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Sandia National Laboratories is a multimission
laboratory managed and operated by National
Technology & Engineering Solutions of Sandia,
LLC, a wholly owned subsidiary of Honeywell
International Inc., for the U.S. Department of
Energy’s National Nuclear Security
Administration under contract DE-NA0003525.
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Project Motivation and Goals
• Power electronic systems are a necessary interface between energy
storage systems and the electric grid
• Wide-bandgap semiconductors have material properties that make
them superior to silicon for power conversion applications
• Higher switching frequencies plus lower conduction and switching losses reduce the size and
complexity of power conversion systems, thus reducing the overall system cost
• However, questions remain regarding the performance and reliability of wide-bandgap materials
and devices, limiting their implementation

Program goal: Understand performance and reliability
of wide-bandgap power switches & how this impacts
circuit- and system-level performance and cost
➢ FY21 work focused on analysis of vertical GaN (v-GaN) power diodes subjected to hard switching stress
• Stress is intended to emulate diode operation in a power conversion system for integration of energy
storage into the grid

FY21

Program Historical Highlights
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Suggested reliability
improvements for
components, software,
and operation of
Silicon Power
Corporation's SolidState Current Limiter

Characterized and evaluated commercial
SiC MOSFETs, including the impacts of
bias, temperature, packaging, and AC
gate stress on reliability

Characterized
switching of
vertical GaN PiN
diodes using
double-pulse test
circuit

Created a physicsbased model for
GaN HEMTs linking
defect properties
to device design

Construction
and utilization
of hardswitching test
circuit for
diode reliability
evaluation

2009

Over 30 papers and
presentations through
the course of the project

Developed an easy to
use method that can be
used by circuit designers
to evaluate the
reliability of commercial
SiC MOSFETs
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Participated in
JEDEC WBG
reliability
working group

DIT (cm-2 eV-1)

Developed models for SiC threshold
voltage instability, and identified
the free-wheeling diode ideality
factor as a potential screening
metric for threshold voltage shifts

ID (A)

Developed and
documented a general
process for analyzing the
reliability of any power
electronics system
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ITRW Special Issue: Open Journal of Power
Electronics
◦ Seven published manuscripts - 2021
WiPDA 2021: ITRW Track
◦ Five accepted submissions
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Leading ITRW
materials and
devices
working group
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Electrically Active Defects in Vertical GaN Diodes have Significance
for High-Power and High-Temperature Energy Storage Applications
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Nd = 8.8 × 1015 cm-3

- Devices are grown by LP MOCVD on pseudo-bulk GaN
substrates by HPVE with low TDD of 104 – 106 cm-2.
- NH3 is used as precursor for MOCVD growth to suppress
compensating carbon.
- Arrhenius plots for the extracted DLTS peaks
demonstrate 3 defect energies: 0.6 eV (highest density),
0.27 meV (lowest density), and ~ 45 meV (most likely a
dopant level).
Tpeak@
2000s-1
Ea
Level
RW
(meV)
s (cm2)
NT (cm-3)

D1

351 K

593

0.8×10-17

1.2×1015

D2

30.5 K

47.9

2.2×10-16

-

-

-

-

D3
173 K
268.7 0.6×10-17
4×1013
TABLE I. Summary of defect energies, cross sections, and
densities for the DLTS defect peaks [1].
s = e-intercept/gn, where gn = 2(3kB/mn)1/2(2pmnkB/h2)3/2
NT = 2rNd(C/C0), where
r = [exp{ln(t1/t2)/(t2/t1 - 1)} - exp{ln(t1/t2)/(1 - t1/t2)}]-1.

-

[1] S. DasGupta et al., “Identification of the defect
dominating high temperature reverse leakage current in
vertical GaN power diodes through Deep Level Transient
Spectroscopy”, to be submitted to Appl. Phys. Lett.
(2021).

-

d(1/C2)/dV slope used to extract n- drift layer
doping, Nd = (2/q)/(d(A2/C2)/dV)
Nd = 8.8 × 1015 cm-3.
At low temperature, starting from ~ 30 K to ~
20 K, capacitance drops drastically to almost
zero, indicating carrier freeze-out dominating
the D2 DLTS peaks.
Low Ea and carrier freeze-out signature from
C-V characteristics consistent with D2 being
the donor level.
Arrhenius plots for reverse bias current in the
-1400 V to -800 V range from 323 K to 423 K
show the activation barrier is low at higher
voltages, but increases as voltage is reduced.
For reverse biases below 1000 V, the
activation barrier increase flattens out and
closely approaches ~ 0.6 eV (D1 Ea).
Combination of field and temperature
dependent elements of the effective
activation barrier indicates an effect like
Pool-Frenkel emission.
Combined analysis of DLTS spectra and
reverse bias currents over temperature in vGaN diodes indicates a predominant role of
the 0.6 eV defect in increasing reverse
leakage at high temperatures.

Identifying physical origins of the ~0.6 eV defect and
determining process vectors that reduce the density of the
defect during epitaxial growth are key to maximizing
performance of v-GaN in high power conversion.

Identifying the defects that play a key role in
efficiency reduction of WBG power devices holds the
key to realizing the capabilities promised by their
intrinsic material advantages. The connection
between defects and device performance
demonstrated here is key to improving widespread
energy integration of energy storage into the grid.

Performance and Reliability of Vertical GaN Diodes
in Practical Power Conversion Applications
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- v-GaN diodes studied in the previous slide are being
tested in power electronic converters for utility-scale
energy storage.
- Data obtained will inform new tools for design,
performance optimization, and online estimation of
remaining device lifetime.
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Fig. 1. Custom component assessment prototype.

- The system shown in Fig. 1 allows a user to define
specific stress patterns and mission profiles, and to
record internal state variables and performance data
during long-duration experiments.
- It consists of 1) a power entry with circuit protection,
2) PWM-controlled fans for DUT temperature
control, 3) an enclosure control board, 4) a
configurable load assembly, and 5) a DC-DC
converter with an on-board DSP control card.
- The DC-DC topology of Fig. 2 was previously selected
for 5), but due to this topology’s susceptibility to
inherent circuit parasitics, the stress pattern applied
to DUTs was not sufficiently controllable (Fig. 3).

Fig. 2. Half-bridge DC-DC converter.

Fig. 3. Experimental waveforms of the half-bridge converter of Fig.
2. Due to prototype parasitics, the overvoltage is about 80% of the
nominal level.

- The full-bridge voltage doubler topology of Fig. 4
was selected as a replacement due its simplicity
and flexibility. Diode voltages are clamped to the
output voltage when they are reverse biased,
avoiding problematic resonance and overshoot.
- The theoretical waveforms are shown in Fig. 5. The
voltage at the primary side vp is controlled by the
primary switches S1-S4, while the voltage at the
secondary side vs depends on the polarity of the
current ip thought the transformer. If ip does not
reach zero when vp is zero, the converter will
operate in continuous conduction mode (CCM).

Fig. 5. Theoretical operating waveforms of the full-bridge voltagedoubler DC-DC converter at CCM.

- This converter will always operate in the
discontinuous conduction mode of operation
(DCM) below a certain power threshold, which can
be selected by design.
- The power equation and the condition for CCM
can be derived as:
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Table I presents a summary of the design
specifications of the converter for stress testing of vGaN diodes. Figs. 6 and 7 show experimental results
of the converter operating under closed loop
conditions for a target output voltage of 800 V.
Table I. Summary of the Design Converter Specifications

Fig. 4. Full-bridge voltage-doubler DC-DC converter.

Fig. 6. Prototype full-bridge voltage doubler closed loop waveforms.

Fig. 7. Measured closed loop results for the full-bridge voltage
doubler converter.

The custom enclosure and converter designed for this
project will enable collection of device performance and
degradation data in practical operating conditions. These
data, alongside device-level defect characterizations, will
help build a comprehensive understanding of v-GaN and
other WBG power device performance and reliability.

