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There is great interest in wide band-gap semiconductor devices and most recently in vertical GaN structures for
power electronic applications. In this paper initial reliability studies of vertical p–n diodes and vertical junction
field effect transistors fabricated on pseudo bulk low defect density (104 to 106 cm−2) GaN substrates are
discussed. Homoepitaxial MOCVD growth of GaN on its native substrate and being able to control the doping
in the drift layers in GaN has allowed the realization of vertical device architectures with drift layer thicknesses
of 6 to 40 μm and net carrier electron concentrations of 2 × 1015 to 2 × 1016 cm−3. This parameter range is suit-
able for applications requiring breakdown voltages of 1200 V to 5 kV with a proper edge termination strategy.
Measured devices demonstrate power device figure of merit of differential specific on-resistance (Rsp) of
2.8 mΩ-cm2 for a breakdown voltage of 4.1 kV. The improvement in the substrate quality over the last few
years has resulted in the fabrication of diodeswith areas as large as 16mm2, with breakdown voltages exceeding
1200 V, and pulsed (100 μs) currents of 100–400 A. Furthermore, impact ionization based avalanche breakdown
has been demonstrated in GaN for the first time due to the high quality of the crystals grown on the native
substrates. With these key demonstrations firmly in place, it is necessary to evaluate the reliability performance
of vertical GaN devices on bulk GaN substrates. The results of high temperature reverse bias (HTRB), high
temperature operating life (HTOL), temperature humidity bias (THB), temperature cycling (TC), and inductive
avalanche ruggedness tests conducted on vertical GaN devices packaged in standard power packages are report-
ed. It is observed that fundamental failure mechanisms are almost always traced back to the starting substrate
material quality, substrate miscut angle, and surface morphology post epi growth. No observation of Rds drift is
made for vertical diodes or transistors fabricated on bulk GaN substrates under the stress conditions mentioned
above once a suitable back metal and die attach process is developed.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Power electronics is the requisite interface between an electrical
source and a load. The source and load can differ in frequency, ampli-
tude, number of phases, andwhere voltages and currents are converted
from one form to another [1]. Some examples of power electronic
systems are a laptop charger converting 90–260 V AC power to
19 V–3.3 A DC power, a solar inverter converting 48 V DC power to AC
power for connection to the grid, and an electric vehicle (EV) drive
using 200 V DC battery power to drive a 650 V AC motor. The building
blocks comprising a power electronic system are power semiconductor
devices, gate drivers, and controller circuits. The power semiconductor
components of this system typically utilize silicon (Si) based diodes
and transistors (MOSFETs, IGBTs). The improved performance of
silicon-based power semiconductor devices over the years has resulted
in tremendous improvements in size, efficiency, weight, and power
density of systems. However, these devices are rapidly approaching
Reliability studies of vertical G
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the fundamentalmaterial limits of Si, resulting in an expansion of efforts
to develop alternatives in theway ofwide-bandgap power semiconduc-
tors including silicon carbide (SiC) and for gallium nitride (GaN) [2–6].

The interest in developing wide band-gap power electronic devices
is because the fundamental (material based) figure of merit parameters
for GaN and SiC is significantly better than Si. The desirable properties
associated with GaN are high bandgap energy and hence low intrinsic
carrier concentration, large electron mobility, saturation velocity, a
high critical breakdown electric field, and high thermal conductivity
[7,8]. The superior material properties of GaN have been known for
some time to be suitable for high power and high frequency devices.
Limitations to standard processing techniques such as selective area
doping and the lack of a high quality native oxide which has been
used in Si for decades have hindered the development of products
based on GaN. The necessity of growing GaN onmismatched substrates
such as sapphire, silicon, and silicon carbide has also created difficulties
for vertical device structures and resulted in high defect densities and
poor material quality.

SiC based Schottky diodes have been commercialized and are com-
monly used in applications that demand high efficiency. However, the
aN devices based on bulk GaN substrates, Microelectronics Reliability
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Table 1
Comparison of material growth and device fabrication.
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performance and reliability of lateral GaN-based devices have fallen
short of their potential. One possible reason for this is that GaN layers
grown on mismatched foreign substrates (e.g., Si, sapphire, or SiC)
have higher defect densities (N108 to 109 cm−2) and create difficulties
for realizing vertical device structures. Low defect density is important
in power devices because it can affect the performance characteristics
(e.g., breakdown voltage and off-state leakage current), yield, and
reliability (high temperature reverse bias and operating life, avalanche
ruggedness). For example, in GaN/InGaN lasers notable improvement
in performance and reliability has been demonstrated using low defect
density bulk GaN substrates [9,10]. It is generally accepted that lateral
device architectures are less well suited to power applications. In con-
trast, vertical structures are optimal for achieving higher breakdown
voltage and higher current devices without paralleling, suffer less
from thermal issues associated with surfaces/interfaces, and yield
more number of die on a wafer [11].

We have recently developed the necessary epitaxial growth and fab-
rication processes to take advantage of emerging low defect density
(104 to 2 × 106 cm−2) and high quality bulk GaN (2 to 4 in.) substrate
technology for the production of vertical power electronic diodes and
transistors. In the following sections, the results of reverse leakage
tests, high temperature reverse bias (HTRB), high temperature operat-
ing life (HTOL), temperature humidity bias (THB), temperature cycling
(TC), and inductive avalanche ruggedness tests conducted on vertical
GaNp–n diodes andHTRB for vertical JFET devices packaged in standard
power packages (TO 220) are reported.

2. GaN substrates, material growth, and device fabrication

Studies at Nichia and Sony established that the laser reliability was
critically dependent on the threading dislocation density (TDD); and
that a TDD b106 cm−2 was required for long-lived lasers [11,12]. This
TDD is 3 orders of magnitude lower than that of the GaN-on-sapphire
or GaN-on-SiC films used for light-emitting diodes. This can only be
achieved by localized dislocation filtering techniques such as epitaxial
lateral overgrowth (ELOG), or with using bulk GaN. However, it is
exceedingly difficult to grow bulk-GaN crystals in the traditional
manner from a liquid melt as very high nitrogen pressure is needed to
stabilize the material. Most commercial bulk-GaN substrates are de-
rived from thick crystallinefilms, grown byhydride vapor phase epitaxy
(HVPE) on non-native substrates, and subsequently removed from the
substrate. The TDD of these wafers is typically 106–107 cm−2; and
sophisticated dislocation–gettering techniques have been applied to
reduce TDD to 104 cm−2 over a limited area (~mm2). In the future, as
the substrate cost comes down, it is expected that bulk-GaN substrates
will become more widely adopted for large-area vertical devices, both
electronic and optoelectronic. These benefits of lower cost and im-
proved structural quality will accrue from advances in ammonothermal
bulk growth [12]. In the work presented here the bulk GaN substrates
used (from four different vendors) are manufactured using the HVPE
growth (pseudo-bulk) method.

The device structures were grown by low-pressure metalorganic
chemical vapor deposition (MOCVD) on bulk GaN substrates. The p-
type layers are doped with Mg, at a concentration of 2 × 1019 cm−3;
and a higher-doped layer at the surface for reduced contact resistance.
P-type material has been characterized by Hall measurements, which
indicate a room-temperature hole concentration of 4 × 1017 cm−3,
and a mobility of 12 cm2/V-s. The net doping in the drift region
(ND − NA) determines the resistivity in forward bias (conduction)
and the depletion depth in reverse bias (blocking). Consequently,
for kV-level operation net doping control in the n-type drift layer
in the range of 1015–1016 cm−3 is crucial.

In Table 1 the attributes of GaN-on-GaN is compared with GaN-on
non-native substrates. Plan-view cathode-luminescence (CL) imaging
reveals that the threading dislocation density in the films grown over
bulk GaN substrates is limited by the defect density in the substrate
Please cite this article as: I.C. Kizilyalli, et al., Reliability studies of vertical G
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and many orders of magnitude smaller compared with the material
grown on silicon, sapphire, or SiC substrates. Also, the ability to grow ar-
bitrarily thick drift layers (up to 40 μm) on native substrates allows the
realization of high voltage (N4 kV) vertical diodes and transistors.

Substrate orientation plays a significant role in the device perfor-
mance and reliability. A nominal c-orientation (0001), with slight incli-
nation toward them-plane is preferred, similar (but not identical) to the
case for near-UV LEDS and laser diodes grown on bulk c-oriented-GaN
substrates. For the case of on-axis growth, large hexagonal hillocks are
naturally formed during growth documented in [13]. Hillocks formed
by MOCVD epitaxial growth of GaN on an exact-(0001)-oriented bulk
GaN substrate are easily visible. These hillocks have been attributed to
spiral growth around a screw dislocation. By introducing a slightmiscut
of several tenths of a degree, the surface is made vicinal, with step edge
density proportional to the miscut angle. This increases the velocity of
the step-flow growth, overwhelming the spiral growth and thereby
producing a smooth surface as shown in Fig. 1.

Specifically, our GaN p–n diode testing revealed that the elimination
of these hillocks and surface morphology is mandatory for achieving
low reverse leakage currents at voltages larger than 500 V and passing
high temperature reverse bias (HTRB) reliability stress tests. Surface
preparation and MOCVD epi growth initiation are also found to be crit-
ical. Reliability and yield models based on accurate spatial mapping of
the surface morphology have been developed at Avogy and serve as
an effective screen pre- and post-processing of devices. The surface
morphology of the entire wafer is mapped out using an optical surface
profiler. Removing macroscopic tilt in the sample a surface roughness
parameter can be extracted. For example, in Fig. 1 substrates A and B,
wafer median value of this measure of roughness was N50 nm and
b20 nm, respectively. The strong effect of surface morphology on the
device reverse characteristics and failure in HTRB test is demonstrated
in the following section.
3. Reliability tests performed

In Table 2, the battery of reliability tests performed on product diode
(PD) lots is summarized. The time segment covers PD59 to PD77. Each
lot typically contains 3 full 2 inch wafers with about 800 diodes/wafer
rated at 10 A and 1200 V. The devices are thinned to about 6 mils and
housed in TO220 power packages. Unless stated otherwise the p–n
diode areas in this study are 0.72 mm2. Before reaching the level of pro-
cessmaturity and reliability shown in Table 2many failuremechanisms
were encountered and analyzed. The details are discussed below in the
subsections specific to the particular stress condition. Reliability studies
aN devices based on bulk GaN substrates, Microelectronics Reliability
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Fig. 1. Nomarski image of surface morphology observed on devices grown on GaN substrates. The image on the left demonstrates hillocks formed on the GaN surface in growth on low
miscut angle substrates. Devices fabricated using substrate B will consistently have lower reverse leakage currents and perform well under HTRB conditions. The images cover about
1 mm2 of GaN surface area. The white speckles are from back side reflection.
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such as the one shown in Table 2 are an on-going activity and feed into
the refinements in the substrate, growth, and fabrication process.

The reverse leakage current of the GaN p–n diode is brought into the
discussion because it relates to surfacemorphologywhich is found to be
highly correlated to the device failures under HTRB stress. Fig. 2 shows
the reverse leakage currents measured versus voltage on a wafer with
an un-optimized miscut angle. The reverse current of most p–n diodes
exhibits an increase at around 400–700 V, while, in a few diodes the
reverse current is still below 0.1 μA up to 1200 V. The yield to a reverse
leakage specification is less than 25% for this wafer. However, an obser-
vation was made that in the regions of the wafer where the 1000 V
reverse diode current is less than 1 μA (blue), the surface morphology
is smooth. Where the leakage currents exceed 100 μA (red) the surface
morphology is rough. The surface morphology was quantified and
correlated to the measured reverse diode current as shown in Fig. 3.
Table 2
Summary of reliability stress tests of product diodes.

Please cite this article as: I.C. Kizilyalli, et al., Reliability studies of vertical G
(2015), http://dx.doi.org/10.1016/j.microrel.2015.07.012
We find that to achieve IR b 1 μA the surface morphology needs to be
kept below 25 nm. This yield (and later found to be a reliability) prob-
lem was solved by instituting tight substrate specifications regarding
miscut angles [14] and surface preparation, along with epitaxial growth
initiation.

Reverse leakage yields improved significantly approaching 90% once
strict bulk GaN substrate specifications were put in place. It was also
noted that the reverse leakage in a p–n diode was not correlated to
the threading dislocation density (TDD). In Fig. 4 it is shown that low
IR can be achieved with substrates with TDD of 106 cm−2. Equally,
devices on substrates with low TDD (104 cm−2) can fail IR tests if the
substrate does not fulfill some of the other substrate criteria. The
authors do not have a microscopic description of this phenomena but
the results are general and common to all four substrate (HVPE
grown) vendors that were evaluated (and captured Fig. 4).
aN devices based on bulk GaN substrates, Microelectronics Reliability

http://dx.doi.org/10.1016/j.microrel.2015.07.012


Fig. 2.Overlaying all diode reverse I–V curves from awafer (left), wafermap (middle), and chip photos from the regions asmarked (right). (For interpretation of the references to color in
this figure, the reader is referred to the web version of this article.)
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High temperature reverse bias (HTRB) test on the p–n diodes is con-
ducted at 150 and 175 °C and 960 V reverse bias. Device forward resis-
tance, reverse leakage current, breakdown voltage, and forward voltage
at various diode currents are recorded at set time points. Failurewas de-
fined as a device drifting out of product specification or a catastrophic
event (short or open) took place. Once mechanical failures such as di-
electric delamination and metal lifting were solved by process integra-
tion methods the remaining failures were related to substrate and
epitaxial layer quality. Failure analysis methods used are top view
Nomarski microscopy, emission microscopy from the backside of the
wafer combined with focused ion beam cuts and SEM cross sections.
For example, Fig. 5 shows 3HTRB failures observed duringHTRB testing.
Failure analysis identified the culprit as hillocks in this case. HTRB stress
test failures were mostly eliminated by instituting strict substrate spec-
ifications. Remaining few problematic die can be screened out by visual
inspections and using electricalmeasurements atwafer level looking for
the anomalous increase in reverse current at higher reverse bias
voltages (described above). All four substrate vendors that we evaluat-
ed eventually providedmaterial thatwere used tomake p–ndiodes that
routinely passedHTRB stress tests at 150 and 175 °C to 1000–2500 h. An
interesting fact is that the threading dislocation density (TDD) in the
range of 104 cm−2–106 cm−2, at least to first order did not seem to af-
fect the HTRB stress test outcome provided that hillocks and surface
morphology were eliminated.

Temperature humidity bias (HTB) tests challenge the hermetic
properties of the die and the package. Initial experiments showed a
few failures at 850 h due to delamination caused by water ingress
Fig. 3. Reverse diode current versus surface morphology.
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from the edge of the die. The tests were repeated after some develop-
ment work on the encapsulation dielectric layer. Subsequent tests
showed no failures.

Temperature cycling tests evaluate the quality of the die attach.
Quite some work was done to optimize the back ohmic metal stack to
the n + GaN substrate and the die attach process. After going through
multiple learning cycles a solution was identified and temperature
cycling test was passed. Using this developed back metal stack and die
attach process the p–n diodes also held up to current densities exceed-
ing 2.5 kA/cm2 pulsed and 600 A/cm2 DC.

In high temperature operating life (HTOL) test the p–n junction is
forwardbiased and thedevice self-heats to thedesired junction temper-
ature. A preliminary on wafer test showed that the devices were robust
to junction temperatures up to 275 °Cwhile being stressed at 20 kA/cm2

as shown in Fig. 6. Note that the device forward stress voltage does not
shift over time with stress. This result (no shift in forward characteris-
tics) was later verified on packaged product diodes after a significant
development effort in the back metal and die attach process was
made. For example, early on we found that using conductive epoxies
as a die attach material resulted in degradation of the epoxy due
exposure to UV light generated by the forward biased p–n junction
and gradual increase in the packaged device resistance. Also, certain
back metal stacks degraded over time during HTOL tests, resulting in
large shifts in forward resistance.

Once these “extrinsic” problems were tackled, it was observed that
while the device was being stressed in the forward direction (forward
biased p–n junction) full characterization at read points showed that
Fig. 4. Reverse current yield of 16,000 diodes with varying substrate specifications and
TDD parameter.

aN devices based on bulk GaN substrates, Microelectronics Reliability
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Fig. 6. On-wafer constant current stressing of a small (100 μm diameter) p–n diode.

Fig. 5. t=0 versus 1000h, 150 °C and 960 VHTRB fails. Breakdownvoltage and resistance data are taken from6wafers. All three fails came from the samewafer. Failure analysis identified
hillocks as the culprit.

Fig. 7. Under HTOL stress substrate I (left) demonstrates increase in IR while substrate II does not.
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Fig. 8. Avalanche test circuit. D1/D2 are Schottky diodes, X1 is the switch controlled by an
external pulse generator. L is the load inductor and the DUT is the device under test.
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the device reverse leakage currents were increasing for some of the
wafer lots, with no change observed in the forward direction. In this
case the devices fabricated on lower TDD substrate fared much better
while two out of the three substrate types with TDD of 106 cm−2 have
failure rates of 100%. We also note that the failure mechanism is not
temperature activated but more related to “accumulated stress charge”.
Fig. 7 shows the reverse leakage increase over time with forward stress
currents of 1 mA to 400 mA (essentially no heating) for substrate I,
Fig. 9. Normal avalan

Fig. 10. Destructive ava
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while substrate II survives theHTOL stress test at a higher forward stress
current (2 A). None of the extensive failure analysis has been conclusive
as to the reasons of this type of aging behavior.

3.1. Avalanche ruggedness of p–n diodes

Contrary to common belief there is avalanche multiplication based
on impact ionization in high quality GaN p–n junctions. This was
previously demonstrated and documented by the authors [15,16].
Here we present avalanche testing done on a custom built unclamped
inductive switching (UIS) test setup whose schematic is shown in
Fig. 8. The device under test is a 0.36 mm2 active area p–n diode with
a breakdown voltage of 1200 V housed in a TO220 package.

Fig. 9 shows the resulting avalanche currentwaveformon theDUT in
red and the avalanche voltage waveform in yellow. For this particular
device and pulse condition, the peak current was 8 A. In Fig. 9, it can
be observed that the reverse voltage exhibits an increase while the re-
verse current is decreasing. The physical mechanism that is causing
the reserve voltage to increase while the reverse current is decreasing
che waveform.

lanche waveform.

aN devices based on bulk GaN substrates, Microelectronics Reliability
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Fig. 11. Number of devices surviving after each step-stress level. “0” indicates the incom-
ing population.

Fig. 13. Reverse current at 600 V (Ir_600V) of devices failing at each step-stress level.
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is under investigation. At this time we attribute this increase in the de-
vice voltage to the heating of the device as a result of energy
deposited within the active region. In Fig. 9 the purple waveform is
the instantaneous power on the device calculated by the multiplication
of the voltage and current. As can be seen, the peak-power is about
10 kW, corresponding to an area-normalized power dissipation of
2.8 MW/cm2. The energy dissipated on the device can be extracted
from an integration of the power waveform.

Fig. 10 shows an avalanche waveform that resulted in the destruc-
tion of the device. As can be seen in Fig. 10 the destruction occurs not
at the point of peak power, but in themiddle of pulse after some energy
is deposited in the device.

To investigate the avalanche ruggedness of the GaN p–n diode, re-
petitive avalanche testing was performed by periodically applying a
fixed avalanche current to the device for 105 times at 5 kHz frequency.
In order to test the limits of repetitive avalanche ruggedness, the repet-
itive avalanche current was increased in a step stress manner after each
set of 105 pulses. For this test, devices were individually mounted to a
forced air cooled heat-sink. Parametric testing of the devices was per-
formed on incoming devices and after each step of repetitive avalanche
testing. Fig. 11 shows the number of parts that survive each test step. As
can be seen, there are a number of devices failing at small repetitive
avalanche currents despite the fact that the median current that can
be handled (with 100 μH inductor)wasmore than 9A. The early failures
during repetitive testing are attributed to the thermal load induced on
the device by the average power dissipation.

Statistics of the reverse current, on-resistance and forward voltage of
the devices surviving each stress step are shown in Fig. 12. In Fig. 12, it is
Fig. 12.Distribution andbox plot for of (a) reverse current at a reverse bias of 600 V (Ir_600V), (b
for devices surviving after each repetitive avalanche stress step. “0A” indicates incoming popula
cating the 10%, 25%, 50%, 75%, and 90% quantiles.
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seen that the devices with higher leakages are getting eliminated at
smaller stress currents during the step-stress test. This behavior is also
evident from the distribution of devices failing at each stress step
shown in Fig. 13. A careful study of Fig. 13 shows that the devices with
higher leakage have a higher probability of elimination. However, the
ON-resistance and forward-voltage of the devices surviving each step
(shown in Fig. 12b, and c) are not an indicator of preferential
elimination.

3.2. Preliminary reliability results for vertical FETs

Lastly, the aging characteristics of normally-on vertical JFETs are
discussed under HTRB conditions. The device structure is very similar
to the one published previously [17] except that the channel doping
and thickness are such that the device has a negative threshold. The cu-
mulative plots shown in Fig. 14 compare the distributions for threshold
voltage, drain-source on-resistance, and forward drain current before
and after 788 h of stress. Early device failures have been excluded
from the distribution. As expected from vertical structures fabricated
on bulk GaN substrates no shift is observed in these parameters due to
the lack of mismatched interfaces and sensitivity to surfaces [18].

4. Conclusions

Vertical diode and transistor structures fabricated on bulk GaN sub-
strates are emerging as a new frontier in power electronics. Thematerial
system certainly shows promise for applications requiring breakdown
voltages larger than 900 V to 5 kV (and above). This paper is a first
) ON-resistance (Ron), and (c) forward voltage at forward current of 100 nA (Vfm_100nA)
tion. The box-plot shows the reverse current for individual devices and the box-plot indi-

aN devices based on bulk GaN substrates, Microelectronics Reliability
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Fig. 14. Cumulative plots for critical transistor parameters before and after HTRB stress.
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attempt at highlighting some of the reliability issues that were encoun-
tered by the authors in the last few years. In some cases these issues
were understood and solved, while there were cases the problem was
bypasses through device design. Clearly much more work is needed to
elucidate all of the degradation mechanisms that are unique to this
material system and unique to implementing vertical architectures.
The authors believe that the key problems will be resolved as the
substrate technology matures, epitaxial growth on these substrates is
further optimized, and real bulk GaN wafers become readily available.
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