN buffer is
proposed corroborating well with the experimental observations.
Further, reliability of devices operating beyond critical voltage is
analyzed using post failure FESEM and gate leakage analysis.
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I. INTRODUCTION

Electroluminescence (EL) emissions from AlGaN/GaN
HEMTs have long been used to identify the presence of hot
electrons in the device [1]-[3]. EL images are useful indicator
of high electric field regions/ hot spots in the device and is an
important tool used by device designers to identify failure
modes in GaN HEMTs and to address hot electron triggered
reliability issue [4]-[6]. However, EL spectrum of AlGaN/GaN
HEMTs and its dependence on device design and technology
parameters is not well understood. In this work, we report use
of EL spectrum in identifying the critical drain stress voltage
required for interaction of channel electrons with acceptor traps
in GaN buffer and its dependence on lateral device parameters.
Based on the EL studies, the mechanism behind ionization of
acceptor traps in C-doped GaN buffer is proposed which
corroborates well with experimentally observed critical voltage
for interaction of hot electrons with buffer traps. Finally, post
failure SEM analysis is done to correlate interaction of hot
electrons with buffer traps and device failure.
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Fig. 1: (a) Device schematic of fabricated Schottky gated AlIGaN/GaN HEMT
on 600-V commercial grade GaN-on-Si epi-stack, (b) FESEM image of the top
view of the device indicating the source, drain and gate contacts.

II.  DEVICE DESIGN AND EXPERIMENTAL SETUP

The EL studies were carried out on AlGaN/GaN HEMT
devices fabricated on a 600-V commercial grade GaN stack
for power applications shown in Fig. 1. Measurements were
done using Horiba micro-Raman spectroscopy setup. A
confocal microscope was used to collect the EL signals
emanating from the device biased in semi-ON condition
(Vgs=Vmt1V). The signals were collected from a well-
defined spot of size ~1 um to obtain the spectral information
over a wavelength range of 350 nm to 850 nm.

III.  INTERACTION OF HOT ELECTRONS WITH BUFFER TRAPS

Fig. 2a depicts EL spectrum at the drain edge (DE) of the
device extracted for different drain voltages (Vps-siess). For
lower Vps.siess, the EL signal has a long Maxwellian tail-like
feature. With an increase in Vps.siess, EL signals show two
distinct trends- (1) it covers wide energy range, and
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Fig. 2: (a) EL spectra of a device extracted at drain pad edge indicates a critical voltage (V=140 V) beyond which defect related signals manifest in the EL spectra.
Arrows indicate defect-related signals manifesting as deviations from Maxwellian tail (shown as dotted line), (b) Comparative study of PL and EL spectra shows
yellow (YL) and blue luminescence (BL) bands for Vpssiess™> Ve, (€) EL line scan shows uniform intensity distribution between drain and gate field plate for Vpg.
stress™ Ver as well as Vs siress < Ver. Device dimensions are Lyp =4 pm & ti= 40 nm.
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Fig. 3: (a) EL spectra at drain edge for a device with thinner passivation shows a critical voltage (~120V) which is lower than that observed for the device with
thicker passivation (~140V). Negligible buffer defect signal is observed at the field plate edge. (b) EL line scan &, (c) Normalized EL line scan for the device depicts
a non-uniform profile with a shift in EL intensity peak from field plate edge to drain edge as Vpg_giess 18 increased beyond V,, indicating an extension of depletion
region up to the drain edge accompanied by an increase in EL intensity.
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I w Noise Flgor ™ depicts that devices with thinner passivation exhibit increased
Energy (V) Energy (eV) defect signal now appearing even at the FPE (Fig. 4b).

Fig. 4: EL spectrum extracted at (a) Drain edge, and (b) Field plate edge for

devices with different passivation thickness. With reduction in passivation IV. MECHANISMS GOVERNING BUFFER TRAP IONIZATION

thickness, an increase in EL intensity is seen with buffer defect signal BY HOT ELECTRONS

appearing at both the edges for sufficiently thinner passivation. Device . . . . . .

dimensions are Lgp= 9um & Lgp = 4um. Figs. 5 (a)-(d) depicts the mechanism governing interaction

of hot electrons with buffer traps. Presence of a threshold
(2) appearance of prominent signals with distinct peak in the energy for interaction of hot electrons with buffer traps is
energy ranges of ~2 eV-2.7 eV (Yellow luminescence) and  explained by considering negatively charged layer present near
~2.7 eV- 3.2 eV (Blue luminescence) which overlap with the  the GaN channel due to ionization of acceptor traps in C-doped
buffer related defect/trap transitions (Fig. 2b), signifying  region. The resulting electric field (Eyerica) prevents further
interaction of hot electrons with traps in GaN buffer. Further, trapping of channel electrons in the buffer traps (Fig. 5a) under
Fig. 2a highlights a critical Vps.siess (Vcr) beyond which hot  thermal equilibrium. An extension of depletion region up to DE
electrons interact with buffer traps. EL line scans along the enable highly energized hot electrons near DE to overcome
access region (Fig. 2c) depict uniform distribution of EL Everiical and interact with buffer traps, emitting buffer defect
intensity above and below V¢, indicating channel depletion up signal (Fig. 5b, Figs. 3a & 3c). Further, hot electrons under the
to the DE. V¢ is then defined by the threshold  FPE in devices with higher tp.i do not gain sufficient energy to
energy/concentration of hot electrons required for interaction  overcome Eyerica While those in devices with lower tpasi gain
with buffer traps. EL line scans for a device with thinner SiN sufficient energy to overcome Eyerical and interact with buffer
passivation depicts a non-uniform EL distribution with shift in ~ traps due to lateral and vertical extension of depletion region
EL peak from field plate edge (FPE) to DE (Figs. 3b & 3c) as  (Figs. 5c, 5d & 4b). Fig. 6 depicts an increase in V¢ as field
Vbs-siess 1S increased beyond Ve, indicating extension of  plate length is reduced or as tpssi is increased, which is in

Vs = Vgt 1V

Fig. 5: Schematic depicting proposed mechanism for interaction of hot electrons with buffer traps. (a) Condition where depletion region is confined near gate/field
plate edge and is not able to provide sufficient energy to hot electrons to cross-over the vertical barrier due to presence of ionized acceptor traps in C-doped GaN
buffer, (b) condition in which depletion region extends up to the drain edge giving sufficient energy to hot electrons near the drain edge to cross-over the vertical
barrier and interact with traps in deeper GaN buffer, (c) condition where presence of a thicker passivation layer doesn’t allow the depletion region to extend laterally
as well as vertically for electrons to gain sufficient energy to cross-over the vertical barrier, and (d) condition where reduction in passivation thickness extends
depletion region laterally as well as vertically beneath the field plate enabling capture of hot electrons in the deeper GaN buffer enabling buffer trap related EL
transitions.
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Fig. 6: Critical voltage as a function of device design parameters depicting
a higher critical voltage for devices with thicker passivation and shorter
field plate. Dotted line shows the projected values as the critical voltage for
these devices was not observed up to the measurement range of 200 V.

agreement with the above proposed mechanism.

V.

Fig. 7 depicts a drastic increase in gate leakage for
Vbs-stess > Ver which is an indicator of gate degradation. Fig.
8a indicates the presence of multiple cracks and pits (shown in
Fig. 8b) with localized failure in the gate-drain region.
However, the failure spot is rather moderate and extended in
the source pad. Such localized failure and formation of cracks
& pits in the gate-drain access region, visible in FESEM
images of the failed devices (Fig. 8a & 8b), suggest hot

IMPACT ON DEVICE RELIABILITY

Fig. 7: Gate current transients reveal a drastic increase in gate current as
stress voltage is increased beyond V.. This indicates device degradation as
hot electrons begin interaction with buffer traps. Inset shows the transient
evolution of drain current during semi-ON state stress.

Source Drain

electron induced failure. In order to investigate the effect of (a) Gate (®)
passivation thickness on the nature and extent of device
failure, FESEM images for a device with higher passivation Source  Gate Drain Drain

thickness (tpassi= 40 nm) were analyzed. Fig. 8c shows the
extent of failure in one such device. It can be seen that, the
density of cracks and pits are lower for devices with thicker
passivation, than that for devices with lower tpyssi. Further, Fig.
8d shows the pits and cracks in the gate-drain region for a
device having higher tp,si. A moderate device failure observed
for devices with higher ty.ssi as compared to devices with lower
tpassi, Which justifies the role of buffer interacting hot electrons
in device failure. It is imperative to highlight here that the
devices that failed during EL study had hot electrons
interacting with the buffer traps as seen from their EL spectra.

Fig. 8: FESEM of devices that failed during EL study: (a) Device with ty. =

20nm shows catastrophic failure in the gate finger and drain pads. (b)
Magnified view of the region A (marked in red circle in Fig. 8a) (¢) Failure in
HEMTSs with ty.si = 40nm is moderate with lower density of cracks and pits.

VI. CONCLUSION

With this work we have shown that EL spectrum of
AlGaN/GaN HEMTs exhibits typical defect peaks particular
to the buffer trap signals beyond a critical drain voltage. The
critical drain voltage was found to be dependent on (i) EL
intensity near the drain edge, (ii) lateral extent of depletion
region and (iii) vertical extent of depletion region beneath the
field plate. Device design and technology parameters were
found to affect the critical voltage, suggesting device design
for improved device reliability in presence of hot electrons.
Gate leakage was found to increase drastically post critical
stress voltage. Further, post failure device analysis revealed a
hot electron driven failure with formation of cracks and pits in
devices where buffer defect signal was prominent in the EL
spectrum.
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(d) Reduced pit and crack density in the failure spot at the gate-drain access
region for thicker tyqsi
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