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Wide Bandgap Semiconductor Reliability
and Material Defects

Aris Christou

Department of Materials Science and Engineering,
University of Maryland, College Park, MD

Contact information: christou@umd.edu; phone 1 301 405-5208; christou.umd.edu

BIOGRAPHY

Professor Christou’s technical contributions encompass the development of materials
surface and interface science and methodologies for achieving reliable high frequency
devices, power electronic devices and circuits. Professor Christou’s contributions
established the critical relationships which exist between materials, materials surfaces and
interfaces, process science, and reliability. His developed “Failure Physics” approach to
the design and manufacture of compound semiconductor devices and circuits has been
critical in achieving low cost-high yield commercial products. He has authored four
books and has been the editor of three others. Dr. Christou has more than 200
publications in archival journals and 12 patents, and has organized international
conferences in Compound Semiconductor devices, materials and reliability.

TECHNICAL ABSTRACT

The state-of-the-art power switching devices made from SiC and GaN semiconductors contain a high
density of crystal defects. Most of these defects are present in starting wafers and some are generated
during device processing. There is little conclusive evidence so far on the exact role that the crystal defects
paly on device performance, manufacturing yield, and more importantly, long-term field-reliability
especially when devices are operating under extreme stressful environments. This paper provides a review
of the current state-of-the-art of SiC and GaN power semiconductor material technology, and the potential
impact crystal defects may have on high-density power switching electronics. SiC defects include basal
plane dislocations (BPDs), threading screw dislocations (TSDs) and threading edge dislocations (TEDs).
The detrimental influence of BPDs on device performance is generally acknowledged and much effort has
been devoted to the reduction of their density [1]. On the other hand, it is believed that TSDs and TEDs that
thread into the epilayers are relatively benign with respect to short-term device performance. However,
there is evidence that these latter defects have a significant impact on long-term device reliability [2],
however, little is known about the behavior of these defects under high voltage testing. 1t is therefore of
great importance to investigate ways to reduce the impact of these defects on device performance and
reliability.

It is well known that III-N materials suffer from both extended and point defects, each of which will
challenge the material’s use in energy applications. Extended defects include vertical threading dislocations
of both edge and screw type. The latter defects have been shown to be correlated with leakage in vertical
two-terminal device structures, while the influence of the former is still undetermined and remains a critical
research issue. These extended defects occur in all epitaxial layers grown on c-plane substrates (the
predominant and largest area substrate type) and are the result of the lack of a high quality substrate bulk
material, as well as substrate surface. Even in the best current substrate technology, low-defect seeds are
scarce. Point defects influence the background carrier concentration in low-doped layers and various
recombination processes. The nature of III-N materials makes nitrogen-vacancies a predominant point



defect that automatically dopes the crystal n-type; but there are impurities (oxygen and carbon) from most
growth environments that also contribute to conductivity. These defects are not well understood and not
well controlled. Such defects must be minimized so as to realize drift regions that will support both high
blocking voltages and low ON-state resistances.

The recent advances of AlGaN/GaN HEMTs grown on Si for addressing the needs of the power electronics
market in the 0-900 V range have indicated that GaN on Si may be the most cost effective solution. The
main problem with this technology is the large lattice and thermal mismatch between Si and IlI-nitride
layers, which result in several electrically active defects affecting both device performance and reliability.
Furukawa Electric initially reported that to increase breakdown voltage it is necessary to compensate the
GaN buffer layer by using p-type dopants. Such an approach allowed Furukawa to report a breakdown
voltage as high as 525 V with a low specific on resistance. This investigation, using elaborate buffer layer
configurations did show the direct relationship between threading dislocation density and breakdown
voltage. These results and our present investigations show that to achieve a high breakdown voltage, thick
buffer layers and carefully designed structures are required. However the growth of thick buffer layers
either by MOCVD or MBE is challenging due to both the thermal mismatch as well as the lattice mismatch.
The previous investigations on the reliability physics of GaN have identified strain related traps originating
at the GaN/SiC as well as the GaN/Si substrate interface.

The presence of mismatch in lattice parameter and coefficient of thermal expansion between GaN on
common substrates like Al,O;, SiC, and (111) Si results in a variety of defects that adversely affect device
performance. Among the potential defects, threading dislocations (TDs) are the primary defects seen in
GaN epitaxial layers. These dislocations can be categorized as pure edge dislocations, pure screw

dislocations, or mixed dislocations. Edge dislocations, defined by the Burgers vector Eedge = § <1120 >,
run parallel to the basal (c-) plane of the wurtzite GaN structure. Screw dislocations are defined by a

Burgers vector l;screw =< 0001 > and run perpendicular to the GaN basal plane/parallel to the c-axis.
While dislocations have been observed in all heteroepitaxially grown GaN films, TDs are especially
prevalent in GaN on (111) Si substrates. The GaN-(111) Si lattice parameter mismatch (=17%) and
coefficient of thermal expansion mismatch (=56%) are significantly larger than the mismatch with SiC or
AlO; substrates, leading to the introduction of greater tensile stresses in the GaN layer during and after
growth at elevated temperatures. The lattice strain and thus dislocation density are much higher at the
GaN/buffer layer interface than at the upper surface of the GaN film. Due to the merger of screw
dislocation as the distance from the substrate/buffer layer increases, increasing film thickness leads to an
overall reduction in defect density. In addition, the screw dislocation reduction leads to edge dislocations
becoming the dominant defect near the surfaces of GaN films.

REFERENCES
[1] Avionics Integrity Program (AVIP), MIL-STD-1796A (USAF), October 13, 2011.

[2] K. Shenai, R. S. Scott and B. J. Baliga, “Optimum semiconductors for high-power electronics,” IEEE Trans.
Electron Devices, vol. 36, no. 9, pp. 1811-1823, Sept. 1989.



In-situ TEM studies:

A bright future for wide-bandgap semiconductors?
John Cumings®

"Department of Materials Science and Engineering, University of Maryland, College Park, MD, 20742-2115

Main author’s contact info: cumings@umd.edu; phone 1 301 405-0789; http://terpconnect.umd.edu/~cumings/

BIOGRAPHY

John Cumings received his BS in 1997 from Boston University and his PhD in 2002
from UC Berkeley. After holding a postdoctoral research position at Stanford University,
he joined the faculty of the Department Materials Science and Engineering at the
University of Maryland in 2005, and was promoted to Associate Professor in 2012.
Cumings has received several awards for his work, including an IBM graduate research
fellowship, an NSF CAREER award, and the A. James Clark School of Engineering's
Junior Faculty Outstanding Research Award. His research is in the area of nanomaterials
and in situ transmission electron microscopy, and he has published more than 50 research
articles on the topic.

TECHNICAL ABSTRACT

In the past 15 years, there have emerged a large set of home-grown and commercially-available tools for conducting
experiments inside transmission electron microscopes (TEMs), during the application of a growing set of applied stimuli.
From the outset, such studies have focused on the ability to apply strain or heat to small structures, while observing for
structural changes. Such capabilities have grown to include electric and magnetic fields, gaseous environments, and
light illumination conditions, among other stimuli. This presents a fertile area in which one can imagine many possible
studies to push the forefront of science and engineering for wide bandgap devices. The simplest of experimental
opportunities might focus on the influence of large current densities, which are known to induce a host of structural
changes, some of which may alter performance, while others may not. If such studies could be coupled with high-
resolution cathodoluminescence studies, it could be determined which defects are giving rise to non-radiative
recombination in these devices, as well as the defects for which non-radiative recombination appears to be uninfluenced.
Also, electron energy-loss spectroscopy (EELS) may give information about bandgap (from plasmon generation) and
photonic density of states (from the low-loss spectrum), both of which my give detailed information about the
heterogeneity and light-efficiency of devices. Put together, there are a number of opportunities for future in-situ work in
wide-bandgap devices, and my presentation will give some background and lay out some possible paths forward in the
near-term.

Keywords: in-situ, TEM, electron microscopy, EELS, cathodoluminscence



Selective HVPE growth of GaN core/shell pillar arrays on Si substrate
Albert Davydov!, Sergiy Krylyuk!?, Ratan Debnath!, Jong-Yoon Ha!?, Baomei Wen'!, Mathew King®
and Abhishek Motayed'-

"Materials Science and Engineering Division, National Institute of Standards and Technology,

Gaithersburg, MD 20878

Institute for Research in Electronics and Applied Physics, University of Maryland, College Park, MD 20742
SNorthrop Grumman ES, Linthicum, MD 21090

Main author’s contact info: davydov(@nist.gov; phone 1 301 975-4916; http://www.ctcms.nist.gov/~davydov/
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Albert Davydov is a Staff Member of the National Institute for Standards and
Technology. He received his Ph.D. in Chemistry from Moscow State University (Russia)
in 1989. He was an Assistant Professor of Chemistry at Moscow State University (1989-
1993), an Invited Researcher at the University of Sheffield, UK (1992-1993), a Research
Scientist at the University of Florida (1993-1997), and a NIST Research Associate at the
University of Maryland (1997-2005).

He joined NIST fulltime in 2005 and is now active in the area of semiconductor thin
films, nanowires and 2D materials and devices. He is presently a Group Leader of the
Functional Nanostructured Materials Group and a Project Leader on “Low-dimensional
semiconductors for sensors, optoelectronics and energy applications” at the Materials
Science & Engineering Division at Material Metrology Laboratory at NIST.

Dr. Davydov has more than 25+ years of experience and 100+ publications related to growth of bulk crystals,
deposition of thin films, and the fabrication, characterization, and processing of a wide range of nanostructured electronic
and optical materials. He is also involved in thermodynamic modeling of phase diagrams for metal/semiconductor systems.

He is a Head of the Semiconductor Task Group for the International Centre for Diffraction Data, Co-chair of the
Reference Materials Task Group at ASTM Subcommittee on Compound Semiconductors, leader of the review panel for
the NSF-NRI program on “Nanoelectronics for 2020 and Beyond”, and an Associate Editor of the Journal of Mining and
Metallurgy.

TECHNICAL ABSTRACT

GaN-based core-shell nanowires have gained significant attention in recent years due to their potential use in
electronics, optoelectronics, sensing and energy. These structures show significant benefits including large active surface
area, reduced density of structural defects, greater carrier confinement, enhanced light extraction etc. This talk discusses
design and fabrication of periodic arrays of vertically aligned GaN core/shell micro- and nano-pillar arrays, realized with
a combination of top-down etch and Halide Vapor Phase Epitaxy (HVPE) overgrowth.

First, ICP and wet etch of lithographically patterned GaN-on-Si epilayers produced a regular array of n-GaN micro-
and nano-scale pillars on the (111) Si substrate (Fig. 1a). Then, the selective HVPE growth was applied to fabricate n- and
p-type epitaxial shells over the etched pillars to complete the core/shell design (Fig. 1b). Optimization of both etching and
HVPE resulted in reduction of dislocation density in the GaN shells (Fig. 2) aimed at improving transport and optical
properties of these device platforms.

Control of faceting in the HVPE-grown shells produced core/shell pillars shaped as a) truncated hexagonal pyramids
with the {1101} semi-polar sidewalls, or b) hexagonal prisms with the {1100} non-polar sidewalls. XRD, TEM, PL, CL
and Raman scattering measurements revealed improved crystal quality of GaN shells as well as significant strain
relaxation.

Strategies toward fabricating 3D GaN-on-Si micro-/nano-structures for large-area LEDs, field emitters, and
photodetectors (Fig. 3) will also be discussed.

Keywords: HVPE, dry etch, selective epitaxy, semipolar and non-polar GaN planes
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Fig. 1 SEM images of core/shell GaN pillars: a) array of n-GaN pillars produced by
ICP etching; b) p-type shells grown by HVPE over the n-type pillars (false colors,
light-red for n-GaN and light-green for p-GaN, are used for clarity to distinguish

between n- and p-type materials.

Fig. 2 Cross-section TEM of an
individual core/shell GaN pillar (false
colorized for clarity). Dislocation
density in the core (red colorized) is
significantly higher as compared to
nearly dislocation-free shell (green
colorized)

Fig. 3 Cross-section SEM of a core/shell/shell p-i-n pillar array
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Theoretical and Experimental Identification of Point Defects in GaN

Denis O. Demchenko and Michael A. Reshchikov
Department of Physics, Virginia Commonwealth University, 701 W Grace St, Richmond, VA, USA 23220

Main author’s contact info: ddemchenko@vcu.edu; phone 1 804 828-7077
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Denis O. Demchenko: received M.S. degree in physics from Odessa State
University (Ukraine) in 2006, working on photoluminescence properties of porous
silicon. Received Ph.D. degree in Materials Science from South Dakota School of
Mines and Technology in 2002, worked on theoretical calculations of spin-
dependent transport in semiconductor heterostructures. From 2002 to 2005,
postdoctoral fellow at the department of physics at Georgetown University, working
on first principles and many-body calculations of magnetic and strongly correlated
materials. From 2005 to 2008, postdoctoral fellow at Lawrence Berkeley National
Laboratory, work focused on calculations of semiconductor quantum dots and
nanowires. In 2008, joined the Department of Physics at Virgina Commonwealth
University as an assistant professor.

TECHNICAL ABSTRACT

Gallium nitride (GaN) is a promising material for high-power/high-frequency electronics. In particular, thick GaN
layers on sapphire substrates and freestanding GaN, grown by hydride vapor phase epitaxy (HVPE), are expected to
have very high breakdown voltage due to a low density of defects in this material. Therefore characterization and control
of point defects is crucial for the quality of the material. In many cases point defects in GaN create deep levels in the
bandgap, causing numerous photoluminescence (PL) bands of variety of colors and intensities. Nevertheless, in spite of
the importance of the defects for the practical applications, majority of the point defects in GaN that are responsible for
broad photoluminescence bands remain unidentified.

It has been recently shown that novel hybrid functional calculations yield accurate thermodynamic and optical
transition levels created by point defects. This allows direct comparison of experimentally measured PL spectra with
calculations of optical properties of defects, thus allowing their identification. Here we demonstrate an example of the
identification of the point defects by comparison of the hybrid functional calculations and experimental PL
measurements, using a case of yellow luminescence (YL) and green luminescence (GL) in GaN.

In photoluminescence (PL) studies of high-quality freestanding GaN grown by HVPE, the YL band with a
maximum at about 2.2 eV and the green luminescence (GL) band with a maximum at about 2.4 eV are the dominant
defect-related PL bands.' Previously, the YL and GL bands were attributed to transitions of electrons from the
conduction band to the 2—/— and —/0 transition levels, respectively, of the V,Ox complex.” However, according to
recent hybrid density functional calculations, the PL band caused by transitions of electrons from the conduction band to
the 2—/— level of Vg,On is expected to have a maximum at 1.4 eV; i.e., in the infrared region.3 Moreover, the
exponential decay of the GL band at low temperatures was explained with the assumption that the GL band is caused by
transitions of electrons from an excited state, located very close to the conduction band minimum (CBM), to the —/0
level of the Vg,On acceptor.1 However, such an assumption is not well justified. Indeed, an excited state close to the
conduction band is possible for a positively charged deep donor, whereas the V5,0n acceptor does not have donor-like
excited states. Thus, a revision of the attribution for the GL band in GaN is needed.

Regarding the YL band, two assignments have been recently suggested based on modern first principles
calculations. Lyons ez al.* attributed the YL band to the Cy defect, whereas Demchenko ef al.’ proposed that the YL
band is caused by the CyOyn complex. The CyOy complex is a deep donor with the 0/+ level at 0.75 eV above the
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Figure 1. Schematic band diagram with theoretically predicted
transition levels for the CyOy complex and the isolated Cy
defect. Calculations show that the CyOy complex forms the
0/+ transition level in the bandgap, while Cy forms two
transition levels: —/0 and 0/+. The CyOy complex is expected
to generate only the YL band. The Cy defect can generate the
YL band and an additional, higher energy band after the YL is
saturated.

valence band maximum (VBM). The Cy defect in GaN is a
deep acceptor with the —/0 level at 0.9-1.1 eV above the
VBM. The schematic band diagram including these
thermodynamic transition levels is shown in Fig.1.

In addition to the acceptor —/0 level of Cy, calculations
have predicted the existence of the 0/+ level for this defect at
0.43 eV above the VBM.’ Since the —/0 level of Cy and the
0/+ level of CyOy have similar energies, it is possible that
both the Cy and CyOy defects produce YL bands with similar
shapes and positions (Fig. 1). However, due to the difference
in their electronic structure, these defects can be distinguished
through the study of the effect of excitation intensity on the
PL spectrum. Indeed, it is expected that the Cy acceptors in n-
type GaN can be saturated with holes (causing saturation of
the YL band intensity), and at higher excitation intensities the
defects will begin to capture an additional hole.
Subsequently, transitions of electrons from the conduction
band to the 0/+ level of Cy will cause a “secondary” PL band,
which peaks at higher photon energies (Fig. 1). In contrast,
there is only one optically active transition level for the CxOy
complex in the bandgap of GaN. A second level, +/2+ is
predicted to be very close to the valence band (Fig. 1), and
will act as a repulsive center for holes. Therefore the

saturation of the CyOn—related YL band will not be followed by the emergence of another PL band at higher photon
energies. This important distinction between the two defects should allow reliable attribution of the YL band to either Cy
or C\Oy;, depending on the existence of the secondary band.

In this work, by combining hybrid functional calculations with experimental measurements of a number of samples,
we conclude that the GL band with a maximum at 2.4 eV, is caused by electron transitions via the 0/+ level of the Cy
defect. The PL bands associated with the Cy and CyOy defects can both be called YL bands since they have only slightly
different positions of their maxima. It appears that in a majority of GaN samples, the CxOyn complex is responsible for
the YL band. The Cy defect can be revealed through the observation of the secondary (GL) band only in high-quality
GaN grown by HVPE technique. Thus, computed electronic properties of point defects obtained using hybrid functional
approach coupled with PL measurements allow reliable identification of defects.

Keywords: GaN, luminescence, point defects
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Modeling the Excited State of Carbon Vacancy Defect in 4H-SiC

Elif Ertekin®, Bengt G. Svensson®, Krishna Shenai®
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"Dept. of Physics/Centre for Material Science & Nanotechnology, University of Oslo, Oslo (Norway);
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Elif Ertekin: Elif Ertekin is an Assistant Professor in the Department of Mechanical
Science and Engineering at the University of Illinois, Urbana-Champaign, Illinois.
She received the BS degree in Mathematics and the BS degree in Engineering Science
and Mechanics from The Pennsylvania State University, and a PhD degree in Materials
Science and Engineering from The University of California, Berkeley, CA. She was a
post-doctoral associate at the Berkeley Nanoscience and Nanotechnology Institute and
in the Materials Science Department at the Massachusetts Institute of Technology. Her
research interests are focused on computational modeling and simulation for atomic-
scale design of materials for sustainable energy generation, conversion, and storage.
Her work focuses on understanding the bulk and defect properties of semiconductors
for photovoltaics and other applications, via first-principles simulation methods such
as the density functional theory and quantum Monte Carlo methods.

TECHNICAL ABSTRACT

For the development and commercial deployment of wide band gap (WBG) semiconductor power devices
based on 4H-SiC, one of the most severe shortcomings in need of immediate attention is the influence of
point defects that degrade device performance and reliability. In particular, the response of defects to
stressful operating conditions such as high-level carrier injection and rapid switching are not well
characterized and understood. However, the excited state of point defects probably plays a critical role in
performance and reliability degradation. Through extensive experimental characterization, the carbon
vacancy, V, has recently been identified as a dominant ‘killer defect’ in high-voltage 4H-SiC bipolar mode
power devices. In this program, we will carry out a ground-up analysis of V¢, (i) starting from a quantum
mechanical assessment of the defect formation energy, thermal and optical ionization energies, (ii) extending
to an atomistic description of the defect interaction with extended lattice defects, and (iii) ultimately realizing
a predictive model to describe the excited state of the defect under conditions of high carrier injection, high
voltage switching rate, and high temperature.

Carbon Vacancy as a Killer Defect: The substrate manufacturing process for 4H-SiC relies on high-
temperature CVD which leads to enormous thermal stress and a high defect density. These defects include
but are not limited to point defects such as the V, threading screw dislocations, threading edge dislocations,
and stacking faults. As characterized by available avalanche energy measurements, dv/dt experiments, efc.
[1], these defects and their interactions play a key, but not well-characterized role, in the performance
degradation and long-term reliability of practical devices. For example, these crystal defects introduce
localized potentials in the semiconductor crystal lattice that can strongly distort the electronic band structure.
However, detailed understanding of the excited state of these defects is currently lacking. Detailed DLTS
measurements reveal the presence of Vi, its persistence to annealing [2] (Fig. 1a), and its effect on minority
carrier lifetime [3].
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(a) Persistence of V(. (Z,/,) in SiC to annealing  (b) QMC Description of N, in wurtzite ZnO
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Fig. 1: (a) DLTS Measurements of (b) Comparison of defect properties of N in wide band gap semiconductor
(ZnO) calculated from conventional density functional theory and quantum Monte Carlo.

Defect Properties via Quantum Monte Carlo Methods: DLTS experiments under optical excitation show that
each V¢ can capture and trap two electrons (and in fact that it is a negative U center) [4]. Correspondence
between photo-EPR and DLTS measurements have been used to identify the different charged states of the
defect. The first goal of this work is to carry out high-accuracy simulation via quantum Monte Carlo
methods, to validate the excited state spectral assignments, the thermal ionization energies, and the negative-
U behavior. Quantum Monte Carlo methods are a suite of stochastic tools for the direct solution of the many-
particle interacting Schrodinger equation. Because of their direct, parameter-free treatment of electron
correlation, they have been shown to offer unprecedented and benchmarking accuracy on several defect
properties to date [5] (Fig. 1b).

Interaction of V¢ with Extended Defects of Interest and Under Realistic Operating Conditions: In the second
phase of this work, the influence of V¢ on electronic properties under realistic operating conditions will be
determined. Atomistic physics models can give insights into the interaction between charged states of V¢ and
extended defects that are present in WBG semiconductors, such as threading screw dislocations (TSDs) and
threading edge dislocations (TEDs). The build-up of charged/excited state of V¢ at dislocations and grain
boundaries can result in localized charging. Two particularly relevant reliability parameters are avalanche
and dv/dt capabilities of high-voltage power devices. The carrier trapping behavior of V¢ emerging from the
quantum mechanical models can be extended to conditions of high voltage switching (high dv/df). Under high
voltage switching, the injection of space charge induces the defect to possibly act as a charge generation
center, resulting in the formation of a microplasma (and ultimately device failure). Additionally the response
of defects to high currents and/or voltages that result in charging may explain observed reduction in
avalanche energy, especially at high chip temperatures.

1. K. Shenai, M. Dudley and R. F. Davis, “Rugged electrical power switching in semiconductors — a
systems approach,” Proceedings of the IEEE, vol. 102, no. 1, pp. 35-52, Jan. 2014

Alfieri et al., J. Appl. Phys. 98, 043518 (2005)

Danno et al., Appl. Phys. Lett. 90, 202109 (2007); Kimoto et al, Mat. Sci. For. 645-658 (2010)
Son et al., Phys. Rev. Lett. 109 187603 (2012)

E. Ertekin et al, Phys Rev. Lett. (2012) .; E. Ertekin et al., Phys. Rev. B. (2013).
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Keywords: Silicon carbide, point defect, carbon vacancy, excited state, high carrier injection, high voltage
switching, avalanche energy, performance, reliability.
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TECHNICAL ABSTRACT

Many scientists love defects. Defects are the subject of thousands of research papers, dissertations, books, and even
entire workshops (like this one) and conferences. A Google Scholar search for articles (not including citations or patents)
with “defect or defects” and “semiconductor” anywhere in the article returns 1,260,000 articles for all time and 18,900
since 2013.

Of course, not everyone loves defects. When I was working for the US Air Force Research Laboratory (AFRL) at
Wright Patterson Air Force Base our group was focused on developing next generation crystalline III-V heterostructures
by molecular beam epitaxy for high performance device applications. We didn’t like to think about defects; rather we
liked to focus on chemical and structural perfection. I remember how confused I felt when our materials characterization
partners seemed to delight in finding defects in our crystals when I was hoping we would be commended on their
perfection. Of course, as I matured I came to realize that their ability to find and understand defects was critical to our
figuring out how to reduce and potentially eliminate those defects. We were really on the same team after all!

Today wide bandgap semiconductor (WBGS) materials oriented businesses think of defects not only as technical
challenges and opportunities to progress in the continuous pursuit of crystalline perfection, but also as major business
opportunities. Defects in semiconductor materials impact the cost, yield, throughput, performance and reliability of
semiconductor devices, which, in turn, affect the cost, performance, and reliability of the components and systems they
are used in. And because semiconductor materials are used at the very beginning of the device and component
manufacturing processes, the impact of defects in those materials are naturally magnified in their impact on component
and system cost and performance.

An important question in semiconductor component and systems supply chain analysis is: “What are the
ramifications of a particular region or nation that might establish a significant competitive advantage in the
manufacturing technology for a particular semiconductor materials system?” Another interesting question is: “What
happens if a device doesn’t really benefit from certain reduced defects but materials with such reduced defects are made
available in the supply chain?”

This talk will attempt to show the connection between basic R&D in defects in WBGS materials and related supply
chain dynamics and business opportunities of a global nature. It will conclude with proposed R&D investment policies
and workforce development ideas that are designed to significantly benefit our nation’s potential for significant and long
term participation in critical new high technology industries and jobs.

Keywords: Defects, semiconductors, power electronics, wide bandgap, R&D investment, workforce development
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TECHNICAL ABSTRACT

The III-V nitride semiconductor material system continues to play a significant and growing role in a wide range of
device technologies. The achievable low intrinsic carrier density of this material system, leading to low leakage and low
dark current, place it as one of the most promising material systems for the fabrication of photodetectors and high-
temperature electronic devices, in addition to high efficient light emission devices spanning from near IR to deep UV.

Despite improved performance of devices fabricated on films deposited on foreign substrates, the properties of thin
heteroepitaxial nitride films are still seriously limiting the performance of devices demanding higher material yields. The
high growth temperature required to produce these wide bandgap materials exacerbates fundamental material problems
such as residual stress, difference in thermal expansion coefficient, low energy defect formation and impurity
incorporation. In addition, doping activation and self-compensation are difficult to control at the typically high
deposition temperatures. Furthermore, the high concentration of dislocations, resulting mostly from lattice constant
mismatch, typically on the order of 10° to 10'° cm™, must be reduced to improve device performance. Overcoming these
limitations will require the use of native substrates to grow electronic grade homoepitaxial films.

AIN substrates grown by physical vapor transport and sublimation-recondensation processes are insulators, while
GaN grown by hydride vapor phase epitaxy or by ammonothermal processes are always n-type conductive with a free
carrier concentration typically between 10' to 10" electrons/cm’. High quality epitaxial films with controlled electrical
transport properties have been deposited on both substrates by chemical vapor deposition and molecular been epitaxy.
The properties of the state of the art of bulk and thick-freestanding film (quasi-bulk) nitride substrates and homoepitaxial
films will be reviewed.

Bulk InN growth has not been accomplished yet. However, thin and thick films have been deposited in a number of
non-native substrates by various techniques. These films are characterized by a high concentration of free carriers and
high dislocation densities. In addition, they usually have high concentration of free electrons at the surface. These
properties result in poor control of the material electrical properties, which prevents the realization of a number of
potential devices. Recently, it has been demonstrated that InN films with good optical properties can also be deposited by
ion beam assisted technique.

Keywords: AIN, GaN, InN, HVPE, ammonothermal, structural defects, impurities, self-compensation.
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TECHNICAL ABSTRACT

In this work, we identify single carbon interstitials in the oxide side of 4H-SiC MOSFETs as possible border hole traps,
in addition to the traditional oxygen vacancies (E’ centers). We then report on the passivation process of this defect in
Nitric Oxide (NO), Hydrogen and Fluorine environments using density functional theory (DFT)-based molecular
dynamics and formation energy calculations. Our results suggest that Fluorine and NO passivation could potentially
passivate these carbon-related hole traps.

Bias and temperature-induced threshold voltage instability in 4H-SiC MOSFETs remains a serious reliability
concern [1]. In Si/SiO, system, this phenomenon is traditionally attributed to border hole trapping by oxygen vacancies
(E’-centers) in the oxide [2]. However, due to the more complex oxidation process of 4H-SiC and the involvement of
carbon, additional defects should be probed for potential hole trapping. This motivated us to study the hole trapping
properties of the most basic oxide defect involving carbon — an interstitial.

The most stable state of a single carbon interstitial in SiO, was identified as the carboxyl configuration. The atomic
configuration of the carboxyl defect in its neutral state is given in Figure 1(a). The calculated Electron Localization
Function (ELF), when compared with the conventional Lewis bond diagram, indicated a carbon-oxygen double bond
(based on two lone pairs on the oxygen). The formation energies of the defect in various charge states - £2, +1 and
neutral - were calculated as a function of Fermi level using DFT [3]. This revealed a +2 to neutral charge transition level
(CTL) within the band gap of 4H-SiC (Figure 1(b)). The ELF of the carboxyl defect in its +2 state, given in Figure 1(a),
shows back-bonding of positive Si atom with lattice oxygen, very similar to the E’ center hole traps [4]. However,
carboxyl defects are further stabilized upon double hole capture by an increase in the bond order between carbon and
oxygen (based on the single lone pair on the carboxyl oxygen). These observations lead us to propose carboxyl defects
as potential hole traps responsible for NBTI in 4H-SiC MOSFETs, similar to the oxygen vacancy defects.

We then investigated the passivation of the carboxyl defect under different chemical environments using DFT-based
molecular dynamics simulations. Firstly, the treatment of the carboxyl defect with Hydrogen modifies the defect
structure (Figure 2(a)). For the neutral state of H,-treated carboxyl defect, ELF analysis indicates carbon-oxygen single
bond. The formation energy analysis, given in Figure 2(b), suggests the continued existence of +2 to 0 CTL in the lower
part of 4H-SiC bandgap. Thus, H, passivation is unlikely to mitigate hole trapping and ensuing BTI degradation. The
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stability-providing mechanisms in H,-trated carboxyl defect upon hole capture are very similar to that in carboxyl defect.
They include the back-bonding of positive Si atom with network oxygen and the bond order increase between carbon
and oxygen (from one to two, as suggested by the single lone pair on carboxyl oxygen).

The passivation of carboxyl defect in NO environment is seen to eliminate the carbon defect through isocyanate
(NCO) formation. Two mechanisms were observed, as depicted in Figure (3). Thus, NO treatment could potentially
mitigate BTI instability. However, the presence of excess NO molecules was seen to simultaneously incorporate nitrogen
into the SiO, lattice. Such addition of Nitrogen has been previously reported to introduce hole traps leading to Vi,
instability [5]. Based on these observations, we propose controlled NO passivation with less excess NO molecules for
optimum results. This might include repeated short-duration, dilute, NO passivation followed by annealing.

Interestingly, treatment with Fluorine was observed to remove CO from the carboxyl defect in our molecular
dynamics simulations. This is expected due to very high Si-F bond energy. The resulting configuration, depicted in
Figure 4(a), shows F atoms bonded to two Si atoms. Additionally, Fluorine was also seen to passivate oxygen vacancies
in the similar manner [6]. The DFT-based formation energy analysis of the passivated structure indicated no Fluorine-
related CTL in the 4H-SiC band gap (Figure 4(b)). Thus, we conclude that Fluorine implantation in 4H-SiC MOSFETs
could result in substantial mitigation of Vy, instability and enhancement of reliability. However, the effect of reduced
dielectric constant of F-doped SiO,, reported previously for Si/SiO, system [7], on 4H-SiC device performance needs
further investigations.

In summary, we identified single carbon interstitials in the carboxyl configuration as potential hole traps in 4H-SiC
MOSFETs. A study of their structural transformations upon hole capture revealed significant similarity with the well-
known oxygen vacancy hole traps. Fluorine and NO, unlike Hydrogen, are capable of passivating the carboxyl defect.
We discussed processing schemes for effective passivation of carboxyl defects using NO and F and related issues.

Keywords: 4H-SiC MOSFET, passivation, hole trap, bias-temperature instability, oxygen vacancy, carbon interstitial,
density functional theory, molecular dynamics
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Figure 1: (a) Atomic structure, electron localization function and structural
transformation upon double hole capture in carboxyl defect, (b) formation
energy of carboxyl defect with neutral state as the reference. A (+2/0) charge Figure 3: Mechanism of NO passivation of carboxyl

transition level (CTL) is seen at Ev+1.4 eV in 4H-SiC gap. (LP=lone pair) defect, indicating defect repair and N incorporation.

Figure 4: (a) Resulting atomic structure post Fluorine
passivation carboxyl defect, (b) formation energy of the
Figure 2: (a) Atomic structure, electron localization function and structural structure with neutral state as the reference. No charge
transformation upon double hole capture in H,-treated carboxyl defect, (b) transition level is observed in 4H-SiC bandgap.
formation energy of H-treated carboxyl defect with neutral state as the
reference. A (+2/0) CTL is seen at Ev+1.1 eV in 4H-SiC bandgap.
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Technical Abstract

Silicon carbide (SiC) power MOSFETs have been commercially released with the expectation of delivering enhanced
performance, reliability, and efficiency in power converter applications. For the SiC industry, development of a high-
quality gate-oxide interface continues to be a challenging problem. Nonetheless, commercial SiC MOSFETs have
extremely low conduction and switching losses in spite of the low inversion channel mobility and high interface-trap
density. However, the activation and charging of intrinsic defects formed during thermal oxidation of SiC may have
serious device stability and reliability implications during normal operation. With their emergence into the market place,
the development of appropriate testing standards apart from the existing silicon-based ones may be necessary to ensure
the reliability of SiC devices. SiC MOSFETs are especially vulnerable to negative bias temperature (NBT) stress-
induced shifts of key device parameters. The threshold voltage (Vr) exhibits a gate-bias-induced instability even at room
temperature [1]. Charging of near-interfacial oxide defects is the likely cause of this experimentally observed
phenomenon, where a positive gate-bias stress shifts Vy positive, and a negative gate-bias stress shifts V1 negative. This
effect is enhanced in vintage devices above 100 °C [2], and in more recent devices the onset of V1 degradation occurs a
decade or more later in time. One possible mechanism dominating the observed high temperature V1 response likely
involves the activation of precursor oxygen vacancy defects. Recent electrically-detected magnetic resonance (EDMR)
studies of thermal oxides on SiC by Cochrane et al.,[3] reveal an EDMR spectrum consistent with an E’-like defect—
similar to what was previously identified as a hole trap in the gate oxide of irradiated Si MOS devices [4]. A more recent
study shows an increase in the EDMR response with increasing temperature for a constant negative gate-bias stress [5].
EDMR and BTS results independently show that the likely mechanism dominating the high-temperature response of
state-of-the-art SiC power MOSFETs involves the activation of additional oxide defects.

Figure 1 is a schematic of the test sequence used to evaluate packaged (TO-247) SiC power MOSFETs. A negative
gate-bias stress is periodically interrupted on a logarithmic time scale to make Ip-Vgs measurements using Agilent
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Source Measurement Units (SMUs). The threshold voltages plotted in Fig.(s) 2 and 3 are determined from the
subthreshold and linear regions of the |-V characteristics using standard extraction techniques for Vi, and Vi,
respectively. We evaluate oxide trap activation by calculating a AVj, from the post-NBT stress and positive bias
temperature stress (PBTS) measurements (see Fig.1). This threshold voltage hysteresis (AVj,,) provides an estimate of
the number of switching oxide traps that change charge state under the influence of a gate-bias stress. The degradation of
the threshold voltage parameter can be quantified as an excessive shift in Vj,, or V1 from its pre-stress value. Figure 2
plots AVj,, for three separate devices as a function of stress time at 125 °C, 150 °C, and 200 °C using the procedure
described above. The response is non-linear in log-time and is strongly dependent on stress temperature for a given gate-
bias magnitude. For stress times beyond 10° s AV, is larger at 150 °C in comparison to 125 °C. The response at 200 °C
shows a significant increase and acceleration of AVj,, even at shorter stress times. These results are consistent with an
increase in the number of switching oxide traps. Figure 3 plots the change in V; (post- and pre-NBT stress) for two
different devices during NBT stress (Vgs =—10 V and —15 V) at 125 °C. An insignificant shift in V1 occurs at —10 V for
stress times out to 10° s. For a stress bias of —15 V, V7 accelerates from 0.25 V at 10*s to over 1.5 V by mid-10° s. This
particular result demonstrates the effect of bias-stress magnitude on Vr stability. In a similar manner, device reliability
can also be impacted when Vi, shifts are large enough to cause excessive drain leakage current during off-state
operation. This research focuses on developing a better understanding of oxide-trap charging and activation mechanisms
that can limit the high-temperature performance and reliability of commercial SiC power MOSFETs.

Keywords: SiC, MOSFET, Reliability, Oxide Traps, Defects, V1 Instability
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TECHNICAL ABSTRACT

I1I-N materials continue to play a significant role in a range of technologies from rf electronics to visible and UV
emitters and detectors. This is true despite a heavy population of extended defects in the active regions of these devices,
which degrade the operation, potential performance, and reliability of such devices. The large dislocation density
observed in GaN films (10°-10' cm™) arises from growth on non-native, non-latice matched substrates, of which
sapphire and SiC are the most common. This talk will focus on advances in two paths to reduce the impact of dislocation
density in GaN: growth methods to reduce the initiation and growth of dislocations and techniques to reliably, rapidly,
and non-destructively determine spatially defect density are necessary to determine the effects of these defects on device
performance.

In order to reduce extended defects in GaN, two different growth methods will be discussed: confined epitaxy (CE)
and the use of step-free SiC surfaces. In the CE approach, a substrate, either bare or coated with a continuous GaN film,
is patterned with a dielectric mask that has an array of hexagonal openings. Proper growth conditions are then employed
to grow vertically up out of the openings and to inhibit lateral growth (such as that required for lateral epitaxial
overgrowth approaches). Our efforts have resulted in selectively grown, c-axis oriented materials with atomically
smooth surfaces, an order of magnitude reduction in total extended defect densities, and a 50% relaxation of strain —
presumably through the presence of free surfaces (Fig. 1). Simple vertical devices (pn homo- and hetero-junctions) have
been fabricated with these structures and have demonstrated very low reverse leakage currents. Modeling and
experimental efforts show that reducing the size of the openings can lead to even further improvements in material
quality [1,2]. Applications of such structures to the development of 2-color UV imaging arrays will be presented.
Applications of the approach to non-polar orientations of GaN will also be presented.

The second growth approach that will be discussed is the use of step-free SiC surfaces in the heteroepitaxy of III-N
layers. In this approach, a commercial on-axis SiC substrate is patterned into an array of mesas of various sizes and then
subject to pure step-flow SiC homoepitaxy. In this technique, developed by Powell et al. [3], any SiC mesa that does not
contain a threading substrate screw dislocation can be grown to have an atomically flat top surface completely free of
atomic steps by growing all pre-existing SiC mesa surface steps to the mesa edge. These engineered SiC mesa substrates
are then used for growth of GaN heteroepitaxial films in a conventional manner employing AIN nucleation layers.
Using this approach we have seen an extraordinary reduction in the extended defect density of III-N layers throughout
their thickness. Levels <10’ cm™ have been observed via atomic force microscopy (AFM) (Fig. 2a) in 2 um thick layers
(levels comparable to 300 um thick free standing substrates from HVPE [4]). TEM and modeling efforts have made
some progress in understanding why steps have such a significant influence on the formation of vertical threading
dislocations in heteroepitaxial III-N layers on SiC and will be briefly discussed [5]. Simple pn diodes have been grown
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on these step-free mesas and characterized for their electroluminescence (EL) efficiency (Fig. 2b). An average 50%
improvement in efficiency was measured for devices on step-free mesas compared to an adjacent stepped mesa. This
performance enhancement was realized before optimized processing of these unique structures was complete.

The most precise characterization tool to determine defect density has been transmission electron microscopy, but
this is a destructive technique, as are other methods such as molten KOH or photo-electrochemical etching of the surface
to reveal dislocation sites. Cathodoluminescence imaging only detects dislocations which change the optical emission of
the material. X-ray diffraction can be used to extrapolate dislocation density, but not identify individual defects. In order
to understand the impact of dislocations on devices, rapid, non-destructive, spatially oriented techniques are necessary.
To address this, electron channeling contrast imaging (ECCI), a non-destructive technique that has been used to examine
defects in metals and ceramics, has recently seen use in IlI-nitride semiconductors. This technique allows for direct
imaging of dislocations, grain boundaries, and topological information all at once (Fig. 3). We will present an overview
of the uses of ECCI in characterizing III-N materials, culminating in recent work applying the technique to A1GaN/GaN
HEMT structures. By imaging the active areas of van der Pauw structures on a single sample with varying mobility, we
find a direct negative correlation between screw dislocation and electron mobility.

Keywords: GaN, dislocations, growth, characterization, electron channeling contrast imaging
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Figure 1. SEM micrograph of CE material (left, feature Figur'e 2. a) AFM of GaN surface grown on step-free SiC
is 10 um across), micro-Raman showing reduction in showing lgw extended defect dens1ty, b) image of EL from
strain of CE material (right). GaN pn diode grown on step-free SiC.

Figure 3. Example ECCI of MOCVD-grown GaN on sapphire. Examples
of threading screw/mixed dislocations are indicated by boxes, those of
threading edge dislocations are circled, and a dotted line indicates
examples of grain boundaries.
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TECHNICAL ABSTRACT

For power electronic devices, 4H silicon carbide (SiC) is nearly an ideal material. The wide bandgap (3.2 eV) gives 4H
SiC a high critical electric field (~2 MV/cm) that is over ten times higher than that of Si and, like silicon, SiC devices
can be fabricated by planar processing techniques such as ion implantation which result excellent control of critical
dimensions. This has lead to high cell densities and high-yield device fabrication processes that can produce large die
areas with large current capacity. Another similarity to Si is the indirect nature of the bandgap of SiC which allows for
efficient bipolar conduction due to conductivity modulation in devices such as PiN diodes and gate turn-off thyristors.

One of the main challenges in the development of high voltage SiC power devices has been the understanding and
management of critical or ‘killer’ defects, i.e., defects that result in infant or random device failure. Such defects can
originate in the substrate (e.g., micropipes, polytype inclusions) or in the epitaxial layers (e.g., in-grown stacking faults,
carrot defects, triangle defects, etc.) Different defects impact devices in different ways such as the lc threading screw
dislocation which increases off-state leakage in very high voltage devices. A remaining critical defect is the basal plane
dislocation (BPD) which, when exposed to a high-density electron-hole plasma, produces a stacking fault. Stacking
faults typically affect bipolar devices, causing an increase in the forward voltage drop over time due to a reduction of
carrier lifetime and creation of potential barriers. In unipolar devices such as MOSFETs, it has also been shown that the
on-state resistance can be degraded when the body diode is allowed to conduct. In this case the stacking fault produces a
potential barrier to electrons and the conduction properties are degraded.

Ultraviolent photoluminescence (UVPL) imaging has been instrumental in quantifying the density and origin of
these defects. With much concentrated effort over many years, there has been dramatic improvement in both substrates
and epitaxially grown layers. Defects levels of all kinds have dropped significantly. BPDs in the substrate and in the
epitaxial layers have been dramatically reduced. There remain, however, open questions about process-induced
formation of defects and whether some of the hard-won gains in the quality of the starting material are lost during device
fabrication.

In this work defects resulting from ion implantation and annealing of 4H SiC are studied by ultraviolet
photoluminescence imaging. Aluminum was implanted in 25 pm thick epitaxial layers grown on 4° miscut 4H SiC
wafers. UVPL imaging was first used to baseline map the defect concentrations and locations prior to ion implantation
and annealing. In the initial map, the density of BPDs was low due to the high quality of the substrate and epitaxy. After
ion implantation and annealing, many new BPDs are observed in the implanted material (Fig.1.) Note that the entire
field of view in this image is within the area that received Al implantation.
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Fig.1 (a) UVPL image before processing showing no BPDs in the region, (b) UVPL of the same region after Al
implantation, anneal, and UV excitation showing generation of many new BPDs and BPD loops, and (c) a schematic
cross-section.

With the activation anneal, basal plane dislocation loops are seeded at the processing-induced defect and glide along
the basal plane. Near the substrate-epitaxy interface, these BPD loops are misfit dislocations which relieves residual
stress between the substrate and the epitaxial layers Fig.1(b) shows several scattered BPDs as well as a prominent group
of BPD loops that lie on the same basal plane and clearly originate from a single source. Such BPD loops can glide for
many millimeters perpendicular to the off-cut perpendicular direction. This would be expected to cause device
degradation over that large area.

In summary, ultraviolent photoluminescence imaging has been used to study BPDs in SiC epitaxial layers before
and after ion implantation and activation anneal. It was shown that these core wafer fabrication sequences can introduce
BPDs in the epitaxial layers. Optimizing implantation and annealing conditions is essential to maintain low defect
density and device performance. As with the optimization of SiC substrate and epitaxial growth, this work demonstrates
the utility of the UVPL imaging technique in the characterization of these key device processing steps.

Keywords: silicon carbide, basal plane dislocations, ultraviolet photoluminescence imaging, UVPL
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GaN appears to be a semiconductor that is easy to dope. The donor energy, Ep, of the primary n-dopant, Si on a Ga site,
is 15 meV, the acceptor energy, Ea, of the primary p-dopant, Mg on a Ga site, is 160 meV, its n-type minimum
resistivity, py, is 0.002 Q-cm, and its minimum p-type resistivity, p,, is 0.2 — 2 Q-cm. This compares favorably with SiC
where Ep (N on C site) is 85 meV, E4 (Al on a Si site) is 200 meV, p,, is 0.01 Q-cm, and p,, is 0.5 — 2 Q-cm. However,
at the low doping end which is required for the higher breakdown voltages, Vp, it appears to be difficult to controllably
dope GaN n-type below 1x10'® cm™, whereas SiC can be routinely doped to 5x10" ¢cm™ [1]. As can be seen in the ideal
on resistance, Ron vs Vg curves in Fig. 1, this limits Vg to 3210 V in GaN, whereas it can be as large as 3350 V in SiC
even though it has a smaller breakdown field, 2.5 x 10° vs 3.5 x 10° V/cm.

However, even this ideal value is seldom approached because the concentration that is measured is the net carrier
concentration, and the compensating material can cause premature breakdown when they enable tunneling through the
depletion layer. One such compensating defect is C that is often found in amounts > 10'® cm™ in MOCVD grown GaN
[2]. The consequences of this effect has been documented by Hashimoto, et al [3] where they showed that the net carrier
concentration drops off precipitously from a linear relationship with the silane flow rate near 10'° cm™ (See Fig. 2). They
focused their observations more on the effects of using a substrate with better crystalline quality that produced higher
quality films, as the deviation from linearity occurred at a lower carrier concentration. Saitoh, et a/ [4] pointed out later
that this effect could be related to the C concentration as qualitatively measured by the ratios of the PL light intensity of
the yellow peak and blue exciton peak. They noted they had a larger figure of merit (FOM = Vg*/Roy) when the ratio
was smaller, and it could be reduced by increasing the NH; flow rate in the growth chamber so that more of the methyl
groups would be converted to CH4. Our work showed that better substrate quality does not always lead to better results
as the substrate with the best quality, the Ammono substrate, did not produce Schottky diodes with the largest FOM or
Vg by using diode structures grown simultaneously by MOCVD on different substrates [5].

That the issue is more complicated than simply deep C acceptors being present is supported by our data in showing
that the sum of the n-type dopants, Si and O, can be less than the amount of C present and the material is still n-type [2].
This can be accounted for by not all of the C occupying Ga sites — they could also occupy N sites as donors or be
interstitials — and/or a sufficient number of N vacancies, Ny, that are donors, are present. The i-V curves of more heavily
C-doped GaN that was created by growing MOCVD films at low pressure, 200 Torr, also shows that C doping is likely
to be more complicated than simply being a substitutional acceptor. Under forward bias, the diode does not turn on until
tens of volts are applied, but the Schottky diode remains turned on even after the bias dips below the turn-on voltage
thereby creating a hysteresis loop [2].
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C does not appear to be a problem for HVPE grown material because the primary gas phase Ga constituent is GaCl,
as opposed to (CHj3);Ga for MOCVD growth, and it is created by flowing Hy/N, diluted HCI gas over liquid Ga at
elevated temperatures in the reaction zone. However, the susceptor is usually made out of SiC so the HCI could react
with it, but thermodynamics suggests that the quartz reactor is the more probable source of Si in the HVPE films, which
almost always have a concentration > 10'° cm™as determined by SIMS. The O concentration is usually the same order as
the Si concentration, and, of course, it too could come from the quartz growth tube. It is more likely that is the source
than water vapor in the NH; because, if it were, the O concentration would be much higher in the MOCVD grown films
because they are grown with a much larger V/III ratio, yet the background O concentration in both types of films is
similar. However, it was once suggested that HVPE grown GaAs would always have O background concentration > 5 x
10" ecm™ created by the reaction of the HCI with the quartz reactor, but once the HCI was more highly purified, GaAs
could be controllably doped in the mid 10" ¢cm™ range [6]. However, this does not eliminate the possibility of HCI
reacting with the quartz is not the source of the Si and O background in GaN because it is grown at higher temperatures
~1050°C vs ~ 725 °C.

Other sources of the high background carrier concentrations in GaN could be Vg, acting as a deep acceptor, or
donor/acceptor pair complexes [7].

Keywords: Point defects, carbon, silicon, oxygen, magnesium, nitrogen vacancies, gallium vacancies, complexes
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TECHNICAL ABSTRACT

Multijunction solar cells (MJSCs) are one of the most promising options to efficiently convert the sunlight into
electricity. In a MJSC device, each subcell absorbs and converts the sunlight from a specific region of the sun spectrum
(Fig 1a). Because the photon power conversion efficiency is maximum when the bandgap energy of a material is equal
to the incident photon energy, each subcell is designed to have a specific bandgap in order to maximize the power
conversion over the whole solar spectrum. One common approach to split the spectrum is by arranging the subcells in a
mechanically stacked configuration or a tandem system, where the sunlight strikes the highest band gap subcell first, and
progressively hits the lower band gap subcells. Generally, compound semiconductors are used for fabricating MJSCs
because these alloys have band gaps ranging from 0.3 to 2.3 eV, covering most of the solar spectrum. Nevertheless, there
is an urgent search for a monolithic design that will convert sunlight into electricity with practical efficiencies higher
than 50% [1]. Here we suggest an optimized band gap combination for a monolithic 3-junction III-V semiconductor
solar cell, formed by (1.93 eV) Ing;;Aly3AS/(1.39 eV) In0.38 GagASo57Poas / (0.94 eV) Ing33GageAs with lattice

Fig. 1: (a) Sun spectrum showing fraction that can be used by an optimized lattice-matched 3-junction solar cell design. (b) Energy
band gap diagram vs. lattice spacing for selected II1I-V compound semiconductor materials. Blue squares: conventional approach.
Red triangles: proposed design, formed by (1.93 eV) Ing37Alp63As / (1.39 eV) Ing38Gag 62AS0.57P0.43/ (0.94 V) Ing35Gag g2As [2].
Green diamonds: equivalent InP-based approach, which involves the similar alloyed semiconductors as the optimized 3-junction.
(c) Efficiency vs. number of suns (light intensity) obtained by detailed balance calculation for tandem devices.
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constant equal to 5.807 A [2]. We
compare the theoretical performance of
the proposed device with the
conventional GaAs-based design and
to an alternative InP-based design (Fig
1b). According to detailed balance
calculations (Fig 1c) and full device
simulations[3], this proposed approach
can achieve theoretical efficiencies >
51% under 100-suns illumination.

To realize the optimized MJSc
design we developed single crystalline
templates for epitaxial growth with
tunable lattice parameter. An originally
coherently-strained InyGa;,As film is
distorted in order to match the parallel
lattice parameter of the substrate. By

removing the s.ubstra.te ora .S&CI'IﬁCIal Fig. 2: (a) Method for fabricating wafer-scale single crystalline templates. (b) Left:
layer, the elastic strain is relieved and X _pay diffraction showing initially coherently-strained InGaAs thin film. Center and
the crystal assumes its bulk lattice Right: reciprocal space maps of InGaAs film before and after strain elastic
parameter (Fig 2). We have employed  relaxation (substrate removal).

a well-known wax compound as a

substrate support. Our demonstration of strain relief in large-area single crystalline layers relies on control of the relative
rate of strain relaxation of the semiconductor and wax supporting with an extremely low shear modulus, enabling wafer-
scale relief of the excess stress in the semiconductor film [2] (Fig 2). The templates can be used as a building block for
epitaxial growth at a variety of lattice parameters, overcoming the limitations to epitaxial growth imposed by existence
of only a few available bulk substrates. This concept can be expanded to other semiconductor alloys.

One major challenge to achieve the optimized MJC is the development of the InAlAs wide badgap top subcell,
which is Al-rich and therefore very sensitive to oxidation. Here we present an InAlAs solar cell lattice-matched to InP,
which is formed by the same alloy that would constitute the optimized MJSC. The single junction InAlAs solar cells
were grown on 50 mm, p-type InP (001) on-axis substrates using metalorganic vapor phase epitaxy. Growth
temperatures typically ranged from 600 to 750 °C depending on the layers. The p-n absorber layer consists of an Ings;
Alj43As n-doped layer 200 nm thick with a carrier concentration of 1.0 x 10"
cm  and a 1.5 pum thick layer with the same composition, p-doped with 1.0 x
10" cm . The junction is sandwiched by a top In Al As window layer 20 nm
thick and a back surface field with the same thickness and composition. The top
layer is highly doped to minimize surface recombination. Fig 3 shows the light
I-V curve under AM 1.5 global illumination for the fabricated InAlAs solar
cells using a 1.7 eV window layer (squares), a 2.0 eV window layer
(diamonds), and a 2.0 eV window plus an InGaAs cap layer and antireflection
coating (circles). The wide bandgap Ing 3sAly6sAs window layer (E, = 2.0 eV) is
+1.17% strained with respect to the InP substrate and the p-n absorber layer.

This pseudomorphic and defect-free wide-band-gap window is ideally suited to

reduce surface recombination velocity. The dependence of InsAl;As bandgap  Fig. 3: Light I-V curve under AMI1.5
energy with material lattice spacing indicates that a small increase in strain can  global illumination showing InAlAs
abruptly increase the window bandgap and, as a consequence, reduce parasitic ~ solar cells performance with different
light absorption by this layer. High quality material was achieved from both ~ wide bandgap windows layers.
structural and optical properties’ standpoints. The InAlAs fabricated solar cells

showed an efficiency of 14.2% and an EQE of up to 81.0% [4].

Keywords: photovoltaics, multijunction solar cells, InAlAs, strain engineering, epitaxial thin films.
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TECHNICAL ABSTRACT

The performance of wide band gap semiconductor based devices is deleteriously affected by the presence of as
yet incompletely understood electrically active defects. Electron paramagnetic resonance (EPR) offers unrivalled
analytical power in the study of point defects in semiconductors and insulators and would thus be the technique of
choice to study performance limiting defects in wide band gap devices. Unfortunately, the sensitivity of

conventional EPR is about ten billion defects, a number too high for the study of performance

limiting imperfections

in almost any device of technological interest. Electrically detected magnetic resonance (EDMR) offers enormously
higher sensitivity, coupled with a near exclusive sensitivity to defects which actually impact device performance.
We have utilized EDMR to study performance limiting defects in SiC based MOSFETS. Our EDMR studies have
identified multiple defect centers at and very near the SiC/oxide interface and clearly indicate that the densities of
several of these defects are greatly reduced by device processing steps which improve effective channel mobilities.

We also find that EDMR can be utilized to probe other aspects of

interface/ near interface structure, most notably disorder. 50

The sensitivity of EDMR to technologically important 40
processing parameters is illustrated by the example of Figure 1 which

(a)no NO - 1 cm?Vs
— (b) NO - 22 cm?/Vs

~(a)

(b)
4

compares the Si vacancy EDMR amplitudes in devices which have and < %
have not received a post oxidation NO anneal. The NO anneal decreases ‘é 20
the Si vacancy EDMR amplitude by about a factor of 30 and increases 2 10
mobility by about a factor of 22. Figure 1 also shows that shoulders, & 0
present on both sides of the central line, are also greatly reduced by the ;
NO anneal. This representative result has been observed in numerous @10
=20

comparisons of 4H-SiC nMOSFETs. These results suggests that the
silicon vacancy, and the defects responsible for the shoulders on the -30
central line are primary culprits of the low device performance of 4H-SiC

-40

MOSFETs. 3350 3360 3370 3380 3390
Magnetic Field (G)

It may be useful to briefly illustrate how the response of
Figure 1 may be interpreted to yield a defect identification.
Conventional EPR studies on large volume samples have
identified an isotropic g =~ 2.003 spectrum as a Si vacancy. In
these conventional large sample EPR studies, both *’Si and "*C
hyperfine interactions have been identified and characterized. The
EDMR spectrum of Figure 1 also has an isotropic g = 2.003. It
also exhibits, upon close inspection, hyperfine interactions. The

Figure 1. EDMR spectra of two nMOSFETs;
(a) on which did not receive an NO anneal,
and (b) one which did receive and NO
anneal. The NO anneal significantly
decreases the EDMR signal amplitude and
increases channel mobility.
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small splitting caused by the ’Si hyperfine interactions is “blurred”
and beyond the resolution of our EDMR measurements; however,
the "°C interactions are resolved and allow a definitive identification.
Fig. 2 (a) shows the “theoretical” EDMR spectra of the Si vacancy
utilizing the hyperfine parameters defined by conventional EPR
measurements. The figure schematically illustrates the relative
contributions to the spectrum, emphasizing the fact that the °C
interactions should produce side peaks separated by about 13.6 Gauss
with each peak accounting for 1.5% of the total and 27.8 Gauss with
each of the more widely separated side peaks accounting for 0.5% of
the total intensity. Fig. 2 (b) of the figure is an EDMR spectrum of a
4H-SiC nMOSFET provided by CREE Corporation. The figure shows
an EDMR spectrum utilizing fast passage EDMR with the magnetic
field oriented approximately perpendicular to the SiC/SiO, interface.
The experimentally obtained spectrum and the “theory” spectrum
generated from the already established hyperfine parameters and g
value match exceptionally well, thus providing a convincing
identification of this defect.

Space limitations do not allow for discussion of several other
defects which can appear in EDMR in these MOSFETs. Space
limitations do not allow for discussion of ways in which the EDMR
response can somewhat indirectly provide additional structural
information, in particular information about disorder in the near
SiC/Si0; interface region. Our presentation Will include discussion
of these topics.

Keywords: interface traps, point defects, electron paramagnetic
resonance

Figure 2. (a) shows the theoretical
EDMR spectra of a silicon vacancy and
(b) shows the EDMR spectra from a SiC

nMOSFET.
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TECHNICAL ABSTRACT

The last five years have produced significant advances in technology for silicon carbide power devices. Substrates
with diameter of 100 mm are now widely used in production and industry now has started the transition to 150 mm
diameter SiC substrates. Bulk crystal originated defects such as screw and basal dislocation have generally dropped >10x
in concentration to levels in the 10°/cm” range. Today, micropipes are essentially concern of the past. Now there is more
focus on surface contamination and defects originated in CVD epitaxy, the latter representing the materials-related
defect most commonly impacting device performance and manufacturing yields.

Improvements in substrates and device technology now deliver larger area power devices. Recent news of new
suppliers of SiC MOSFETs is likely to queue increased growth in adoption of SiC power devices in system applications.
As a result there is still focus on how to grow understanding in materials-device interactions that will help improve
manufacturing yields and understand device reliability. The increase in device complexity and area brings new
challenges to develop improved understanding for materials device correlations. This presentation will review the state
of the art in SiC substrates and several emerging issues pertaining to evaluation of materials-device interactions that are
pertinent to current trends in SiC devices. Among the list of critical issues are statistical approaches, the impact of defect
clustering, match of materials characterization strategy to device fabrication and nano-scale surface perturbations. It is
the authors’ objectives to increase awareness of these new issues in order to work with the community to help prioritize
strategies and understand the impact the issues have on device performance and yield.

Keywords: SiC, power electronics, material-device correlations.
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TECHNICAL ABSTRACT

Stacking faults (SF) originating from basal plane dislocations (BPDs) in 4H-Silicon Carbide (SiC) expand and cause
forward voltage drift in minority carrier SiC devices [1, 2]. Reverse bias breakdown voltage degradation with stacking
fault expansion has also been observed [3]. Previously it was thought that SF expansion could be mitigated in the active
drift layer by converting most of the BPDs to threading edge dislocations (TED) within a highly doped buffer layer
grown before the drift layer. This confines the BPDs to the buffer and only the relatively benign TED passes through the
drift layer. This strategy to mitigate the effects of BPDs was based on the assumption that BPDs within the buffer layer
do not fault and generate SFs that are propagated into the drift layer during carrier injection. In this work using electron-
hole creation by UV excitation, we image the motion and faulting of BPDs buried in the buffer layer and show that SFs
originating in that layer expand into the device drift region.

A 25 um thick n-type (3x10"® cm™) SiC buffer layer was grown on 4° offcut SiC substrate, followed by a 30um
thick n-type (1x10" cm™) drift layer using standard propane and silane chemistry in a commercial chemical vapor
deposition reactor. Whole-wafer ultraviolet photoluminescence (UVPL) imaging was performed using the 351 nm
excitation line of an Ar ion laser. The UVPL images were taken in the emission wavelength range of 600 -1000 nm. As
shown in Fig. 1, BPDs in the higher doped buffer region appeared as dark regions, and were contrasted to the BPDs in
the drift layer that appeared as bright lines. The two BPDs circled in red show both sections within the buffer and in the
drift layer. The BPDs circled in yellow are converted to TEDs before reaching the drift layer. The specific regions of the
wafer having BPDs in the buffer were imaged at higher magnification to observe their motion in the buffer region.
Variable UV illumination power densities (100-4000 W em™) were used to introduce minority carriers within the buffer
layer. Upon high power UV illumination of >~300 W ¢cm™, BPDs in the buffer buried BPDs faulted to form SFs at the
buffer-drift layer interface. Figures 2(a) and 2(b) show the same area before and after stressing. All of the SFs expanded
throughout the buffer regions and into the drift layer, which would then result in device degradation. Note that once SFs
from BPDs in the buffer entered the drift layer the SFs extended up to the sample surface at a much faster expansion
rate. The BPDs faulting in the buffer region was correlated with simulations of carrier density generated by the UV
exposure, and also similar current injection conditions to understand the various effects such as carrier lifetime, buffer
thickness, etc. These correlations show that surge conditions, especially in pulsed power devices that can reach greater
than 6000 A/cm® can lead to buffer layer BPD faulting and SF propagation into the drift layer. The simulations also
show how the buffer layers can be engineered to mitigate BPD faulting.

Keywords: Silicon Carbide power devices, Stacking faults in SiC, Basal plane dislocations.
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Figure 1:Whole wafer UVPL mapping (right). Details observed (left) to contrast BPDs in the buffer region and the
drift layer. Red circle show BPDs that are present in both the buffer (dark tail) and the drift layer (white line). Orange
circle shows region BPDs only in the buffer that convert to TEDs and fault after high power UV exposure.

Figure 2: UVPL images of (a) BPDs in the buffer (dark lines) before UV stressing, (b) BPDs generating SFs that
propagated into the drift layer after UV stressing. Cross sectional image depicting a BPD that converted in the buffer
(Red line) and a BPD that converted in the drift layer (orange line).
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TECHNICAL ABSTRACT

GaN layers are generally grown on (0001) sapphire substrates. This is because large area homo-epitaxial
substrates are not available. The mismatch between the layer and the substrate is ~ 16.4 %. If we were to
grow GaN directly on sapphire at high temperature, the layer will deposit in the form of pillars instead of
being continuous because the critical sized nuclei are large. To circumvent this problem, Akasaki and his
colleagues developed a two-step epitaxy approach. In this growth protocol, a GaN nucleation layer is
deposited at low temperature, and this is followed by the growth of GaN at high temperature. In this talk,
we will identify the sources of threading dislocations (TDs) in GaN layers grown by metalorganic chemical
vapor deposition. The layers were evaluated using atomic force microscopy, high resolution X-ray
diffraction and transmission electron microscopy, both plan-view and edge on cross-sections.

The growth protocol used in
the study is schematically
illustrated  in  Fig. I;
desorption of the substrates
was carried out at 1070° C in
high purity hydrogen. This
was followed by nitridation of
the substrate surface at 750°
C. Then, a thin GaN
nucleation layer (NL) was
deposited at 530° C, and
subsequently the temperature
was ramped up to 1050° C for
high temperature growth.

Fig.1 Schematic of growth sequence
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Figure 2 (a) shows a plan-view, electron
microscopic image of an as-deposited NL.
The layer is continuous and consists of sub-
grains ~20 nm in size, and it can be deduced
from the inserted electron diffraction pattern
that the sub-grains have a mis-orientation of
+5° around the [0001] direction. This
orientation remains stable on heating to the
high temperature growth, see Fig.2(b).

Fig. 3 Early stages of growth of high
temperature GaN. Spum x Spm AFM scans of
the surfaces of samples after HT GaN growth
for (a) 5s, (b) 20s (c) 50s and (d) 75s on
annealed GaN NLs

Fig. 2 (a)and (b)Microstructural characteristics of as-deposited NLs.
Plan-view (0001) BF images of (a) as-grown and (b) annealed GaN NLs

As illustrated in the AFM scans shown in Fig. 3, growth
starts in patches that spread laterally, and coalesce into each
other. The same trend was observed as the layer thickened to
form a continuous film.

Figure 4 shows a cross-sectional electron micrograph after
20 sec of high temperature growth. Two islands appear to
come together, but a TD is not observed at their
coalescence, see Figs. 3 (c¢) and (d). However, a type TD
appears to emanate from a highly faulted NL. Similar results
were observed at longer growth times. In addition, long
lengths of basal plane dislocations were seen. Thus, we
identified that there are at least two sources of TDs:
defective regions in NLs and condensation of excess point

defects.

Fig. 4 Early stages of growth of high temperature GaN. (a), (b) WB and
BF cross-sectional images of GaN islands after HT GaN growth for 20s
obtained using (a) the (0002) and (b) the (1120) reflections. (c), (d)
WB cross-sectional images after HT GaN growth for 75s obtained

using (c) the (0002) and (d) the (1100) reflections.

The support of the above studies by NSF and AFOSR is

gratefully acknowledged.
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TECHNICAL ABSTRACT

Layered transition metal dichalcogenides (LTMDCs), MX2 (M=Mo, W, ; X=S, Se, Te), the exotic semiconductors with
honeycomb structure offer remarkable electronic, optical, mechanical and vibrational properties. LTMDCs represent a
new paradigm in microelectronics manufacturing. In addition, LTMDC materials are useful in other applications such as
power electronic devices, photovoltaics, diodes, photodetectors, and sensors. For example, MoS,, MoSe,, and WS, can
absorb up to 5-10% incident sunlight within a thickness of less than 1 nm, thus achieving an order of magnitude
improvement in quantum efficiency compared to conventional PV materials such as GaAs and silicon. In addition, initial
studies also indicate that MoS, may be useful for sensing and energy-harvesting applications. For example, alteration of
indirect to direct bandgap also results in photoluminescence from monolayer MoS,, which opens the possibility of many
optoelectronic applications.

Though obviously promising for applications, these 2D LTMDCs semiconductors are very different from usual three
dimensional bulk materials, as now all atoms are very close to a surface or interface and vertical quantum confinement
or stacking controls properties like electronic gaps. Reduced dimensionality is generally expected to affect heat and
charge transport in these novel materials. However, a coherent understanding of how to control the optical and electronic
properties of 2D LTMDCs semiconductors materials, especially MoS, and WS,, with respect to fabrication methods
remains an open scientific area. Another major performance-limiting factor for 2D LTMDC semiconductor materials is
the lack of a simple, large-area manufacturing technology. Complex interfaces with substrate materials, and intrinsic
material defects are additional challenges which must be overcome. Research reported to-date has focused mainly on
circuit fabrication using exfoliated samples (top down method) of LTMDC films, and hence, is not practical for IC
manufacturing.

Here we will present in-situ ALD growth of LTMDCs (such as MS, where M= Mo and W) and production-worthy
fabrication routes for nanostructures incorporating high-k dielectrics (such as Al,Os;, TiO,, and HfO,) layers with
LTMDCs. Our in-situ quartz crystal microbalance study results are promising in terms of ALD precursor saturation
and controlled growth behavior shown in Figures 1(a) and 1(b). Further, microstructure and electrical properties of novel
MOS transistor and test circuits with high-k and LTMDCs will be presented. The demonstrated synthesis with atomic
control of high quality LDMDCs materials will enable both lateral and vertical MOS-controlled devices, thus paving the
way for low-cost, energy-efficient and reliable low or high power electronics for a wide range of applications.
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Fig. 1: MoS; thickness versus time from QCM measurements (left image), and saturation measurements (right images)
for the MoF (bottom) and Si,Hg (top) saturation results.

Keywords: ALD, LTMDCs, in-situ growth, high-k dielectrics, MOS, WBGs, MoS,, 2D materials
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TECHNICAL ABSTRACT

Defects and interfaces play a critical role in controlling the properties of thin film

heterostructures and devices thereof. This talk is divided into two parts. The first part

deals with stresses and strains in thin film heterostructures and relaxation of these

stresses and strains via generation of dislocations. The generation of dislocations has two

independent steps, nucleation at the surface and glide to the interface. These two steps

are a strong function of bonding characteristics of materials, hence, the mechanisms of

strain relaxation and dislocation generation in wide bandgap materials are quite different

from those encountered in softer materials. This presentation will discuss the epitaxy across the misfit scale via domain
matching epitaxy paradigm, and challenges in integration of wide bandgap materials on practical and silicon and
sapphire substrates. The second part of this talk focuses on controlled introduction of defects by (low-power) pulsed
laser irradiation in oxides and nitrides and precise tuning of electrical, magnetic, ferroelectric and magnetic properties.
Independent control of crystal structure and chemistry can lead to transformative new functional materials and devices.
By laser annealing, near surface regions are modified by introducing defects and /or dopants which lead to desirable 2D
electrical and magnetic properties. By t emplating we have also created 2D metamaterials that assume the structure of
the growth substrate and exhibit novel properties not otherwise achievable. We have created novel two - dimensional
metamaterials such as bee Ni, NiO, ZnO (wurtzite and zinc blende) and MoS 2. High - power pulsed laser annealing is
used to introduce defects in the top few layers of ZnO and NiO and modify the electrical, optical and magnetic properties
in a controlled way. In ZnO, ferromagnetism can be introduced into the surface layers; in NiO, n - type layers can be
created in the near - surface regions of p - type films, thus leading to oxide p - n junctions in the same material. In
YSZ/Si(100) thin films, a conductivity increase over several orders of magnitude is achieved by pulsed laser irradiation.
This represents a more practical way of achieving colossal conductivities than use of epitaxial strain. These two -
dimensional metamaterials are expected to exhibit novel properties with an exciting potential for next-generation solid-
state devices. Another complementary way to create two - dimensional structures is by domain matching epitaxy using
silicon and sapphire epitaxial templates with appropriate buffer layers. The most exciting aspect of our approach is that
the unique epitaxial single - crystal structure is determined by the substrate, while the composition can be controlled by
growth parameters and chamber pressure ambient in oxide materials. For example, the magnetic properties of bce Ni can
be varied from paramagnetic to ferromagnetic just by controlling the strain. Emphasis will be on integration of these
novel materials on Si(100) to enhance and impart smart functionality to a computer chip.
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Technical Abstract

Degradation of electronic devices by hot electrons is universally attributed to the generation of defects, but the
mechanisms for defect generation and the specific nature of the pertinent defects are not known for most systems.
Modeling is often done using generic rate equations with no input regarding the specific physical mechanism. This talk
will describe several case studies to demonstrate the power of combining experimental measurements (threshold voltage
shifts, transconductance degradation, noise) and results of atomic-scale quantum-mechanical calculations to identify the
specific defects and processes that lead to degradation of III-V high-mobility electron transistors (HEMTs) and SiC
devices. It will also describe the development of a corresponding engineering-level models for the prediction of device
lifetimes.

More specifically, in GaN HEMTs, it has been found that the primary cause of irreversible degradation is the
dehydrogenation of defects, such as vacancies, antisite defects, or impurities such as oxygen, by hot electrons, which
activates the defects as Coulombic scatterers or carrier traps. For InAlSb devices, reversible degradation was observed
and attributed to the transformation of a benign oxygen configuration to a metastable active configuration that can be
reversed by annealing. An engineering-level model has been developed that tracks the time evolution of defect activation
using carrier distributions in energy and space obtained from a Monte-Carlo Boltzmann solver and calculated
dehydrogenation activation energies, assuming a constant (energy-independent) cross section. The model enables
prediction of device degradation at a range of temperatures and applied voltages, but its capabilities are limited. The
synergy of measurements, calculations, and the model are illustrated in the figure on the next page. Work in progress to
develop a quantum mechanical method to calculate inelastic scattering rates and carrier capture as functions of carrier
energy and temperature to supplement the current model will be described.

This work was supported by an Office of Naval Research MURI grant (2008-2013). The ongoing work on
calculations of cross sections is supported by grants from Samsung Corporation and Oak Ridge National Laboratory.
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His research involves various types of semiconductor materials, devices, circuits, nanostructures and sensors and has
applications in the electronic and biological, biomedical fields. His work on heterostructure devices and materials
includes the design, fabrication and characterization of HEMT's and HBT's, diodes for switching and mixing, GaN-based
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TECHNICAL ABSTRACT

Wide bandgap semiconductors are a key for numerous applications that extend from communications, automotive to
defense and security. Manufacturing of components is strongly dependent on in depth reliability studies that include
physics-based approaches to complement the currently used industry techniques that are not adequate for improving the
present status of technology. A physics based approach to reliability of advanced components is a key to manufacturing.
Material studies related to degradation mechanisms and ultimate reliability improvement, defects and defect clusters at
interfaces, surfaces and bulk are necessary for this purpose. These include investigations of intrinsic material and
interface effects which will be separated from technological effects. A unique physics of failure methodology for robust
manufacturing technology is therefore essential for the successful implementation of wide bandgap semiconductor
technologies.

The presentation will be followed by a review of the Division of Electrical, Communications and Cyber Systems
(ECCS) at the National Science Foundation. ECCS addresses fundamental research issues underlying device and
component technologies, power, controls, computation, networking, communications and cyber technologies.
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TECHNICAL ABSTRACT

Wide band gap semiconductors such as silicon carbide (SiC), aluminum nitride (AIN), gallium nitride (GaN) and related
alloys are being developed for a variety of electronic and opto-electronic applications but their application in high
frequency and high power devices in extreme environments is of particular interest in the energy economy. Low defect
density active layers are essential and consequently low defect density native substrates are necessary for these
applications. To realize this need, understanding of defect dynamics during bulk and epi growth is essential for
optimization of the growth to obtain peak performance. Further, it is necessary to monitor the performance of these
materials subjected to extreme environments and measure the impact of defect creation and evolution. X-ray topography
(XRT), both in white beam and monochromatic modes [1], is a powerful and versatile technique that enables rapid and
non-destructive imaging of device-damaging defects such as dislocations, stacking faults, precipitates, grain boundaries,
etc. in large-diameter wafers and epilayers. XRT using synchrotron radiation, is particularly well-suited for in situ
characterization of defect dynamics studies both during material synthesis (i.e. bulk and thin film crystal growth) as well
as during device stressing in extreme environments. In this presentation, we demonstrate the application of XRT to the
understanding of defect behavior in: (1) physical vapor transport (PVT)-grown 4H-SiC for substrates and (2) chemical
vapor deposition (CVD)-grown homoepitaxial 4H-SiC thin films for active layers.

Primary defects in PVT-grown SiC are micropipes and lc threading screw dislocations (TSDs), basal plane
dislocations (BPDs) and threading edge dislocations (TEDs). While micropipes have been effectively eliminated, 1c
TSDs persist and are necessary to provide steps to maintain polytype and sustain high growth rates. Improvements in the
PVT growth process have lowered dislocation densities from 10%-10*/cm® to 10>-10*/cm” while increasing the wafer
sizes to 150mm diameter. Recent detailed XRT studies on low dislocation density SiC wafers have revealed new vital
information on the origins and multiplication of basal and threading dislocations. The mechanism of BPD multiplication
is found to take place by the hopping Frank-Read source mechanism consisting of a sequence of TED deflections by
macrosteps onto the basal plane followed by the deflected BPD segments operating as a single-ended Frank-Read source
as shown in Fig. 1 [2]. Interactions between threading dislocations nucleated at the seed-crystal interface and from
inclusions reveals that in addition to micropipes and pure TSDs, 4H-SiC crystals also contain threading dislocations with
both ¢ and a components [3]. Deflections of such threading dislocations on to the basal plane during crystal growth
resulting in the formation of Shockley faults, Frank faults and combinations of these two (Fig. 2) [4]. Such deflection
processes provide a mechanism by which the density of threading dislocations in the boules can be lowered.

During CVD growth of homoepitaxial 4H-SiC layers, BPDs can be converted to less harmful TEDs by direct
etching of the substrate surface intersections of the BPDs or by growth interrupts which induce etching. Screw-type
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BPDs that replicate into the epilayer nucleate device-damaging dislocation half loop arrays (HLAs) (Fig 3) [5]. HLAs
have also been found to be generated from other sources such as epilayer surface-nucleated half-loops of BPD, BPD
half-loops from micropipes and from 3C inclusions in the epilayer [6]. The deflection on to the basal plane of c-axis
threading dislocations with Burgers vectors of ¢ or c¢+a in the substrate during epilayer growth and during substrate
growth leads to the formation of V and Y shaped Frank-type stacking faults in the epilayer, respectively [7].

_’ Figure 1. (a) Transmission X-ray topograph (g=1120)
E showing a diamond shaped BPD loop (SP — starting point;
EP — ending point). (b)-(d) Schematic of the formation of a
single-ended Frank-Read source through the deflection of a

(b) © TED into a BPD and back again. The TED segments act as
pinning points for the BPD glide; (e) The final
configuration of the loops produced by the Hopping Frank-
Read Source [3].

SP
@) (d) @

Figure 2. Transmission topographs and corresponding
illustrations of stacking faults in 4H-SiC crystals formed by
deflection of threading dislocations. (a) Frank fault (R =
1/2[0001]); (b) Shockley faults (R = 1/3[1-100]); (c)
(a) (b) Combination of Shockley and Frank fault with fault vector
S+c/2 (R = 1/6[20-23]); (d) Combination of Shockley plus a
Frank fault with fault vector S+c/4 (R = 1/12[-4043] (C) &
D R =1/12[-4403] (D)) [6].

©
(d)

Figure 3. X-ray topograph & corresponding schematic of
formation of interfacial dislocations (IDs) and associated
HLAs during epilayer growth

In summary, using XRT, new insights into the origins, multiplication and behavior of dislocations and related
defects have been revealed in bulk and epi 4H-SiC crystals. These results will provide the basis for designing
experiments to study and analyze defect dynamics through in situ characterization during bulk and epi growth as well as
during device stressing under extreme environments. Such studies will provide input on appropriate process
modifications to either eliminate defects or engineer their structures to minimize their impact on devices operating in
extreme environments.
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TECHNICAL ABSTRACT

Wide Band Gap (WBG) semiconductors, such as aluminum gallium nitride (AlGaN), with its tunable direct
bandgap direct bandgap covering a wide range from 0.7 eV (A~1.8 um) up to 6.2 eV (A~0.2 um), have the potential for
transformative impact on the 21st century energy economy. However, a high density of crystal defects in WBG materials
is significantly hindering the progress in realizing many of the beneficial attributes of WBG-based power electronics
systems. For example, there is an overwhelming evidence to suggest that manufacturing yield, cost, and long-term
reliability are critically controlled by material defects. Radically new material synthesis and characterization techniques
with atomic-level control that lead to dramatic reductions in bulk and interface defects are needed for WBG materials
operating at high voltages and extreme environments. Free-standing GaN substrates have recently shown great promise
for some devices, but more advanced approaches to dislocation reduction are necessary to see continued success.

Atomic Layer Epitaxy: One of the novel techniques that has shown great promise is the use of atomic layer epitaxy
(ALE) to grow AIN and high-aluminum composition AIGaN materials. Parasitic pre-reactions associated between the
aluminum precursor (Tri-Methyl-Aluminum) and the nitrogen precursor (Ammonia) drastically decrease the growth
efficiency of these high aluminum composition films. This can be overcome by using temporal separation of the
precursors resulting in a high quality AIN layer with high growth rates.

Mask-less Lateral Growth: With the growth of GaN thin films lateral epitaxial overgrowth (LEO) has shown
tremendous potential to reduce the dislocation density. However, conventional LEO is not well suited to use for AlIGaN
layers — the aluminum atoms bond to the oxide or nitride dielectric mask under all reasonable epitaxial growth
conditions (unlike gallium adatoms). This makes mask-less approaches necessary for the growth of AlGaN films (Figure
1). The lateral and angled growth causes dislocations to propagate laterally and will lead to dislocation annihilation.
The resulting surface is smooth, and atomic force microscopy shows a very low-dislocation surface (Figure 1).
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Reduced Area Epitaxy: The patterned re-growth technique above exhibits a step-like coalescence front. One
intermediary solution for the fabrication of small-area devices is to used reduced area epitaxy to selectively grow and
process devise only in the low-dislocation region. This technique has been successfully applied in 2-dimenions.

After 8 h 10 min AIN regrowth on patterned AIN

Lateral growth

10pm Electron Image 1

Bum Electron Image 1

Figure 1. Left)cross-sectional SEM iamge, Middle) inclined SEM image of the surface and Right) AFM image of the
nearly defect free surface.

Patterned Growth on Silicon: Silicon is a very low-cost substrate with very low native dislocation densities.
However, there is a ~17% effective lattice mismatch with AIGaN which make its use difficult. The UV opacity of
silicon, which at first appears to be a disadvantage, actually ends up not being a problem because excellent chemical
selectivity allows the silicon substrate to be completely removed after growth and processing (Figure 2). We have
successfully demonstrated both of the world’s first back-emission UV LEDs, and back-illuminated solar-blind
photodetectors grown on silicon by using this novel technique.

AIN back s‘urfacé

p

B0pm 10um

Figure 2. Scanning electron micrographs of the thick AIN growth (left)a side-view of the regrowth with yellow lines
delineating the boundary between the AIN growth and the silicon substrate; and, (middle & right) an inclined view of the
surface after flip-chip bonding and substrate removal.

Conclusion: Radically new material synthesis techniques with atomic level control that lead to dramatic reduction
in bulk and interface defects are needed. Atomic layer epitaxy, patterned regrowth, selective epitaxy, and growth on
silicon represent just a few of the of the potential techniques that may address the critical challenge of growing WBG
semiconductors. The goal of this workshop is to provide an opportunity to unravel fundamental challenges in WBG
material synthesis and characterization that are hindering rapid advancement of WBG-based power electronics systems.
In the broader picture, the workshop will foster new frontiers in material synthesis, material characterization, multi-scale
modeling, and defect physics in the excited state of the condensed matter. It will provide an opportunity for students and
young faculty to intellectually engage with nation’s leading experts in one of the grand scientific challenges of the 21%
century.

Keywords: I1I-Nitrides, Defects, Wide Band Gap, Power Devices
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TECHNICAL ABSTRACT

Gallium nitride is a very promising material for high-power electronics. The hydride vapor phase epitaxy (HVPE)
technique, which is currently used for the growth of thick GaN films or freestanding templates, has several advantages
including a very low density of dislocations, lower cost of production as compared to MBE and MOCVD techniques,
and a low concentration of point defects. We have prepared and investigated a large number of undoped films grown by
HVPE on sapphire under different growth conditions. Steady-state and time-resolved photoluminescence (PL) was
employed to extract valuable information about point defects in this material. The concentrations of the defects were
determined from the dependence of PL intensity on excitation intensity. Defects with concentrations in the range of 10'*-
10'"® cm™ can be detected and analyzed by PL methods. This range falls below the detection limit of other techniques
such as secondary-ion mass spectrometry.

The main PL band in several HVPE-grown GaN samples is the red luminescence (RL) band with a maximum at 1.8
eV and a zero-phonon line (ZPL) at 2.36 eV (Fig. 1). The RL band is caused by transitions from a shallow donor (at low
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Fig. 1. The RL band in HVPE GaN. (a) Low-temperature PL spectrum at low excitation intensity. (b) Fine structure of
the RL band, with the ZPL at 2.36 eV. (c) Evolution of the RL band fine structure with temperature.
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temperature) or from the conduction band (above 50 K) to an unknown deep acceptor having an energy level 1.130 eV
above the valence band.

In high-quality GaN, including freestanding templates, one of the dominant defect-related PL band is the green
luminescence (GL) band with a maximum at about 2.4 eV. Figure 2 shows the PL data for a 30-um-thick GaN layer on
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Fig. 2. PL from high-quality GaN at 7= 100 K. (a) Steady-state PL spectra at low and high excitation intensity. (b)
Time-resolved PL spectra at different time delays after a laser pulse. Solid lines show simulated shapes for the GL
band (1 and 2) and the YL band (3-5). (c) The dependence of the PL peak intensity after a laser pulse on the excitation
intensity P, for the GL, YL, and UVL bands. Solid lines are calculated with the concentration of defects N as the only
fitting parameter. N = 5x10' cm™ for all three PL bands.

sapphire substrate. To reduce contribution from a very strong exciton emission (NBE), the data for defect-related PL are
presented at 100 K and low excitation intensity. The PL spectrum includes the RL band, the blue luminescence (BL)
band related to the Zng, acceptors, and the ultraviolet luminescence (UVL) band with the main peak at 3.27 eV. The GL
band increases as a square of the excitation intensity and becomes the dominant defect-related PL band at the excitation
power density (P,,.) above 0.2 W/cm? The GL band can be easily recognized in time-resolved PL measurements due to
its exponential decay even at low temperatures, with a characteristic lifetime of 1-2 ps. The GL band is attributed to
transitions of electrons from the conduction band to the 0/+ level of the isolated Cy defect. The yellow luminescence
(YL) band, related to transitions via the —/0 level of the same defect, has a maximum at 2.1 eV and can be observed only
for some samples. Even when the YL band is not observed in the steady-state PL spectrum, it appears in time-resolved
PL spectra at long time delays, after the GL band disappears (Fig. 2(b)).

The concentrations of the point defects responsible for the observed PL bands were determined from the
dependences of the steady-state and time-resolved PL intensity on the excitation intensity. Figure 2(c) shows the
dependences of PL intensity after a laser pulse on excitation intensity for three defect-related PL bands at 100 K. The
solid lines are calculated. The concentration of point defects obtained from the fit is on the order of 10" cm™. The GL
band intensity increases as a square of the excitation intensity (the dashed line in Fig. 2(c)) at low excitation intensity
and saturates at high excitation intensity.

Keywords: GaN, photoluminescence, point defects
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TECHNICAL ABSTRACT

SiC has been used to fabricate high power high frequency metal oxide semiconductor field effect transistors
(MOSFET) for high temperature operation where Si cannot be used. 4H-SiC is one of the many allotropes of SiC. Itis a
wide gap semiconductor with an energy gap of 3.23 eV at room temperature. SiO, is a native oxide of SiC; just like for
Si. Furthermore, SiC has a high bulk electron mobility. However, MOSFET devices based on 4H-SiC show a low
carrier mobility. The lower mobility has been correlated to defects in the region surrounding the SiO,/SiC interface.
These defects are electrically active and have energies within the band gap of the SiC leading to mobility reduction
during inversion of the channel by field termination, carrier trapping and Coulomb scattering.' Several defects, such as
interstitial C, Si vacancies, O with three fold coordination and uncoordinated C and Si bonds, have been identified as
possible candidates for the reduction of carrier mobility. Several investigators are attempting to reduce the density of
defects in this interfacial layer called the “transition layer” by different processing methods during or after the growth of
the SiO, dielectric. One of the processes involves post-annealing of the thermally grown SiO,/SiC in NO atmosphere in
order to induce carbon removal from the SiC and facilitate the formation of SiO,. Samples that underwent this NO
annealing have shown increase in the carrier mobility.>® Tt is believed that N incorporates at the SiC/SiO2 interface
giving rise to passivation of some of the defects in the transition layer by forming Si-N bonds.*

We have performed annealing of thermally grown SiO,/4H-SiC samples in an NO atmosphere for different periods
of time to systematically investigate the role of annealing on the transition layer width. We characterized the interfacial
region under the gate of the devices by high resolution TEM (HRTEM), high angle annular dark field (HAADF) imaging
and electron energy loss spectroscopy (EELS). MOSFET devices with 150 um n-channels were investigated in this
study. The 4H-SiC wafers were (0001) Si face with a 4° miscut towards the < 1120 > direction and had a doped SiC
epitaxial layer with a doping concentration of ~5x10'%/cm’. An approximately 55 nm thick oxide was grown by
annealing the samples in dry O, at 1,150 °C. The samples were post-annealed in NO at 1,175°C for various times up to
240 min. Samples for TEM analysis were prepared using an FEI Helios 650 focused ion beam/scanning electron
microscope. The TEM lamellas were analyzed in a JEOL 2100 F field emission TEM operated at 200 kV and with a
Gatan Tridiem electron energy loss spectrometer.
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Figure 1 shows a typical HRTEM lattice image and diffraction pattern of a 4H-SiC/SiO, sample that was annealed
for 60 min. The image shows the high crystalline quality of the SiC and the amorphous SiO, with a fairly sharp interface
but with some contrast variations in the SiO, region near the interface. Some contrast is also visible in the SiC region
near the interface but it is difficult to estimate the thickness of the transition layer from these images. Instead, we
estimated the width of the transition layer from EELS spectra obtained across the SiC/SiO; interface. Figure 2 shows an
example of the change of the Si-L, 3 signal as the beam is scanned from the SiC to the SiO, in the HAADF image (Fig.
2(a)) of a sample annealed in NO for 60 min. The Si-L,; edge systematically shifts to higher energy as the beam is
scanned from the SiC to the SiO, (Fig. 2(b)). The spectra in Fig. 2(c) present the Si-L, ; edge, the C-K edge and the O-K
edge in the SiC (blue), interface (red) and SiO, (yellow) taken from the corresponding colored rectangles in Fig. 2(a).
The chemical shift of the Si-L,; edge is indicative of the change in the bonding of the Si atoms in the two materials.
The distance in the sample perpendicular to the interface over which the Si-L, 5 shifted was used to estimate the width of
the transition region, Wy, > The results presented in Fig. 3 for the different annealing times show that the transition layer
width systematically decreases with increasing annealing time. This result agrees with the increased mobility with
annealing time obtained from the same samples.” The chemical shift of the Si-L,; edge gives a good indication of the
width of the transition region. Longer annealing in NO reduces the width of the transition region and increases the
carrier mobility. Nitrogen incorporation at the interface has been reported in NO annealed films by passivation of Si
dangling bonds and formation of Si-N bonds.* Ours EELS spectra did not detect the N-K edge since nitrogen has been
measured to be around 1x10'/cm” from SIMS measurements.’

() (b)

Fig. 1 [11000] cross sectional HRTEM image and (©
diffraction pattern from a 4H-SiC/SiO2 interface
from a MOSFET annealed in NO for 60 min.

Fig. 2 (a) HAADF STEM image of the 4H-SiC/SiO2 interface in the
sample annealed for 60 min. (b) Si L2,3 edge shift as the beam is
scanned across the interface in (a). (c) Spectra in the SiC, interface
and SiO2 from the corresponding rectangular colored regions in (a) .

Fig. 3 Dependence of the width of the transition
region with NO annealing time.
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TECHNICAL ABSTRACT

Gallium nitride (GaN) is a promising WBG semiconductor for photonic and power electronic applications. The research
on GaN power devices has been predominantly focused on high electron mobility transistor (HEMT) type of lateral
heterojunction devices fabricated on heteroepitaxial thin films on a foreign substrate. Unfortunately, GaN heteroepitaxial
thin films grown on cost-effective but non-lattice-matched substrates such as silicon or sapphire suffer from detrimental
crystal defects known as dislocations with a typical defect density of 10’-10'" cm™. These lattice-mismatch-induced
dislocations increase the leakage current, disrupt the electric field distribution, and can result in premature microplasma
breakdown—all of which compromise the reliability of these power devices and limit their commercialization prospects.
Furthermore, today’s lateral HEMTs, limited by surface states and bulk defects, offer voltage and current ratings
significantly below the theoretical potential of GaN. Vertical GaN device architectures free from material defects are
highly desirable to push the power range of GaN to thousands of volts and hundreds of amperes.

Recently, one-dimensional nanostructures based on IIl-nitride
semiconductors, including nanowires and nanorods, have attracted
tremendous attention as potential nanoscale building blocks for
improving performance of light-emitting diodes. Specifically, GaN
nanowires offer the advantages of high light extraction efficiencies
and the potential to be grown free of extended defects. GaN
nanowires can elastically relax laterally, and accommodate lattice
mismatch with Si substrate through pseudomorphic growth without
dislocation formation as compared to thin-film heterostructures.
Various reports have demonstrated the growth of dislocation-free,
one-dimensional III-nitride nanostructures. The unique properties of
GaN nanostructures grown with bottom-up fabrication, referred to as Fig. 1: GaN nano- or micro-rods on silicon

substrate developed for new LEDs by Aledia
Inc. Source: http://www.aledia.com.
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nano-GaN in this proposal, also present a great potential for developing transformative power device architectures
offering high breakdown voltages, low leakage currents, and reliable device operation. However, this potential so far
remains largely unexplored. Important scientific issues and technological barriers must be addressed in the areas of novel
device architectures, controlled nanowire synthesis, improved understanding of structural, electrical, and thermal
properties of nano-GaN, and nano-GaN device fabrication before the promise can be fully realized.

Unlike the lateral HEMT type of GaN power devices which have been researched extensively in the past decade, well-
ordered arrays of small-diameter, straight GaN nanowires with naturally smooth surfaces (facets) would provide an
interesting alternative for making high voltage vertical power devices. Potentially, the vertical nanowires offer an
inherent advantage of achieving 5-10X higher breakdown voltages than the lateral HEMTs by exploiting three-
dimensional electric field reduction techniques such as the super-junction concept. It is worth noting that the super-
junction concept may be more naturally realized in vertical GaN nanowires than the multi-epi or mesa-etching
approaches adopted in the commercial silicon super-junction power MOSFETs which have rapidly proliferated in the
market in the past decade. However, the electrical properties of such nano-GaN structures remain relatively unexplored.
Important scientific questions such as the mesa sidewall-related breakdown mechanisms, impact of sidewall surface
states on carrier transport, and potential microplasma formation effects must be raised and investigated thoroughly
before the commercial potential of nano-GaN power devices can be further explored.

GaN nanowires have a hexagonal wurtzite structure with quasi-cylindrical geometry, typically forming a hexagonal
cross-section in line with the crystallography of the wire. If their potential is to be fully realized, a scalable synthesis
process needs to be developed and optimized to allow precise control of the geometry (diameter, height, tip shape) and
position of each nanowire, and to minimize dislocations. GaN nanowire structures can be fabricated using molecular
beam epitaxy (MBE), or metalorganic vapor phase epitaxy (MOVPE), also known as metalorganic chemical vapor
deposition (MOCVD). It has been hypothesized that IIl-nitride

nanowires grown on (111) Si substrates accommodate the lattice

mismatch at the hetero-interface through a dense network of reading
dislocations that bend outwards, through a climb process to end at the TDfree  bending out TOIee
free surface of the nanowire sidewall. It is assumed that threading ofnanowies
dislocations can minimize their energy by bending and terminating at - S

a free surface. This method of dislocation reduction has been 1 /f ﬂ‘/{

observed experimentally and used to advantage in optoelectronic

devices. Once this relaxation takes place, the nanowire grows keeping N G i
its own lattice parameter, a fact that is helped by the nanowire’s high
surface-to-volume ratio. As a consequence, the nanowires grow
without strain and are often reported as “dislocation-free”. However,
detailed studies of the wire development during growth are still
required to determine to what extent the dislocations are removed
along the length of the nanowire.

Fig. 2: Hypothesis of threading dislocations
(TD) reduction in GaN nanostructures by
bending out to free surface during MOVPE
growth.

In summary, high voltage vertical device architectures based on GaN nanowires offer a great potential to significantly
improve the reliability and cost-effectiveness of WBG power semiconductors. However, the research in this area is still
in its infancy, and there is a lack of fundamental understanding on nano- and micro-scale device design and modeling,
nanoheteroexpitaxial materials growth, dislocations and characterization, as well as the effects of facet surface states on
carrier transport and device breakdown properties. Many important scientific and practical issues remain to be explored.

Keywords: WBG, GaN, MOCVD, dislocations, power devices
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TECHNICAL SUMMARY

Concievably, the main benefits of using wide bandgap (WBG) semiconductor power switching devices in place of
traditional silicon power devices in low- (< 1.7 kV) and medium-voltage (1.7 kV to 6.5 kV) power electronics
applications are increased energy efficiency, reduced power converter size, and prolonged field reliability [1]. However,
commercially available WBG power devices made on silicon carbide (SiC) and gallium nitride (GaN) semiconductors
have not found the market success that silicon power devices have enjoyed for the past five decades. Whereas the cost of
a WBG power device ($/A for a given voltage application) is much higher compared to a silicon device with identical
voltage and current ratings, it may be possible to offset the higher chip cost with increased energy efficiency and system-
level cost and robustness benefits.

It is highly unlikely that the cost of a WBG power semiconductor chip is ever going to be smaller than that of a silicon
power chip with identical voltage and current ratings. There are multiple factors that contribute to this hypothesis —
starting material cost, manufacturing cost, and packaging cost are a few to name. Two major contributors for high cost of
a WBG power device today are expensive starting material and poor manufacturing yield. This situation is complicated
by the fact that the WBG manufacturers typically do not reveal the wafer yield or the methodology used to assess the
yield. The factors that contribute to the poor wafer yield are also generally not known. What is true is that a relatively
high leakage current in the blocking state causes significant voltage derating of a WBG power device. High cost of
starting material stems from expensive crystal manufacturing process which requires costly materials, high growth
temperatures, and long growth durations [2]. This scenario is unlikely to change in the forseable future unless a high
throughput solution growth process similar to the Czochralski process [3] used for growing single crystal silicon is
developed. Figure 1 is a pictorial illustration of the size difference between the silicon wafer ingot grown by the
Czocharlski method [3] and SiC wafer grown by sublimation growth using the modified Lely process [2]. The silicon
crystal is typically grown at a much lower temperature ( < 1,000°C) than the SiC crystal (> 2,000°C). The seeding of the

53


mailto:kshenai@anl.gov
http://www.anl.gov/

crystal in a SiC growth process begins with threading screw dislocations (TSDs). Hence, to obtain commercially viable

Fig. 1: Pictorial representation of a
silicon wafer ingot grown by the
Czochralski method [3] and SiC
wafer grown by sublimation growth
using the modified Lely process [2].

crystal growth rates for SiC, a minimum number of TSDs are needed and the
growth must be performed at a much higher temperature than silicon. These
inherent material synthesis limiations lead to a high density of crystal defects in
the SiC substrate material compared to silicon substrates. Silicon defect density
for the past many decades has been steady below 1 defect/cm”. The starting
material problem presents a fundamental limitation in the large-scale
commercialization of WBG power devices especially for high-volume
applications such as electric vehicles which by one estimate demands several
million wafers per year by 2,020.

Figure 2 is a plot of the measured breakdown voltage V gr)pss vs. junction
temperature T;(°C). As seen from the datasheet value for breakdown voltage, it is
clear that commercial devices are de-rated by a factor of 0.68. In comparison,
typical silicon power MOSFETs are de-rated by a factor of 0.85. The SiC power
MOSFETs are de-rated by a larger factor than silicon devices because increased
leakage currents in the off-state due to space-charge generation and
recombination at defect sites prevent these devices to be operated in the near
avalanche regime. Figure 3 illustrates the measured body diode characteristics of
a SiC power MOSFET at 150°C. Unlike a silicon power MOSFET, the SiC
power MOSFET shows a strong dependence of body diode conduction on gate-
source voltage that indicates the presence of excessive oxide charge. A careful
review of commercial products has revealed that unlike silicon power MOSFET
datasheets, SiC power MOSFET datasheets do not list drain dv/dt ratings. This is
an important parameter since high-voltage SiC power MOSFETSs are switched in
nano seconds. For example, it is typical to find a drain dv/dt rating of at least 15
V/ns in the case of silicon power MOSFETs at T; = 150°C. Available
experimental data for SiC JBS diodes suggests a very low dv/dt rating of < 7V/ns
at T; = 150°C [4]. This is a serious concern that must be addressed in order to
assess the long-term field-reliability of SiC power devices in compact high-
density power converters. Another reliability parameter of interest is the single

pulse avalanche energy, Eas. A survey of the commercial product datasheets reveals that typical reported values of Exg
at T; = 25°C are 2 Joules (measured at half the rated current) and 1 — 2.2 Joules (measured at half the rated current for

Vpp = 150 V and 50 V, respectively) for 1,200V silicon
and SiC power MOSFETs, respectively. Figure 4 is a
plot of measured E,g for silicon and SiC power diodes
which shows even smaller avalanche energy capability
for SiC power diodes than silicon power diodes. More
data needs to be generated under identical measurement
conditions at elevated junction temperatures in order to
critically evaluate dv/dt and E,g capabilities of WBG
power devices and bench-mark against silicon power
devices with identical ratings.

Figure 5 is a plot of the safe operating area (SOA)
reported in the datasheets for commercial 1,200V
silicon and SiC power MOSFETs at room temperature;
all three devices have nearly the same current ratings.
The SOA plots of three devices have distinct shapes
indicating packaging and thermal variations. The SOA
of silicon power MOSFET is higher than that of either
SiC power MOSFETs. This observation is particularly
important since SiC devices are expected to demonstrate
superior SOA than silicon devices because of improved

Fig. 2: Measured breakdown voltage, Vggpss) Vs. junction
temperature, Tj(°C) for a 1,200V/50A commercial SiC power
MOSFET. For comparison, datasheet values are also shown
along with measurement conditions.

electrical and thermal material properties. The stability of the gate threshold voltage [5] and the reliability of body diode



[6] and gate oxide [7] of a SiC power MOSFET have been extensively studied in the literature. A negative shift in the

Fig. 3: Measured body diode forward on-state characteristics T; =
150°C for a 1,200V/50A commercial SiC power MOSFET. A

strong gate-source voltage dependence on body diode conduction ~ Fig 4: Measured avalanche energy capabilities of 600V/6A
can be seen suggesting an excessive oxide charge. silicon MPS diode and 600V/8A SiC JBS diode at 25°C.

MOS gate threshold voltage under high-temperature reverse-bias (HTRB) stress has been shown to cause an increase in
the off-state leakage current and potential device failure. A large positive shift of the MOS gate threshold voltage under
high-temperature gate-bias (HTGB) conditions with a positive bias-temperature stress can also lead to a significant
increase in the on-state resistance and thus a decrease in device efficiency. The local “hot spots” are caused by the
formation of micro plasma that leads to device destruction. Crystal defects introduce local potentials in the

Fig. 5: Measured safe operating area (SOA) of 1,200V/30A
silicon power MOSFET, and 1,200V/32A and 1,200V/45A SiC
power MOSFETs at Tj=25°C.

semiconductor crystal lattice that strongly distort the Fig. 6: Measured concentration of carbon vacancy in as-grown 4H-
energy-band structure of WBG semiconductors and cause ~ SiC inth conventional annealir}g in an.inductively heated furnace
severe degradation in electrical parameters in the excited At various temperatures for 5 min. duration.

state of the condensed matter. However, fundamental understanding of the exact phenomena of the excited state of
condensed matter is lacking. This phenomenon is particularly important in high-voltage (> 6.5 kV) bipolar SiC power
devices where in addition to TSDs and TEDs, point defects such as the carbon vacancy (V) have been found to have
catastrophic effects on high-voltage bipolar power diodes. For example, V¢ which is a prime life-time controlling defect
through its Z;,, state [8] and is found to increase in its concentration when high processing temperatures in excess of
1600°C are used [9]. Such high processing temperatures are essential for fabricating high-voltage (6.5 kV — 65 kV) SiC



bipolar power devices where selective p-type doping using group-III elements, like B and Al, is employed using the
process of ion implantation.

In summary, the challenges facing the WBG power semiconductor community are essentially basic and fundamental
in nature. The high cost, poor performance and degraded reliability stem from the starting material used in the
manufacturing process as it is prohibitively expensive compared to silicon, and contains a very high density of crystal
defects. The exact role that these defects play on device performance and reliability is unknown, especially under the
excited state of the condensed matter where most power devices are operated. The excited state may be caused by a
combination of high-level charge injection, high temperature, and high electric field. This information is critical in order
to optimize the manufacturing technology and also to develop new low-temperature materials synthesis techniques that
result in low defect density at high throughput rates.
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Technical Abstract

The effort to produce defect free materials for semiconductor applications continues into the
realm of wide bandgap semiconductors such as silicon carbide (SiC) and gallium nitride (GaN).
These materials are critical for semiconductor devices intended for use in high-voltage, high-
temperature and other extreme applications. There are two types of defects that must be considered.
The first type represents defects that are grown into the bulk material typically used as the substrate
for building power semiconductor devices. These are individual crystal defects that are distributed
throughout the bulk of the material during crystal growth. The second type represents defects that
are generated by the surface finishing process used to manufacture the semiconductor wafers. These
defects are concentrated near the surface and can easily include impurities from the various materials
that come into contact with the surface during processing. They are typically lumped together and
called subsurface defects because they rarely extend more than a few microns below the surface.
Both types of defects will affect the performance and reliability of the devices made on these wafers.

It is known that the two types of defects mentioned above can easily affect leakage currents,
switching speeds and the lifetime of devices. The University of Dayton has a unique, non-destructive
method of material characterization called the PBS measurement (sometimes called photon back-
scattering). The PBS measurement uses scattered laser light in the ultraviolet (UV) to detect and map
surface and subsurface defects on wafers made from these wide bandgap materials.

The PBS measurement is designed to allow penetration of the laser light into the material and
detect the scattered light from the defects below the surface. The measurement can also separate
surface from subsurface defects and provide color maps of the defects on areas up to 100 mm in
diameter. The UV wavelength (325 nm) is used because these materials are generally opaque in the
UV and the probe beam penetrates only a very short distance into the material. For SiC, defects can
be detected to a depth of ~7 microns, and for GaN defects can be detected to a depth of
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~0.13 microns. This limits extraneous scatter from other surfaces and insures that only defects near
the surface are detected.

Examples of PBS measurements on SiC are shown in Figures 1. The measurement units are
ppm/Sr (Parts-Per-Million-Per-Steradian), the units of scattered light. (Note that this is not total
integrated scatter (TIS) that uses units of ppm. TIS cannot separate the subsurface scattered light and
provides little detail.) The color scale at the side of the map shows the correlation between color and
scatter level. The colors and some features look similar on these two maps, but the upper scale limit
is quite different, as are the averages, indicating very different levels of subsurface damage.

Figure 1. Color Map of a 50 mm Diameter SiC Wafer Showing Severe Linear Processing Damage.

The red lines on these maps indicate linear damage from processing, sawing, grinding and
even polishing. Isolated red spots indicate point defects of various kinds, while the larger red areas
are other types of processing defects. These maps are from wafers produced several years ago and
the state of the art has certainly improved. In these maps, any bulk crystal defects are hidden by the
processing subsurface damage. Once the processing damage is minimized, the effect of the bulk
crystal defects will be seen. The current equipment can detect scatter down to 0.001 ppm/Sr so even
low levels of defects should be detectable.

Keywords: Photon backscattering, defects in semiconductors, non-destructive testing of
semiconductors
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TECHNICAL ABSTRACT

Chemical vapor deposition (CVD) is the most mature process for the production of SiC epitaxial films. In the
conventional SiC-CVD process using silane as the Si-precursor, the growth rate for high quality SiC film is generally
about 5-10 um/h. Increase of the growth rate, essential for the production of thick films >50um for high power
electronics, is restricted due to Si gas phase nucleation at high silane concentration, which leads to generation of Si
droplets [1]. The Si droplets will be carried to the growing surface by the carrier gas, creating defects and degrading
crystal quality. To overcome this problem, chloride-based compounds were introduced to replace silane as the Si
precursor [1]. However many challenges still remain for achieving high quality thick SiC epitaxial films at high growth
rates and/or long growth duration. Defect generation caused by “parasitic deposition” has been reported to be a limiting
factor in achieving high quality epilayers [2-4]. The parasitic deposition in CVD process occurs due to early gas phase
decomposition of the precursors at temperatures lower than the substrate temperature, which causes deposition of the
decomposed spices (Si and SixCy) on the wall of reactor parts (such as the gas injector and the hot-wall) prior to
reaching the substrate [3]. Particulates formed due to parasitic deposition are generally loosely bound on the wall, and
can be carried to the growth surface during growth, resulting in degradation of crystal quality by introducing defects in
the growing epitaxial layers. This phenomenon is specifically severe at higher precursor gas flow rates or in long
duration growth required to achieve thick epilayers. In SiC CVD growth using traditional silane or chloride-based
precursors, the parasitic deposition cannot be effectively reduced because the decomposition temperatures of silane or
chloride-based precursors are too low compared to the epigrowth temperature (~1600°C). Therefore, the solution to
restriction/elimination of the parasitic deposition is to find a suitable precursor that decomposes only in the vicinity of
the substrate.

Recently, studies at the authors’ group demonstrated that tetrafluorosilane (TFS), a fluorinated silane, is a promising
candidate to replace the currently used silane or chlorinated silane gases as the Si precursor to significantly reduce the
parasitic deposition, and hence to achieving very low defect density SiC epilayers [2]. The Si-F bond strength in TFS is
the highest among all halogenated silanes, which allows complete elimination of Si-Si bond formation (Si-droplet) and
significant suppress early decomposition of the precursor (parasitic deposition). As shown in Fig. 1, this unique CVD
process using TFS as the precursor can completely eliminate silicon gas phase nucleation (in the condition of H, with
only Si precursor gas flow) and reduce the overall parasitic deposition by 80% (in the condition of H, with both C and Si
precursors) compared to the conventional SiC CVD process using silane or chlorine based silicon (e.g., dichlorosilane,
DCS) precursors.

59


http://www.ee.sc.edu/research/SiC_Research/

Attributed to the reduction of parasitic deposition, SiC epitaxial growth using TFS shows significant reduction of
particle and growth pit densities (Table 1). It is also interesting to see that the epilayers grown using TFS have lower
densities of basal plane dislocation (BPD) and in-grown stacking fault (IGSF), as well as a higher crystalline quality,
compared with the epilayers grown using silane or DCS.

Growth of SiC on low off-axis (<= 4°) usually generates surface step bunching. The TFS grown epilayers exhibit
better surface morphology with less step bunching. In AFM characterizations, the TFS grown epilayer has a RMS value
of 1.3 nm and a macro step height of ~2 nm (~8 bilayers), while the DCS grown epilayer has the RMS value of 2.2 nm
and the macro step height of ~8 nm (~32 bilayers).

Systematic study of the effect of C/Si ratio on the epilayer quality and defect density in SiC epitaxial growth using
TFS will be presented. Further reduction of BPD density or complete elimination of BPDs on SiC epilayers has been
achieved when the epitaxial process is combined with suitable substrate etching in KOH-eutectic and hydrogen
pretreatment.

(a) (b)

Figure 1. The mass of parasitic deposition on the gas injector wall using silane, DCS
or TFS precursor gases (a) with and (b) without propane addition [2].

Table 1. Comparison of defects on 8° SiC epilayers grown using silane, DCS and TFS gases [3].

Large Medium Small
Si Frla‘;:’ Grr‘;r:h XRD | BPD | TED | TSD | IGSF | Particle | Particle | Particle Grgivt“h
precursor FWHM| (cm?) | (cm?) |(cm?)| (cm?) |100-400 pm | 30100 pm | 10-30 um i3
(SCCm) (Mm/hr) (cm—z ) (cm—z ) (cmfz ) (Cm )
Silane 5 7 ~20 |233-625|2x10%| 960 |912-1800 ~20 ~50 ~200 3% 10°
DCS 5 10 ~12 | 144-388 [ 2 x 10*| 1060 | 242-1000 0 ~45 ~100 2x10°
TFS 10 30 ~7.5 1422 | 1x10*| 1050 | 92-100 0 0 ~5 ~50

Keywords: Silicon carbide, chemical vapor deposition, epitaxial growth, parasitic deposition, defects, Si-droplets,
tetrafluoridesilane
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TECHNICAL ABSTRACT

A process is presented for obtaining large area, bulk grown, single crystals of Gallium Nitride
(GaN). This process involves the use of low-pressure plasmas for nitrogen dissolution and
crystallization of GaN out of Ga melts. Free standing films of 20 micron thick over areas larger than
10 mm x 10 mm have been produced from the laboratory process. Further homo-epitaxial growth of
GaN on these substrates can be used to produce free-standing wafers for device fabrication. The
development of technologies that have the potential to produce freestanding substrates of wide band
gap materials will allow for producing next generation power electronics devices and systems.

Large area oriented GaN flakes of sizes few mm by few mm as shown in Fig. 10(a) &(b)
were obtained when mm thick gallium film was nitrided. The gallium nitride crystals joined
together with indiscernible boundaries and layer by layer growth started after joining. The largest
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flake had the area exceeding 10 mm x 10 mm at a thickness of over 10 microns. See optical
photographs of the flakes produced in Figure 1.

Figure 1: (a) optical graph of oriented GaN flakes with mm thick gallium growth; (b) SEM images
showing joining of GaN platelets, inserted is the XRD spectrum.

The XRD texture analysis of the free standing GaN flakes with areas over 25 mm” exhibited an
overall c-axis tilt of 2.2° while showing primary reflections from (0002) and (0004) planes. Further
more, the cross-sectional TEM micrographs showed that the resulting GaN films are free from
dislocation crops inside the grains but showed diffraction contrast due to small misorientation
between the grains. The twist and tilt angles between adjacent columnar grains were determined
using convergent beam electron diffraction technique to be less than 8° and 1°, respectively.
HRTEM micrographs of the grain boundaries showed sharp interfaces with both twisted and perfect
attachments. Figure 2 shows XRD pattern analysis of films growth on molten Ga and quartz
substrates showing highly textured growth on molten Ga and polycrystalline film growth on quartz
substrate.

(0002) (@) (0002 (b)
; v (1011)
(1010 -
0004 (1120)
\J% ( A : \J Lum

f [ f i + + =8 :
20 30 40 50 2 60 70 80 90 20 30 40 50 60 70 80 90

Figure 2: XRD pattern of GaN films obtained under two different wetting conditions of molten Ga:
(a) Ga wets the substrate and (b) Ga partially wets the substrate during nitridation.

The experiments were conducted in a vacuum chamber equipped with stationary ceramic
heating stage and ECR-MW plasma source. As we ramped up the temperature, the gallium film on
quartz substrates agglomerated into droplets with a considerable size distribution. These gallium
droplets started to spread after about 10 minutes’ exposure to atomic nitrogen at 950 °C. Gradually,
the nitrogenated gallium melts covered the substrate and a thin, gray colored solid film eventually
formed on top of a gallium layer. The spreading of gallium melts was found to be critical in forming
the self-oriented films.

Keywords: Bulk growth, GaN wafers, low pressure, plasma nitridation
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Michigan Technological University. His graduate research with Professor Mohan
Krishnamurthy focused on molecular beam epitaxial growth and morphological evolution
of Silicon-Germanium quantum structures.

TECHNICAL ABSTRACT

Our modeling suggests surface roughness is the primary contributor to mobility degradation of transfer-doped, diamond
transistors. During the initial steps of diamond device fabrication, bulk and surface defects are introduced. With
subsequent processing, these defects may become apparent in the surface channel region of the device. Consequently,
detection and elimination of defects occurring within the initial steps of fabrication becomes a fundamental objective
for establishing an atomically flat, high-mobility surface channel.

Our research is focused on characterizing and eliminating sources of such defects in CVD-grown diamond
substrates. In particular, we will present results for various time and temperature conditions for hydrogenation of CVD-
grown <100> diamond surfaces.

Keywords: CVD Diamond, hydrogenation, 2D hole gas, mobility, transfer doping, surface roughness.
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TECHNICAL ABSTRACT

Vertical Growth Process:
Elongate small-diameter fiber seed
grown from single SiC dislocation.

Some important limitations to high-field silicon
carbide (SiC) power device electrical performance
properties has been linked to the high number

(>2000/cm”) [1] of screw dislocations (SD) in
commercially  available  SiC  wafers  [2,3]. Lateral Growth Process:
Researchers at the NASA Glenn Research Center CVD growth to enlarge fiber
have proposed an alternative method to mass-produce sidewalls into large boule.
significantly higher quality bulk SiC. This alternate - 1600 C, lower stress
growth method requires defect assisted growth of a - Only 1 dislocation
single screw dislocation in the c-axis direction into a
long 4H-SiC single crystal fiber. The single crystal Vertical & Lateral growth
fiber is then drawn through a chamber where it is are simultaneous &
laterally enlarged (perpendicular to the c-axis) via a continuous (creates a
chemical vapor deposition (CVD) process into a large tapered shape).
tapered crystal (LTC) [4]. The result is expected to
be a large single crystal boule with a SD at the center. [0001] c-direction
In order for this bulk growth method to become
reality, the principles of each step are being studied in A
order to develop a process capable of creating the
large tapered crystal as described in US patent
7,449,065 B1.

The LTC process can be split into two pieces: <1100> m-direction
vertical growth of a single crystal fiber and lateral <1130> a-direction

epitaxial growth of a single crystal fiber. The

solvent-Laser Heated Floating Zone (solvent-LHFZ)  The Large Tapered Crystal Process [4]
crystal growth technique was developed in order to
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form single crystal SiC fibers necessary for the first step in
the LTC process. Solvent-LHFZ combines the fiber
growth capabilities of laser heated floating zone with the
traveling solvent growth method’s ability to grow SiC. So
far the solvent-LHFZ has been shown to grow epitaxial
SiC, but has yet to grow a single crystal fiber. The lack of
a well ordered growth front established by the seed crystal
has to date been a major impediment to single-crystal fiber
growth. Developing improved seed crystals with more
ordered growth front for this technique is currently under
investigation.
Lateral growth is currently under investigation in a hot
wall chemical vapor deposition (CVD) reactor. CVD
experiments, using seed crystals that mimic single crystal
fibers, have produced single crystals wider than 4 mm and
replicate the underlying polytype. However the grown  golyent-Laser Heated Floating Zone Technique [5]
crystals contain large bundles of defects emanating from
the seed crystals. At this time, results are unclear as to whether the defects are an extension of defects contained
previously in the seed crystals or a result of the CVD process. Currently lateral growth efforts are centered on using
higher quality (lower defect density) crystals that simulate single crystal fibers in order to determine the source of the
defects.

[1]J. Zhang, et al., Mater. Sci. Forum, 717 (2012) 137-140

[2] R. Berechman, et al., J. Appl. Phys., 107 (2010) 114504.

[3] P. G. Neudeck et al., Solid-State Elec., 42, 1257 (1998).

[4]J. A. Powell, et al., U.S. Patent 7,449,065 issued November 11, 2008.

[5]1 A. A. Woodworth, et. al., Mater. Sci. Forum, 717 (2012) 49-52.

Keywords: Silicon Carbide, Crystal Growth, Screw Dislocation, Single Crystal, Bulk Growth, Fiber Growth,
Chemical Vapor Deposition, Laser Heated Floating Zone

Hot-Wall Chemical Vapor Deposition Reactor

Laterally Grown SiC Crystal
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TECHNICAL ABSTRACT

One of the big gaps in our knowledge of MOCVD and CVD of wide bandgap semiconductors materials is on the
nature of precursor-surface interactions and the overall atomistic aspects taking place during epitaxy. While a lot of
effort has been placed in mitigating the impact of substrate defects and lattice mismatch on the epitaxial films, during the
MOCVD or CVD surface kinetics can both generate and interact with existing surface defects in ways that are not yet
understood. At the core of this issue lies the fact that we simply don’t know which species are coming to the surface not
the way their interaction with the surface is influenced by surface morphology. Consequently, while process
development has lead to high quality epitaxial films, such success has not been matched by a deeper understanding of
the underlying kinetic processes.

In order to bridge this gap we need a multipronged approach that combines thin film processing and
characterization, simulation and modeling efforts, both at the reactor and atomistic scales, and more detailed mechanistic
studies in order to reduce our uncertainty regarding gas phase and gas-surface interaction processes. Likewise, in order
to overcome the reactor-dependence of the results obtained, we need to develop comprehensive datasets linking together
deposition conditions, reactor geometry, and detailed characterization of the epitaxial process, involving not just
thickness, but also spatially resolved information on surface morphology and defect characterization.

The purpose of our research is to further our knowledge on the gas phase and surface kinetics during epitaxy. Our
research takes place at different length scales and focuses on the following aspects:

Incorporating the role of microstructure and growth mode on surface kinetic models: despite the fact that
computational fluid dynamics simulations have been available for more than twenty years, a closer look to the models
show that current state of the art have some important limitations: in the case of SiC, all the CFD models can essentially
be traced back to the seminal work of Allendorf and Kee in 1991. Their surface model has been applied to the growth of
different polytypes of SiC, including 3C, 4H and 6H, regardless of the fact that the growth mode in these materials are
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expected to be very different. This model is unable to account for the dependence with miscut and surface termination
observed experimentally for the 4H and 6H polytypes. In GaN, a common approach has been to assign a constant
reaction probability to model the interaction of Ga-species with the GaN surface, again neglecting the well-known
dependence of growth rate with crystal orientation. As of today, there is not a surface kinetic model that is able to
account for these simple aspects of the growth process.

In our research we have casted the traditional surface

chemistry models used for SiC and GaN in a way that accounts

for the existence of different surface sites arising from surface

morphology. From an atomistic perspective, we have used the

fact that constant reaction probabilities can be modeled as

single particle kinetic Monte Carlo process to derive an exact

solution of the probabilistic outcome of the precursor-surface

interaction under the lattice approximation. This novel

approach eliminates the statistical noise inherent in kinetic

Monte Carlo simulations, allowing us not only to study the

impact that surface morphology has on the effective sticking

probability, but to predict the evolution of surface morphology

based on the transition probabilities and the reactivity of

different surface sites. This methodology can be combined with

experimental images of surface topography to predict the

evolution of the surface features based on the reactivity and ~ Impact of microtructure on surface reactivity: exact

mobility of surface species with different surface sites. solution to the precursor-surface interaction for a
stepped surface with perfectly absorbing steps with

Identifying the critical heterogeneous and homogeneous different diffusion to desorption probability ratios.

processes for WBG epitaxy: one of the aspects often
overlooked when carrying out reactor scale simulations is the
fact that the robustness of the model depends on the quality of our assumptions and kinetics data used in it. We are
carrying out local and global sensitivity analysis of models of SiC and GaN epitaxial growth to identify the critical
parameters involved in the growth. Through this approach we can extract information such as uncertainty values for
observables based on known uncertainties of the growth parameters, and the weight and statistical independence of

different process on the model output. This not
only helps us direct our experimental research to
those processes that are deemed more critical for
the growth process, but will also allow us to
understand what can actually be known from the
experimental characterization of growth and
microstructure.

The work presented above constitutes just two of
the steps required to improve our understanding of
the connection between the local atomistic aspects
and reactor scale, and it has clear links to both ab-
initio calculations and experimental
characterization. We are using both approaches as

Local sensitivity of SiC epitaxy to gas-phase species in
presence and in absence of Si-C species

a foundation for future work in the following areas:

Understanding the variations of surface reactivity around different defects. Over the last twenty years a number of
interatomic potentials have been developed for SiC and GaN and used to study extended defects on these materials. One
of our short term goals is to evaluate the validity of those potentials to determine trends of surface energetics that will
allow us to understand the reactivity of surface defects and their interaction with the surface and gas phase species.

Experimental mechanistic studies: we will build upon our experimental capabilities to carry mechanistic studies to
better characterize critical steps of the homogeneous and heterogeneous chemistry during WBG semiconductor epitaxy.

Keywords: surface kinetics, surface morphology, computational fluid dynamics, kinetic Monte Carlo, sensitivity
analysis.
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Technical Abstract

The issues limiting the advancement of GaN electronics are typically investigated using a variety techniques such as
temperature-dependent Hall, SIMS, electron microscopy, and photoluminescence. While such measurements are
relevant to device applications, the studies do not identify the number or structure of the point defects directly related to
some specific problems associated with the nitrides. To overcome this limitation, we use electron paramagnetic
resonance (EPR) spectroscopy, which directly probes the amount and charge state of an impurity or intrinsic defect. For
example, in p-type GaN, the amount of a center directly related to the Mg-acceptor can be monitored, and in semi-
insulating substrates the Fe’* compensating impurity may be studied. In n-type samples, a resonance signal is detected
which is proportional to the number of free carriers, thus providing a contactless way to measure conductivity. Below,
we illustrate the utility of the magnetic resonance technique by describing a study of p-type Al,Ga, N which suggests
that the fraction of Mg incorporated as acceptors decreases with increasing Al concentration.

Mg-doped Al,Ga; N was grown 0.4-0.5 pm thick by metal-organic chemical vapor deposition with x ranging from
0.08 to 0.28. The films were deposited on a template consisting of a 2.7 um undoped Aly3Gag 71N layer on a sapphire
substrate. As a control for this study, two Mg-doped GaN samples were grown 0.9 and 0.5 um thick on 3 um of
undoped GaN on sapphire. Two different annealing methods were used to activate the p-type conductivity. One
consisted of a heat treatment in a conventional tube furnace with flowing 99.999% pure dry (< 1 ppm H,0) N, for 30 min
at 300-825 °C or 15 min at 850-900 °C. The other process was a rapid thermal anneal (RTA) at 900 °C in high purity N,.
9.4 GHz EPR measurements were performed at 4 K with the c-axis rotated in the plane of the magnetic field. Relative
EPR intensities were obtained by comparing peak-to-peak heights of each sample to that found in an 8% Al Al,Ga; N
sample, and the total number of centers were obtained by comparison of the spectra to that obtained from a standard, a
Si:P powder. The defect is characterized by the g-value, which is extracted from the first derivative absorption spectra.
In the case of the Mg-related acceptor, g depends on the angle between the applied magnetic field and the c-axis of the
crystal in such a way that two parameters, g and g., are required to fully describe the defect. The variable Ag, defined as
gy — g1, 1s used to quantify the range of the angular dependence.

The relative intensity of the Mg-related EPR signal obtained from Al,Ga; (N:Mg samples is shown in Figure 1, where
the different symbols represents the furnace (squares, circles, triangles) and RTA (stars) samples. The concentration of
Mg in the GaN samples is 2 x10' cm™. The figure illustrates the central message of this work: the number of Mg-
related acceptors decreases with increasing Al mole fraction. Since all films contained 2-4x10" ¢cm™ Mg as measured
by SIMS, the data further suggest that the fraction of Mg that is incorporated as acceptors decreases with ‘x’. Further
studies showed that neither surface conditions nor dislocation density altered this trend. Note that the measurements are
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made at 4 K, so that all of the Mg acceptors are neutral (unionized), and therefore the decreased amount of neutral Mg
does not result from a change in the acceptor level which accompanies the increased Al concentration.

The angular dependence of the EPR signal provides some insight into the reason for the loss of neutral Mg. Figure 2
shows the variation in the g-values obtained from the EPR spectra for x=0 (filled squares), x=0.08 (unfilled circles),
x=0.18 (unfilled stars), and x=0.28 (filled triangles). As expected, the data reflect axial symmetry about the c-axis;
however, as x increases Ag shows an unexpected decrease. While several factors could contribute to Ag, we suggest that
the dominant one is compensation. The presence of donors, such as O or Si, would decrease the amount of neutral Mg
by converting it to the negative charge state, as well as cause the decrease in Ag by perturbing the crystal field about the
remaining neutral Mg. Although SIMS shows the expected increase in oxygen with Al mole fraction, the maximum
amount of oxygen is at least an order of magnitude below that required to affect the concentration of neutral Mg. Si is
also unlikely to be related to the decrease since Si is not expected to vary systematically with Al concentration. Rather
we suggest that nitrogen vacancies, which are donors in GaN, are the source of compensation because the formation
energy of nitrogen vacancies is expected to decrease with increasing Al concentration. However, additional studies are
required to determine whether a sufficient number could be generated to account for the decrease in neutral Mg indicated
by the EPR data.

In summary, the EPR study has shown that the number of neutral Mg-related acceptors decreases by more than 60% in
Al,Ga 4N films as x increases from 0 to 0.28. In addition, the angular dependence of the g factor reduces to zero as the
Al percentage increases. Compensation by nitrogen vacancies is the simplest explanation for the observations because a
donor could both decrease the number of neutral acceptors as well as effect the variation in the angular dependence.
Acknowledgements. We thank A.A. Allerman, Sandia National Laboratory, for making all of the samples used in this
work

Keywords: AlGaN, Mg, p-type, magnetic resonance
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Figure 1. Relative amount of neutral Mg in
Al,Ga 4N for samples given a furnace
anneal (squares circles, triangles) or RTA
(stars) at 900 °C
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Figure 2. g values obtained from RTA
Al,Ga 4N for x=0 (filled squares), x=0.08
(unfilled circles), x=0.18 (unfilled stars),
x=0.28 (filled triangles).
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