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Abstract. We review the history and modern state of silicon
carbide and SiC-based devices. The main techniques for grow-
ing bulk SiC crystals and epitaxial SiC films are discussed.
Epitaxial SiC structures used for post-growth processing are
briefly reviewed. The state of the art achieved in developing SiC
devices is presented. The main problems that occur in develop-
ing SiC equipment and prospects for designing and developing
such equipment are analyzed.
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1. Introduction

We here review the work on developing electronics based on
silicon carbide, a significant part of which has been done at
the Toffe Physical-Technical Institute (Ioffe Institute). Sec-
tion 2 contains a brief analysis of electrophysical properties of
SiC and other broadband semiconductors from the perspec-
tive of engineering various types of devices. Section 3 presents
a description of the methods designed to grow bulk high-
quality silicon-carbide crystals up to about 0.1 m in diameter,
both pure and doped, and enriched in their own isotopes.
Options for controlled growth of various silicon-carbide
polytypes are presented. Lateral overgrowth of seed crystals
is shown to enable a significant decrease in the density of edge
dislocations located perpendicular to a foil surface.

Section 4 contains experimental data on the development
and studies of high-voltage (1-3 kV) 4H-SiC diodes for power
and short-pulse electronics. Power diodes containing an
integrated Schottky p—n structure (junction barrier Schottky,
JBS) combine small reverse recovery times and low losses under
switching. Fast-recovery avalanche p—n diodes feature reverse
recovery times comparable to those of JBS diodes and can
scatter an energy of several J cm~2 in the avalanche current
pulse mode. 4H-SiC diode circuit breakers — fast-recovery drift
diodes — generate high-voltage pulses whose pulse leading edge
is in the subnanosecond time range.

In Section 5, we use analytic models and computer
simulations with the original ‘Issledovanie’ (Research) soft-
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ware package to explore the main processes that occur in
power bipolar 4H-SiC-based devices, including thyristors,
bipolar transistors, and diodes. We also consider phenomena
common to all silicon-carbide-based bipolar devices: elec-
tron—hole scattering, the efficient emitter problem, and
fundamental physical restrictions on the maximum blocked
voltage and maximum current densities. Unique quantum
properties of color centers in silicon carbide enable establish-
ing a new role for silicon carbide as a flexible and practical
platform for developing modern quantum technologies.
Atomic-size color centers in bulk and nanocrystal SiC are
promising systems for spintronics, photonics compatible with
the passband of fiber optics and living systems, quantum
information processing, and environmental sensing. The
options provided by high-temperature optical spin manipula-
tions with both spin ensembles and individual spins have
opened a new era in the use of spin phenomena in both
fundamental science and applied research.

In Section 6, we consider a technology for obtaining
graphene films by the method of thermal destruction of the
surface of SiC single crystals. These films, which are shown to
exhibit high structural perfection, can be used to engineer
supersensitive gas sensors and biosensors.

In the concluding Section 7, we present the main results of
and prospects for the development of SiC electronics.

2. Electrophysical properties of silicon carbide

Modern civilization needs increasingly efficient power sources
to maintain humankind’s progress. Nuclear power and
conversion of solar radiation using ground-based and orbital
facilities will arguably become the main power sources of the
future. Today’s power electronics that use silicon-based devices
are gradually losing their ability to meet ever growing
requirements for functionalities, mass, volume, operation
resource, and reliability of converters. Semiconductors with
a large bond energy, such as diamond, GaN, and SiC, are
traditionally regarded as possible replacements for silicon
in manufacturing power semiconductor devices.

Advancements in technology that have been witnessed
during the last 10 to 15 years have enabled engineering SiC-
based devices in which the expected high capacities of SiC with
regard to switching power and high operation temperatures
have been implemented. SiC is widely used in optoelectronics
as a substrate for LEDs emitting in the visible range and as a
material to manufacture power diodes and transistors operable
under extreme conditions: high temperatures, hard-radiation
effects, and electric and magnetic fields. Special attention has
been paid lately to prospects of using SiC to engineer quantum
amplifiers (masers). Of great interest are also sources of
individual photons based on silicon vacancies in SiC that
operate at room temperature in the infrared range, a capacity
that is of special importance for medical applications.

We only review the areas of SiC electronics that are the
most promising ones in our opinion. We note that a
significant and sometimes decisive contribution to these
areas has been made by the Ioffe Institute’s researchers.

2.1 Development of technology for producing

silicon carbide and devices based on it: a history

Berzelius was the first to discover a chemical compound
consisting of silicon and carbon (1824). C M Despretz
obtained this compound in 1849 by reducing silica with
carbon. H Moissan independently discovered SiC crystals in

studying meteorites in Diablo Canyon in the Arizona desert.
In 1905, this mineral was named ‘moissonite’ to commemor-
ate its discoverer. This name is currently used for jewelry
made of silicon carbide. In the late 20th century, Acheson
developed and patented a method to manufacture SiC on an
industrial scale [1]. The crystals grown using this method are
heavily doped (up to 10?! cm™3), lack polytype uniformity,
and have small dimensions, 10 x 10 x 3 mm? [2].

In studying such specimens, Round in 1907 observed
luminescence that emerged when electric current was flowing
through a crystal [3]. Losev studied silicon-carbide lumines-
cence in more detail in 1923-1940 [4]. He found that one of the
luminescence types is related to the presence of a special
‘active layer’ on the crystal surface. Losev showed later that
this layer exhibits electron conductivity, while the specimen
volume exhibits hole conductivity. He also found that
rectification and electroluminescence are interrelated. The
two phenomena of utmost importance for semiconductor
electronics — electroluminescence and rectifying properties
of p—n structures — were thus identified for the first time in
SiC crystals. Because the electronics industry was manufac-
turing vacuum electric bulbs at that time, these discoveries
unfortunately remained unnoticed.

Commercial interest in semiconductors is known to have
emerged after W Shockley discovered the transistor effect in
Ge crystals in 1949. At about the same time, Lily, a Dutch
physicist, proposed a new method to obtain SiC crystals [5].
Single crystals are produced with this method by subliming
SiC through a vapor phase from hotter areas to cooler ones.
Sublimation is performed in an inert environment (argon) at a
temperature of 2500-2650°C. This method enables the
production of crystals whose surface area is up to 4 cm” and
density of uncompensated impurity is 10'°—10' cm~—3. The
method has several disadvantages: high growth temperatures
and uncontrollable nucleation and growth of crystals.

Searches began in the first half of the 1950s for semicon-
ductor materials that can operate at higher ambient tempera-
tures than Ge. Many researchers were attracted to silicon and
silicon carbide. Numerous studies where the properties of SiC
were explored and semiconductor devices based on it were
developed have been performed over the next 10—15 years.

However, by the early 1970s, commercial interest in
silicon carbide had faded again. This was apparently due
to accomplishments in the development of Si and GaAs
technologies that were incomparably more successful than
those in SiC technology. Due to significant technological
problems encountered in growing silicon carbide and
developing devices on its basis, the actual parameters of
these devices were much inferior to the expected ones.
Several research teams, most of which worked in the
USSR, continued studies of SiC properties throughout the
next 15 years.

A sublimation ‘sandwich method’ to grow epitaxial SiC
layers was proposed in 1970 at the Ioffe Institute [6]. The
essence of the method is that growth occurs in the process of a
vapor source and substrate coming closer to each other.
Epitaxy was performed in a vacuum, owing to which the
process temperature was reduced to 1810-1910 °C.

A technique to grow bulk SiC crystals [7], a modified Lily
method, was proposed in the late 1970s. This method is based
on vapor condensation onto a single-crystal substrate.
Growth occurred at a temperature of about 2000°C. The
diameter of the grown ingot is determined by the substrate
size (currently, up to 150 mm) [8].
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Interest in silicon carbide as a promising material for
semiconductor electronics was rekindled after S Nishino had
developed the chemical vapor deposition (CVD) method for
epitaxy of 3C-SiC films onto silicon substrates [9]. The use of
standard production facilities and large-area substrates
provided new options for rapid commercial implementation
of the results obtained. Field-effect transistors of several types
based on such films were created shortly afterwards [10]. The
electrophysical properties of this material have been studied
in detail [11]. However, both the parameters of the devices
and the quality of films themselves remained not quite
satisfactory. Apart from this, 3C-SiC is the most narrow-
band compound among silicon-carbide polytypes (with the
bandgap width E;, =2.4 eV) and is only insignificantly
superior to GaP with regard to maximum operation tempera-
tures. The same CVD method was briefly used to obtain
6H-SiC films based on 6H-SiC substrates [12]. Owing to this,
semiconductor devices of virtually all types have been
engineered based on silicon carbide: LEDs emitting in the
blue spectrum range, ultraviolet (UV) receivers, Schottky
diodes, rectifying diodes, field-effect transistors, bipolar
transistors, and thyristors [13].

2.2 SiC parameters of importance for electronics

Two areas are rapidly developing in the modern physics of
superconductors: (1) properties of materials are being
modified by changing the geometric dimensions of structures
(the physics of nanostructures) and (2) new semiconductor
materials are being developed and explored. Of importance
for the second area are studies of broadband semiconductors.
Options for broadband materials for engineering semicon-
ductor devices were analyzed long ago [14—16]. Because their
bandgap width is larger than that of Siand GaAs, broadband
materials have the following advantages:

e higher operation temperature;

e the possibility of creating, based on these materials,
light-emitting devices that radiate in the visible range;

e high critical breakdown fields (E);

e high radiation resistance.

Table 1 displays the main characteristics of some semi-
conductor materials, including their Debye temperature 7p,
which is known to be expressible in terms of the maximum
energy of the phonon £y, that exists in a given material as

Eph

Tp = ot
D ka

where kg is the Boltzmann constant. If the temperature
exceeds Tp, lattice oscillations become inelastic, resulting in
decomposition of the material. This decomposition can occur
in various semiconductors due to the growth of dislocations,
decomposition of binary compounds, etc. The temperature
Tp can thus be regarded as a characteristic of the upper
temperature level for operations of devices based on this
specific material. We note that Tp of GaN is lower than that
of SiC. There is also an entire class of broadband materials
(ITI-VI) whose Tp is even lower than that of GaN. This helps
explain why all the attempts that have been made to date to
engineer high-power high-temperature devices based on
compounds II-VI have failed, despite their broader energy
gap. It is also indicated in Table 1 whether each material is a
semiconductor with a direct or indirect bandgap structure
and whether a substrate of a large diameter made of the same
material is available (+) or not (—). The first factor essentially

Table 1. Characteristics of some semiconductor materials.

Characteristic Si | GaAs |4H-SiC | GaN |Diamond
Eg, eV 1.12 | 1.43 3.26 3.39 5.45
Direct band structure + +

Critical strength of break- 0.3 0.6 3 >3 10
down field, MV cm™!

Thermal conductivity, 1.5 | 046 49 1.3 11
Wem™ ! K-!

Electron mobility, 1500 | 8500 800 1250 2200
cm? V1!

Availability of its own + + + - -
substrate 600 1850
Debye temperature Tp, K 650 | 350 | 1200 | 2.5 2.7
Saturation rate, 10’ cm s~! 1 1 2 10 57

Dielectric constant & 11.7 | 12.9 10

determines whether the material can be used for optoelec-
tronic devices; the second sets prospects for implementing
academic results in commercial production.

Table 1 shows that silicon carbide is superior to classical
semiconductors, Si and GaAs, in virtually all of the considered
criteria. It is of interest to compare this material with other
broadband counterparts.

SiC is inferior to GaN in a number of parameters such as
low probability of radiative recombination (as in an indirect-
bandgap semiconductor). However, there are no substrates
for GaN made of the same material, while the substrates for
AIN have very small dimensions and are very expensive. GaN
is grown by the heteroepitaxy technique using substrates
made of other materials (SiC or sapphire). This results in a
very high dislocation density in the grown films (> 107 cm~2).
Dislocations in GaN are located perpendicular to the surface
of the growing layer and aggregated into clusters. As a result,
the growing layer acquires a cellular (grain) structure, which
increases the leakage current of p—n structures and causes
their degradation with time.

Overall, SiC is a material that is more promising for
engineering power devices than GaN and other nitrides
(ITI-N) are. The lifetime of charge carriers in GaN, which
cannot in principle be large (due to a high probability of
radiative recombination), limits the use of this material for
engineering bipolar junction devices. The maximum dissi-
pated power is reduced in unipolar devices due to low thermal
conductivity and a lower Debye temperature. Other electro-
physical parameters (the carrier saturation rate, breakdown
field, and mobility) do not provide any significant advantages
to bulk GaN over silicon carbide. Nevertheless, GaN
Schottky diodes may prove to be competitive with SiC
Schottky diodes at voltages up to 1000 V owing to their
significantly lower production cost [17].

However, development of heterojunctions in the GaN—
AlGaN system enabled the creation of structures contain-
ing a 2D electron gas with a significantly higher mobility of
carriers. Such structures can be used to engineer high
electron mobility transistors (HEMTs) whose parameters
are superior to the parameters of field-effect transistors
based on bulk SiC. Diamond is unparalleled in both para-
meters and maximum operation temperatures. However,
attempts to obtain single-crystal diamond layers using
heteroepitaxy failed, and the substrates made of the same
material have a small area and are rather expensive. In
addition, there are some problems with obtaining p—n
structures in diamond.
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A final conclusion can thus be drawn: SiC is currently
the most promising material for engineering power devices
among the most developed materials and the most developed
material among the promising ones.

3. Growing bulk silicon-carbide crystals

To produce semiconductor devices, some manufacturing
problems need to be resolved that are related to the produc-
tion of bulk crystals with high structural perfection [18].
High-quality crystals must be grown with a low level of
background impurities; the isotopic composition of crystals
must be controllable, and the required polytype must be
produced. To manufacture devices, large crystals are needed
(dimensions of no less than 150 mm) on whose basis epitaxial
structures can be produced in modern reactors.

Bulk SiC crystals are primarily grown by means of
physical vapor transport (PVT) through a vapor phase.
Commercial crystals are manufactured in the USA, Japan,
Germany, and other countries; however, the most successful
in this area is US-based Cree Inc. This company has recently
grown SiC crystals of 4H and 6H polytypes up to 150 mm in
diameter. The problem of micropores (micropipes) has
virtually been resolved in recent times, and the density of
edge dislocations perpendicular to the surface has been
greatly reduced (to 10? cm~=2 [19]).

Semi-insulating SiC crystals are actively grown today.
Several methods have been proposed to grow such crystals;
they involve adding impurities (V, Co) or intrinsic defects to
the crystal to create deep amphoteric-type levels in the band-
gap [20]. Significant progress has also been attained in growing
pure crystals having a low level of background impurities
(less than 10'® cm ) such as nitrogen and boron [21].

Work related to growing semiconductor SiC using the
PVT method has been conducted at the Ioffe Institute since
the mid-1960s. A sublimation method for growing SiC
crystals and epitaxial layers was proposed in 1970; according
to this method, which is now referred to as the sublimation
sandwich method (SSM) [22], a sublimating source and seed
separated by a gap are placed into a temperature field (Fig. 1).
To increase the efficiency of mass transport and decrease
losses of source vapors, the gap between the source and the
seed was set to be rather narrow, no more than 0.2 of the
source size.

The method described enables the growth of both
epitaxial layers and bulk crystals of SiC [23], as well as other
semiconductor materials, for example, GaN [24] and AIN [25].
In the ensuing years, we proposed to use a modification to
grow SiC containers made of tantalum [26] rather than
graphite, which enables a great increase in the efficiency of
mass transport and purity of the crystals and a reduction in
losses of the evaporated source.

Anunquestionable advantage of the SSM is that it enables
growing high-quality crystals in a broad range of tempera-
tures (1600-2600 °C for SiC) under various pressures of inert
gas or in a vacuum and in the presence of various dopants.
Owing to this, optimal conditions can be created to grow
high-quality crystals and control impurities, deviations from
stoichiometric composition, and polytypism. The depen-
dence of the SiC crystallization rate on the temperature,
the temperature difference, the inert gas pressure, and the
distance between the source and seed has been analyzed in
detail in [27, 28] in comparing theoretical results with
experiment.

|
|
|
Substrate :

Source pla;te

External source =

Figure 1. Schematic diagram of a sandwich cell. The left-hand part shows
the temperature distribution along the heater axis.

3.1 Growing and characterizing SiC crystals
SiC crystals have been grown in resistance ovens. Polycrystal-
line SiC sources have been synthesized from semiconductor
silicon and spectrally pure carbon. The growth chamber was
blown off with an inert gas containing H; to reduce strains
that emerge due to machining the seed surface.

A general view of the facility for sublimation growth of
SiC and AIN crystals up to 6 inches in diameter is shown in
Fig. 2. The facility is equipped with a state-of-the-art vacuum
system containing a turbomolecular pump, an automated
system for monitoring and controlling the growth of crystals,
and a system for a separate feed of the main and makeup gases
directly into the growth-cell volume. Figure 3 shows poly-
type-6H SiC crystals 100 mm in diameter grown in this
facility. After a crystal has been produced, it is machined
and cut into plates. The obtained SiC crystals are virtually
colorless (Fig. 3b), which indicates their high purity. The
specific resistance of pure crystals is over 10° Q cm.

The density of impurities was measured using secondary
ionization mass spectrometry (SIMS). Measured densities of
the main impurities are shown in Fig. 4. The concentration of
boron and nitrogen in the specimens that were deliberately
not doped is at the level of 10'® cm~3, while the concentration
of Al was at the level of 105 cm—3.

Figure 5 shows a map of how specific resistance is
distributed in polytype 6H undoped SiC specimens. We note
that high resistance was attained in these specimens without
adding dopants or defects that create deep levels in the
bandgap.

3.1.1 Growing crystals of a specific isotopic composition.
Silicon-carbide crystals with a modified isotopic composi-
tion have been grown using the 28Si isotope: preprocessed
silicon was used in the form of small lumps (1-3 mm) whose
isotopic composition is 99.999% 28Si. The 2Si isotope is
stable. The source for growing silicon-carbide crystals with
the modified isotopic composition was synthesized similarly
to the source with a natural content of isotopes. The crucible
and internal fitting of the oven were degassed prior to the
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Figure 2. Facility for growing SiC crystals up to 6 inches in diameter.

(e

—
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Figure 3. Images of a polytype-6H SiC plate (a) doped with nitrogen and
(b) without impurities. The plates are 100 mm in diameter. We can see that
the undoped plate is virtually colorless (to stress this feature, the colorless
plate is especially marked in black).

synthesis procedure at a temperature of 2200 °C and under a
vacuum of 1073 Torr for 3 hours in a resistive heating facility,
after which a stoichiometric composition mixture of powder
carbon and silicon (*®Si) was uploaded into the crucible.
Silicon carbide powder was prepared. A polytype-6H
silicon-carbide plate with (0001) orientation about 15 mm in
diameter was used as a seed crystal. After the 28SiC silicon-
carbide crystal had been grown, it was machined and cut into
plates. The density of impurities and isotopic composition
were measured using the SIMS method. The measured
densities of the main impurities are presented in Fig. 6. The
data displayed show that the 28Si isotope content is at a level
0f 99.799%, while the natural content of this isotope is about
92.255%. A low concentration of aluminum, 1.6 x 10" cm—3,

10

2 = ——B
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10" - N
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Density of atoms, cm
—
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10
10" : [B] = 4.4 x 106
10" [Al] = 4.2 x 10!
10‘4 | | | | |
0 1000 2000 3000 4000 5000 6000
Depth, nm

Figure 4. (Color online.) Density of background impurities in undoped SiC
crystals.
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Figure 5. (Color online.) Map of the distribution of specific resistance of a
silicon-carbide plate; the mean is 5.4 x 10° Q cm.
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Figure 6. (Color online.) Densities of impurities in an SiC crystal enriched
in the 2Si isotope that are determined using the SIMS method.

in the grown crystal should be noted. A concentration this low
can be explained by high-quality purification of this isotopic
silicon at the gas-centrifuge separation stage.
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Figure 7. (Color online.) Luminescent SiC crystals of various polytypes grown on 6H-SiC-polytype seeds. The crystals were doped in the process of

growth with nitrogen and gallium.

Examination of the isotope-enriched SiC crystals
enabled determining the fine structure of the silicon
vacancy center [19].

3.1.2 Growing SiC crystals of various polytypes. The technique
developed enabled the production of high-purity SiC crystals
belonging to various polytypes, including 4H [29], 6H, and
15R [30]. These crystals were used to study the structure of
vacancy centers that are of interest for creating efficient
sources of individual vacancies.

SiC crystals belonging to a definite polytype were grown
in various ways:

(1) on a substrate of the required polytype. For example,
polytype-4H crystals were grown on substrates of the same
polytype. To increase the polytype reproducibility, so-called
off-axis seeds were used whose angle of deviation from the
basal plane was 4-8°;

(2) on seeds of any polytype; however, the crystal was
grown under conditions that facilitate the creation of a
particular polytype. We have found a correlation between the
polytype structure and deviation from stoichiometry, whence
it follows that cubic polytypes (3C, 8H, and 21R) are produced
under a relative excess of silicon, while hexagonal polytypes
(4H and 27R) are more likely to be produced under a relative
excess of carbon [31].

It was also shown that rhombohedric polytypes are more
stable if they are grown in the [0001]Si direction rather than in
the [0001]C direction. This and other observations enable
controlled growth of some rare polytypes on substrates made
of widespread polytypes (Fig. 7).

3.2 Decreasing the content of structural defects

in the crystal grown

The density of micropores and dislocations in the crystals
grown was measured using the optical method and the results

Figure 8. (a) Crystal obtained by the lateral overgrowth method. (b) A
plate cut off from that crystal was etched in a KOH melt to decorate edge
dislocations directed perpendicular to the crystal surface.

from optical etching in a KOH alkali melt. The measurements
showed that the average density of micropores in the SiC
crystals grown does not exceed 3 cm~2, while the dislocation
density ranges from 10° cm~2 to 10* cm—2.

We have shown that the dislocation density in the SiC
crystals grown can be significantly reduced. For example, the
dislocation density was greatly diminished if the crystal seed
was laterally overgrown [32-34]. The reduction in the
dislocation density in the overgrown area of the crystal is
illustrated in Fig. 8. The dark color in the crystal center is due
to the high density of dislocations. The peripheral part of the
plate displays only individual etch pits due to dislocations.
The dislocation density in this area does not exceed 10 cm™2,
i.e., it is two to three orders of magnitude smaller than in the
center of the crystal.

Another method for obtaining low-dislocation SiC crys-
tals was proposed in [35, 36]: it amounts to using special seeds
with a profiled surface (Fig. 9).

We note that the density of etch pits in the grown layer
above the mesastructure site is not significantly affected. An
explanation is that the dislocations that are present in the seed

Figure 9. Seed surface with mesastructures observed in reflected light (a) prior to and (b) after the end of growth on a (0001) Si face and (c) subsequent
etching in a KOH melt. Growth temperature is 7 = 2050 °C and the growth time is (b) 1 h and (c) 10 h. Lines indicate boundaries of mesastructure sites.
The images were made using a Nomarski microscope in the mode of crossed polarizers.
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crystal primarily propagate into the growing layer. The
density of the etch pits in the crystal area above the groove
(Fig. 9b) is significantly (by two orders of magnitude or more)
lower than in the main crystal matrix. The sharp decrease in
the dislocation density can be explained in the case of
unimpeded lateral overgrowth by the absence of stress-risers
(growth steps and aggregation of impurities) that impede
displacement of the layer and a relatively high energy of
dislocation climb.

We note that micropores are virtually completely absent
in overgrown areas. The emergence of micropores in SiC is
known to be primarily initiated by screw dislocations with a
large Burgers vector, the occurrence of which is unlikely in the
case of unimpeded overgrowth. Dislocation micropores can
merge and annihilate each other, as a result reducing their
average distribution density. An etch pit whose diameter is
over 15 um corresponds to a micropore, while a diameter of
less than 15 pm indicates a dislocation.

Using data on changes in the dislocation density in
epitaxial growth on mesastructures, we grew a crystal for a
long time to examine how the bulk crystal quality can be
improved: the duration of growth was increased to 10 h, with
a normal growth rate of 100 um h™!.

The results are shown in Fig. 9c. It is clearly seen that etch-
pit aggregates follow the location and boundaries of mesa-
structures that existed prior to the beginning of the growth
process. The pit density above the mesastructures corre-
sponds to the initial density in the seed crystal, about
5 x 10* cm™2. A significant reduction in the etch-pit density
(by two orders of magnitude) is observed between the
mesastructure sites. Figure 9c shows that the dislocation
density above the grooves that are fully overgrown is not
zero. The generation of new dislocations can be due to the
mechanical stresses that emerged in the seed crystal in
preparing the mesastructure.

The results obtained enable us to draw the following
conclusions.

(1) The dislocation density in SiC layers grown on the
protruding areas in the absence of normal-growth steps
is lower than that on a usual unprofiled surface. This
phenomenon is apparently related to the absence of growth
steps on the surface: stress occurs that facilitate dislocation
growth.

(2) The probability of inheriting edge dislocations per-
pendicular to the surface, which are already available on the
substrate, remains high within the boundaries of the protrud-
ing area.

(3) A sharp decrease in the density of edge dislocations
perpendicular to the surface is observed in the case of
unimpeded lateral overgrowth.

We have described realistic approaches to significantly
improving the quality of crystals. The dislocation density
decreases in the case of lateral overgrowth of crystals or
protruding surface fragments under the condition that the
edge dislocations perpendicular to the surface, which are
available in the crystal, are barely inherited. The reduced
dislocation density persists if crystal growth is extended in
time.

4. Development and studies of high-voltage
power and pulse 4H-SiC-based diodes

The range of applications of devices based on materials with a
large bandgap width and, primarily, those based on 4H-SiC
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Figure 10. (Color online.) Comparison of the blocking capacity and
forward resistance of SDs based on Si, GaAs, and 4H-SiC; ron is the
specific resistance in the open state.

can be expected to expand in the nearest future [37]. High-
voltage 4H-SiC diodes and switching-type 4H-SiC transis-
tors are promising for developing a broad nomenclature of
small-size power converters that endure high power density
owing to the high conversion rate, the high permissible
operation temperature, and a simplified cooling system.
High-voltage pulse 4H-SiC diodes will enjoy high demand
in new communications and data transfer systems (pulse
superbroadband radio), superbroadband radar locators,
and pulse power-engineering systems.

4.1 Power Schottky diodes

with an integrated Schottky p—n structure

Schottky diodes (SDs) based on 4H-SiC are gradually
replacing silicon-based high-voltage fast-recovery diodes
(FRDs). The main disadvantage of silicon FRDs is that they
operate with injection of minor carriers, while the buildup of
minor carriers in a device limits its switching rate. Although
existing silicon SDs operate without injection and switch
rapidly, the reverse voltage that they can block does not
exceed 200 V. The avalanche breakdown field in 4H-SiC is an
order of magnitude larger than in silicon. Owing to this, a
higher reverse voltage is attainable together with a rather high
level of doping of the blocking base, and the higher doping
level in turn ensures a relatively small resistance in the
conducting direction. A comparison of the blocking capacity
and conducting-direction resistance of 4H-SiC SDs with
those of silicon and arsenide-gallium diodes is shown in
Fig. 10.

If resistance is limited from above by 10 mQ cm?, the
maximum reverse voltage for silicon and arsenide-gallium
diodes is about 200 V, while 4H-SiC SDs can block a voltage
of several kilovolts. These diodes can operate at higher
temperatures and endure a larger thermal load owing to the
large bandgap width and thermal conductivity of 4H-SiC.

To implement the advantages of 4H-SiC in Schottky
diodes in practice, we have (1) developed a model to calculate
the Schottky barrier height on an actual SiC surface [38];
(2) developed methods to engineer stable Schottky contacts
with a tunable-height barrier [39-41]; (3) created a planar
protection system to remove premature edge breakdown [42—
44]; (4) determined physical mechanisms of leakage under
reverse voltage [45-47]; and (5) developed an integrated
Schottky p—n structure (JBS) to partly suppress leakage
currents [48, 49].
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Figure 11. Equilibrium energy diagram of the metal-oxide—semiconductor
contact with a uniform spatial distribution of traps in the intermediate
dielectric layer.

4.1.1 Schottky barrier height on an actual SiC surface
(simulation). Schottky barrier height on a metal-semiconduc-
tor interface is known to be usually weakly dependent on the
nature of the metal: the bending of energy bands near the
semiconductor surface is determined to a greater extent not
by the difference between the work functions of the metal and
semiconductor but by the charge captured by electron states
on the metal-semiconductor interface [50]. An important role
is played there by a thin dielectric layer that separates the
metal from the semiconductor (e.g., natural oxide on the
semiconductor surface). The finite gap width is of importance
because if this width tended to zero, the metal would
completely shield the surface charge, and the barrier height
would be determined by the difference between the work
functions of the metal and semiconductor, becoming inde-
pendent of the presence of surface states. It is generally
believed that traps are localized in the plane that separates
the dielectric and the semiconductor. But if it is assumed that
the layer consists of a natural oxide, ‘strict’ localization of the
traps in the interface plane seems to be unrealistic. For
example, a rather extended SiO, layer (up to several dozen
Angstroms below the silicon surface) is observed in thermally
oxidized silicon, in which the ‘oxidation defects’ (so-called
Py, centers) make a decisive contribution to the density of
states on the SiO,/Si interface [51].

We have calculated in [52] how the barrier height &,
depends on the work function @,, of the metal for Schottky
contacts based on silicon carbide. It was assumed that the
actual surface of SiC is covered with a natural oxide layer
whose width can vary from 6 to 20 A, and traps are
distributed uniformly in that layer. We also made the
assumption that coating with metal does not result in the
emergence of additional traps on the interface. This implies
that the only effect of the metal is to redistribute the potential
in the structure due to the charge induced on its surface.
Finally, it was assumed that the intermediate layer is
transparent (in a tunnel manner) to electrons, and therefore
the traps can easily exchange electrons with the metal. An
energy diagram of the contact between a metal and an n-type
semiconductor that takes these assumptions into considera-
tion is shown in Fig. 11 (for the case ¢, — y = 0, where y is
the electron affinity of the semiconductor).

In the diagram shown in Fig. 11, the Schottky barrier
height is
AEFV

Py = |lps|+ q 5

(4.1)

where V) is the bending of the energy band in the semicon-
ductor and AFEFg, is the position of the Fermi level in the
semiconductor area electrically neutral with respect to the
conduction band bottom. To determine i, we integrated the
Poisson equation, which, for the near-surface space charge
area (SCA) in the semiconductor and the intermediate layer,
decomposes into two equations

d®y  gN
1 ) 4.2
i k. O<x<w, (4.2)
e Ero—aq(x)

‘//(zx):—ij D(E)dE, —6<x<0,

dx Sob 0 (43)

where /(x) is the potential measured relative to the neutral-
area potential, ¢ is the electron charge, w is the SCA thickness
in the semiconductor, & is the dielectric permeability of the
semiconductor, & is the dielectric permeability of the
intermediate layer, Di(E) is the energy distribution of the
surface-state density in the semiconductor bandgap, and Ep
is the position of the Fermi level on the surface of the
semiconductor relative to the upper edge of the valence
band. The boundary conditions for Eqns (4.2) and (4.3) are
Yw) = 0and ¥(~3) = —(Py — 7).

The problem was solved using a combination of numerical
methods. The Runge—Kutta method for solving second-order
differential equations y” = F(x, y, ') was used. According to
this method, initial values of the function y, and its derivative
¥ should be specified at the point x = xy. In the case under
consideration, xo =0, »o(0) =y, and y;(0) = —E(-0),
where E(—0) is the electric field that has a discontinuity on
the dielectric—semiconductor interface. The field E(—0) can
be easily expressed in terms of the potential ¥ as

_qu2 _% oy o
BT E(40) = ol E( 0)_85 E(+0). (4.4)

7‘#5
Integration of the Poisson equation for the intermediate layer
thus involves the value of i, that was chosen such that the
solution at the integration range end takes the value
W (—0) = —(Pm — y) as a result of integrating Eqn (4.3) from
x =0 to x =—9. For this, first, the corresponding search
interval was selected, and the i value was found in the search
interval using the ‘interval halving” method.

In calculating the functions @y (®y,), the shape of the
energy distribution of acceptor states was assumed to be
Gaussian, with the maximum located in the upper half of
the SiC bandgap 1.2 eV lower than the conduction band
bottom [53]:

2
M} , 4.5)

Dt(E) Dtm eXp |: 2(AE)2
The distribution parameters Dy, = 3 x 103 eV~! cm~2 and
AE = 0.14 eV were chosen such that the integral density of
those traps is approximately 2 x 10'2 cm~2, and the states
themselves are close to single-energy ones. Figure 12 shows
the functions @,(®y,) calculated using the model described
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Figure 12. Height &y, of the barrier formed on an actual SiC surface as a
function of @, the work function of ghe metal. The dielectric gap
thickness is 6 = 6 A (curve /) and 6 = 20 A (curve 2).

above. The gap thickness was set to be & = 6 A (curve 7) and
0 =20 A (curve 2). The same figure displays some selection of
experimental data from studies where special measures were
taken to remove the natural oxide [54] and from experiments
where SiC specimens were subject to high-temperature
annealing prior to coating with metal [55].

In accordance with expectations, the dependence @y, (P )
calculated for 6 = 6 A is steeper than that for = 20 A. This
phenomenon can be explained in qualitative terms by the
shielding effect of the metal. We can see that the experimental
data (shown by dots in Fig. 12) are well described by the
calculated dependences. The thicknesses of the natural oxide
layer that were chosen for the calculations are quite realistic
regarding the conditions under which the structures were
prepared.

4.1.2 Forming stable Schottky contacts. One of the problems
in Schottky contact technology is the reproducibility and
stability of their properties. To stabilize properties of Schottky
contacts, various methods have been proposed, including
preprocessing the surface prior to coating with metal, rapid
thermal annealing (RTA), and deposition of barrier contacts in
a vacuum or an inert environment.

We produced Schottky contacts (W, Cr, Ni, Mo, Ti) by
electron-beam deposition of a metal in a high vacuum (the
metal layer thickness was about 100 nm). Natural oxide was

etched immediately prior to coating using an ion (Ar™) gun.
The barrier height ranged for various metals from 1 eV to
1.3 eV, and the perfection factor varied within the range 1.04—
1.06. The effect of RTA annealing in a vacuum (for 2 min at a
temperature of 600-800°C) on the dispersion of electric
parameters of 4H-SiC Schottky barriers was studied in [41].
(Due to the nonuniformity of Schottky contacts, a dispersion
of the voltage drop is usually observed for some fixed direct-
current values.) The change in the voltage drop as a result of
annealing can be used as a criterion of improvement/
degradation of the interface uniformity, while changes in the
average statistical voltage drop can serve as a measure of
changes in the barrier height.

Figure 13 shows the measured voltage drop (at the current
of 100 nA) for W, Mo, Cr, and Ni contacts (50 pieces in
each group) not subject to thermal processing (Fig. 13a) and
annealed at a temperature of 700 °C (Fig. 13b). The tungsten,
chrome, and molybdenum contacts exhibited qualitatively
similar behavior: the average barrier height diminished after
annealing, and the uniformity of the contact structure was
significantly improved (especially in molybdenum contacts).
But nickel contacts exhibited a quite opposite trend: the
average barrier height increased, and the uniformity of
the contact structure significantly deteriorated.

We assume that the decrease in the barrier height and
improvement in the contact uniformity observed in the case of
tungsten, chrome, and molybdenum are due to homogeniza-
tion of the interface and modification of surface states (no
significant chemical reaction between metal and silicon
carbide as a result of RTA annealing at 700 °C has occurred
yet [56]). In the case of nickel, a chemical reaction involving
production of nickel silicide (Ni,Si) occurs at a temperature
of 700 °C rather actively [57], as a result of which the average
barrier height increases. However, for continuous silicide to
be formed (and hence for the uniformity of the contact
structure to increase), higher temperatures and/or longer
duration of annealing is needed.

4.1.3 Planar protective system. To diminish the edge electric
field density in planar high-voltage 4H-SiC devices, ‘floating’
protective rings are frequently used that are formed by local
ion implantation of acceptors. In our work, we used ion
implantation of boron to form protective rings. If 4H-SiC
layers in which boron is implanted at room temperature are
thermally annealed, the implanted atoms are noticeably
speeded up due to nonequilibrium diffusion stimulated by
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Figure 13. Normalized histograms of the distribution of 4H-SiC Schottky barriers (a) unprocessed and (b) thermally processed at 700 °C by the voltage

drop measured at a forward current of 100 nA.
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Figure 14. Electroluminescence (EL) on the edge of the protection p—n
junction in the breakdown mode.

radiative damages. As a result, the depth of boron-implanted
p—n junctions in 4H-SiC significantly exceeds the depth
to which ions penetrate in the process of implanting. This
has a positive effect on forming the diffusion protective
rings: implanting boron rather than aluminum makes the
required increase in the breakdown voltage a less challenging
problem.

In [42, 43], we studied the breakdown of planar 4H-SiC
p—njunctions formed using local implantation of boron ions
with an energy of 350 keV. It was shown that owing to
nonequilibrium diffusion of boron during post-implantation
annealing, the depth of the p—n junction is 1.7 pm, a value
that is approximately 1 um larger than the mean free path of
boron ions with an energy of 350 keV in 4H-SiC. The
maximum reverse voltage of the p—n junction was restricted
by edge avalanche breakdown in the cylindrical part of the
p—n junction where the electric field is concentrated. Intense
electric luminescence was observed at that area in the
breakdown mode (Fig. 14). The breakdown voltage, about
900 V, proved to be close to the calculated breakdown voltage
of a planar junction with a ‘pierced’ base [58]. The calculated
value is 990 V for a density 2 x 10'> cm~3 of impurities in the
n-layer, the n-layer thickness of 12 pum, and the junction
curvature radius of 1.7 pm. However, the calculated break-
down voltage of a planar p—n junction (Vgpp) with the same
parameters of the epitaxial layer is about 2500 V. This implies
that the breakdown voltage can be at least doubled in
principle. To increase the breakdown voltage further, we
used a system of ‘floating’ protective rings.

Gaps between the main junction and the first ring and the
gaps between rings are chosen in a system with ‘floating’
protective rings such that the space charge areas of the main
and floating junctions begin touching each other as anode
voltage increases. As a result, the SCA thickness gradually
decreases beyond the anode edge, thus facilitating the leveling
of the electric field distribution in this area (Fig. 15).

Choosing the number of rings and gaps between them
enables implementing the simplest version of such a setup
where breakdown occurs not on the edge of the main junction
but on the edge of the last ring. The anode potential (relative
to the grounded cathode substrate) in this configuration is,
in the case of breakdown, such that Vga > Vi, = Vieyl,
where 7 is the number of rings, Vg, is the potential of the last
ring, and Ve is the breakdown potential of the planar
junction in the absence of protection.

nt

Figure 15. The concept of ‘floating’ protection rings: 0 is the primary
planar p—n junction; /— 3 are the ‘floating’ rings.

Figure 16. Geometry of protection rings.

The gap d between the rings is chosen such that if the
anode voltage is zero, the SCAs of the main and floating
junctions are ‘almost’ touching each other. The d value was
chosen in our case somewhat larger than 2(ry — r;), where ry is
the SCA curvature radius at zero bias and r; is the curvature
radius of the metal boundary of the p—n junction (Fig. 16).

The value of ry can be found for a cylindrical junction as a
solution of the transcendental equation [59]

)
gN (17 —Tg 5. To
vy =1 In 0
bi 28( 2 +r0nrj ’

(4.6)

where Vy; is the contact potential difference in the p—n
junction, ¢ is the elementary charge, N is the donor density
in the base, and ¢ is the dielectric permittivity of the
semiconductor. Setting r; ~ 1.7 pm and N =2 x 10! cm~3,
we obtain rp = 2.8 um, whence d > 2.2 um.

The number of rings should be chosen such that in the case
where VR, = Vpeyl, the anode potential does not exceed the
breakdown voltage Vpp, of the planar junction. Similar
analytic expressions for the ring potential Jr as a
function of the anode potential Vs are reported in [60],
where a planar p—n junction with one ‘floating’ protective
ring was studied. This dependence for the ‘pierced’-base
structure has the form

w
VR =Va <m) =V VprVrT, (4.7)
gNW? gN(kd)*
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Figure 17. Potential (/-4) of the last ring as a function of the anode
potential calculated for one to four rings.

Here, W is the base thickness, Vpr is the base breakdown
voltage, and Vgr is the voltage of ‘touching’. If the number of
rings is greater than one, the potential of the last ring (for a
given anode potential) can be calculated as follows. First, the
equations given above are used to calculate the potential of
the first ring. The first ring is then regarded as the ‘main
junction’, and the same formulas are used to calculate the
potential of the second ring. The procedure is iterated until
the last ring. It is repeated afterwards for the next value of the
anode potential. This approach can be used to find the
function Vg, (Va) for various n.

Figure 17 shows the functions Vg,(Vs) that we
calculated for N=2x10"% cm™3, W =12 pum, and
r; = 1.7 pm; the number of rings n varied from / to 4 and
the gap was d = 2.5 um. The calculated results predict that
if Vpey1 =900 V, one ring is expected to increase the
breakdown voltage to 1070 V, two rings to 1270 V, three
rings to 1490 V, and four rings to 1750 V.

Experimental 4H-SiC p—n structures were formed
using an epitaxial material with the donor density N =
2% 10" cm™3 in the n-layer and the n-layer thickness
d =12 um. The main junction and the rings were formed
concurrently. The number of rings was chosen to be four. The
production mask width ¢* for implantation that ensures the
d = 2.5 pm gap was chosen to be 6 um (see Fig. 16), given that
boron is speeded up due to diffusion in the process of
annealing the implanted layer not only in the vertical
direction but also in lateral directions (to a distance of about
1.7 pm according to our estimates). '' B ions were implanted
into the n-layer in two doses with different energies (at room
temperature): (1) a dose of 6 x 10'3 cm~2 at an energy of
350 keV and (2) a dose of 3 x 10'* cm™2 at an energy of
200 keV. Post-implantation annealing was performed at
a temperature of 1500°C in an argon atmosphere for
60 minutes. Contacts with the cathode (substrate) and anode
were respectively made of nickel and titanium. Breakdown
started to develop at a voltage of about 1800 V (test junctions
without protection exhibited a breakdown voltage of about
900 V) and thus attained 72% of the breakdown voltage
calculated for a planar p—n junction with the same para-
meters of the epitaxial layer.

The simplified approach to designing the rings, which is
described above, is strictly speaking not optimal from the
perspective of attaining the maximum breakdown voltage

(the breakdown in the picture described above remains the
edge breakdown). To further increase the breakdown voltage,
the number of rings should apparently be increased and the
distance chosen between them should be variable.

4.1.4 Leakage currents. Reverse current in high-voltage
4H-SiC SDs not infrequently turns out to be ‘excessive’.
Excessive leakage currents can be caused by quite different
reasons: defects in the semiconductor, a nonuniform barrier
height distribution over the contact area, design features of
diodes that result in premature edge breakdown, etc.
Statistical measurements of leakage currents in commercial
diode chips CPW3-1700S010 designed for a reverse voltage of
1700 V and forward current 10 A were reported in [47]. To
ensure statistical significance, measurements were made for a
rather large number of chips, 147 pieces in total. The
leakage currents were measured for a fixed reverse voltage
of 1400 V at room temperature. Figure 18 shows a classifica-
tion of the chips by leakage currents.

Dispersion turned out to be rather significant: the values
ranged from 10 nA to 6 pA (spanning almost three orders of
magnitude). This observation alone is indicative of the defect-
related nature of leakage currents. An assumption was made
earlier in some studies that the reverse current flow involves
penetrant dislocations (see, e.g., [61, 62]), whose density in
commercial epitaxial materials is still high, up to ~ 10* cm~2.
It is quite probable that the observed reverse current flows in
places where dislocations emerge on the semiconductor
surface.

We proposed a mechanism of leakage involving disloca-
tions in [45]. According to this model, the reverse current
flows as currents limited by space charge (CLSCs) owing to
monopolar injection of electrons from pointlike areas located
within the Schottky contact (where penetrant dislocations
emerge on the surface) to the semiconductor SCA. The energy
barrier for the electrons that leave the metal can be lowered in
places where dislocations emerge on the surface and can be
shifted from the semiconductor surface to some distance
inward from the semiconductor. As a result, a pointlike
‘reservoir’ of electrons emerges in the near-surface area of
the semiconductor. If a negative potential is applied to the
metal, monopolar injection of electrons occurs from such a
nanoscale reservoir to semiconductor SCAs, and the current
flows as a CLSC. If the reverse current flows driven by this
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Figure 18. Statistical data on classification of diode chips CPW3-1700S010
by groups as per the leakage current under a reverse voltage of 1400 V
(room temperature).
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Figure 19. Concept of JBS structure: (a) forward and (b) reverse bias.
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Figure 20. Electric field E in the base of an SBD (Schottky barrier diode)
and JBS diode (n-base thickness 10 pm, doping level 2 x 10'° ecm~3,
voltage 500 V).

Figure 21. (a) Schematic cross section of a 4H-SiC-JBS diode: / is the
substrate with n-type conductivity, 2 is the buffer epitaxial n-layer, 3 is the
base epitaxial n-layer, 4 are the ‘floating’ protection p-rings, 5 are the local
p-regions of the JBS structure, 6 is the oxide, 7 is the Schottky-contact
metal (anode), 8 is the ohmic contact metal (cathode), 9 is a passivating
coating. (b) Images of packaged diodes.

mechanism, the current—voltage characteristic (CVC) appar-
ently depends in a complicated manner on the number of
dislocations within Schottky areas and on their types. If that
is the case, the significant dispersion of leakage currents in the
studied chips should become quite clear.

4.1.5 Integrated Schottky p—n structure. Modern 4H-SiC-
based SDs are designed as integrated Schottky p—n struc-
tures (JBS) in which Schottky areas alternate with local
implanted p-areas (Figs 19 and 20). Current flows in the
forward direction via the Schottky areas, and therefore the
resistance of such a diode in the open state is determined by
characteristics of the Schottky contact. At the same time, the
gap between the p-areas is made so narrow that if the diode is
switched in the reverse direction, SCAs of adjacent p—n
junctions touch each other under some voltage. A system of
p-areas operates as a result of a shielding mesh: field lines
partly terminate on the p-areas rather than on the Schottky
metal. Owing to the shielding effect, the maximum-field area
in the JBS-structure diode, unlike in normal SD, is not located
on the metal-semiconductor interface but is somewhat
shifted inward from the surface, thus facilitating the decrease
of the reverse current to values characteristic of p—n
junctions.

The leakage currents sensitive to the surface field are
diminished in the JBS structure. (This also applies to the
thermal emission current of electrons from the metal to the
semiconductor, the value of which in 4H-SiC-based SDs
strongly depends on the surface field [46].) The p-areas in
the JBS structure were produced in our studies by means of
nonequilibrium boron diffusion from an implanted source
concurrently with the formation of protective rings.

Figure 21a shows the final design of the diode chip, and
Fig. 21b displays a photo of packaged diodes.

In [47], we studied the efficiency of using JBS structures to
suppress leakage currents. Some high-voltage test SDs made
especially for this purpose contained a JBS structure, while
some did not (SBD). Gaps between local p-areas in the JBS-
structure SDs varied from 6 to 10 um.

Most of the produced diodes (including SBDs) could
block a reverse voltage of more than 2000 V. To compare
leakages in diodes with different topologies, reverse cur-
rents were measured under a voltage of 2100 V in 420 diode
structures (105 diodes of each type).

Figure 22 displays measured results as histograms of the
number of diodes by the leakage-current values. We can see
that the leakage current dispersion is large for diodes of
each type, indicative of the defect-related nature of
leakages. The most probable value of the leakage current
I* is about 3 pA for SBDs, 0.5 pA for JBS3 diodes, 0.3 pA
for JBS2 diodes, and 0.1 pA for JBS1 diodes. The I* value is
seen to monotonically decrease in the SBD-JBS3-JBS2-
JBS1 sequence, i.e., as the total of Schottky areas in the
diodes diminishes. It is of importance that the histograms
displayed in Fig. 22 partially overlap due to a significant
dispersion of leakage current values (for example, the leakage
of 17 JBS2 diodes (of 105) was larger than 7* for JBS3 diodes).
Therefore, in discussing a reduction in leakage currents as
the gap between p-rings in the JBS structure diminishes, it
must be stressed that this conclusion refers to averaged
statistical data.

Figure 23 shows the normalized leakage current I* /Iy
as a function of the normalized surface of Schottky areas
S/Sspp (Sspp = 4.9 x 10~* cm?). Curve [ in this figure shows
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only by the geometric effect but also by electric field shielding
in the JBS structure: the smaller the gap between p-rings, the
stronger it is exhibited.

However, it should be taken into account that a decrease
in the total surface of Schottky areas should result in an
increase in the resistance of diodes in the forward direction.
Figure 23 shows the normalized resistance of diodes in the
open state (R/Rspp) as a function of the normalized Schottky
area S/Sspp. Curve 2 in this figure shows the expected
dependence in the case where the increase in resistance is
only determined by a purely geometric effect. We can see that
the increase in resistance in the case of JBS3 and JBS2 diodes
is actually driven by the geometric effect. The increase in
resistance for JBS1 diodes is much larger than expected,
however. An explanation is that the Schottky areas in JBS1
diodes are separated by the space charge regions of implanted
p—n junctions. Thus, the JBS structure formed in 4H-SiC
SDs using boron implantation facilitates an efficient reduc-
tion of leakage currents: if the gap between local p-areas is
chosen in an optimal way (8 pm), leakages diminish by almost
a factor of 10.

4.1.6 High-voltage (3300 V) 4H-SiC-based JBS diodes. We
have made 4H-SiC-based JBS diodes with a maximum
reverse voltage of 3300 V [49]. The work area of the diodes
(anode contact area) was 1.44 mm?. The forward CVC was
described in a range of currents from 107!! to 1.5 A by the
model of thermal emission with the Schottky barrier height
@, =1.16 eV and the perfection factor n=1.01. The

Voltage, V
Figure 24. Pulse-forward CVC of a 3300 volt JBS diode in the open state.

differential resistance of the diodes in the open state,
Ry =2.2Q (Fig. 24), was determined by the resistance of
the blocking epitaxial n-base (the impurity density
N=9x10" cm—3, the n-layer thickness d = 34 pm). In the
reverse direction, the diodes blocked a voltage of no less
than 3300 V (Fig. 25) (the leakage current under a reverse
voltage of 3300 V at room temperature was about 1 pm).

Figure 26 shows typical reverse-recovery characteristics
measured when diodes were switched from the forward
current (/: 0.4 A, 2: 1.2 A) to a reverse voltage of 500 V.

Neither the amplitude of the reverse current nor its
decrease with time depends on the forward current in any
way. This is direct evidence of a purely capacitive nature of
the reverse current. The amplitude of the reverse current is
0.6 A and its flow duration is Af, =20 ns. The reverse-
recovery charge defined as

At
er = J I ds (410)

0

is about 5 nC. On the other hand, the charge of majority
carriers (electrons) taken away from the base after the reverse
voltage V; is applied can be calculated as

On = Sv/2geNV; .

(4.11)
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Figure 25. CVC recorded from the screen of a high-voltage characteristic
tracer.

Ty

Figure 26. Typical characteristics of reverse recovery recorded from an
oscilloscope screen in switching a diode from forward current (/—0.4 A,
2—1.2 A) to areverse voltage of 500 V. The scale for current (the ordinate
axis) is 0.4 A per graduation line, and the scale for time (the abscissa axis) is
10 ns per graduation line.

If V; =500 V, the charge Q, = 5.1 nC calculated using
Eqn (4.11) virtually coincides with the charge Q..

4.2 Fast-recovery avalanche diodes

Power electronics require diodes that can operate in a
controlled-avalanche breakdown mode. Such diodes are
required for pulse converters with enhanced requirements
for reliability. Avalanche diodes can be used as fast-operating
arresters of high-voltage surges that emerge, for example, in
circuits containing an inductive load and as super-high
frequency (SHF) power suppressors.

The application of avalanche diodes for making high-
voltage piles should be noted separately. Avalanche diodes
connected in series into a pile enable a more uniform distribu-
tion of voltage among reverse-biased diodes and in this way
prevent failure of the entire set if overvoltage occurs on a single
diode or on more than one diode simultaneously. It is desirable
for all applications listed above that the diode operating in the
avalanche mode be able to dissipate large power.

Figure 27. 4H-SiC FRAD installed in a low-power casing using soldering

with a lead—tin solder. The anode area is 1 mm?.

In [63, 64], we studied operations of 4H-SiC diodes with a
p—n junction in the avalanche breakdown mode. Such
parameters as the avalanche diode resistance, the saturated
drift velocity of electrons in the blocking n-base in strong
fields, and the temperature coefficient of breakdown voltage
were determined.

High-voltage fast-recovery avalanche diodes (FRADs)
based on 4H-SiC were presented in [65]; they feature a fast
response comparable to that of commercial 4H-SiC Schottky
diodes and can dissipate an energy of up to 2.9 J cm~2 in the
individual avalanche pulse mode. The diodes were made
based on commercial 4H-SiC n-type plates with epitaxial p-
and n-layers. The post-growth technology of manufacturing
diodes includes the following steps:

(1) resistance contacts to the upper epitaxial p-layer and
n-substrate are formed;

(2) a protection system is formed on the periphery of
anode contacts to prevent premature edge breakdown;

(3) a plate with diode structures is cut into chips;

(4) the chips are irradiated with high-energy protons at a
unique research facility, the FTI Cyclotron, to reduce the
reverse-recovery charge of diodes. (4H-SiC can block high
reverse voltage if the base doping level is sufficiently high.
Owing to this, 4H-SiC diodes with a p—n junction can also
efficiently operate without modulation of blocking-base
conductivity by injected carriers. To increase the response
speed of diodes, it is reasonable in this case to suppress
injection of minority carriers, for example, using proton
radiation [66].);

(5) the chips are soldered in a metal-and-glass casing;
solder connections of wire leads are arranged, and the casing
is filled in with a silicone gel (Fig. 27).

Figure 28a shows a typical forward CVC of diodes (at
amperages of up to 10 A) recorded using an L2-100 digital
characteristic tracer (data were recorded in the mode of one-
off launch of voltage scan). The diode opening voltage in the
forward direction is about 2.8 V. (This value is approximately
equal to the contact potential difference in the 4H-SiC p—n
junction.) The differential resistance of diodes in the open
state is about 0.3 Q. Figure 28b shows a typical reverse CVC
of the diodes (with currents of up to 2 mA) recorded using
an L2 characteristic tracer. It can be seen that a rapid
breakdown of diodes in the reverse direction occurs at a
voltage of 1560 V.



768 A A Lebedev et al.

Physics— Uspekhi 62 (8)

I/I T Ia T T T T § T T Ib
/ 1 L :

LR e 4 1 ]

Frtd 8103 S AT 0 1 R0 ] IR RS PRU R AR ATRATATAYRRITSNRNTY (ERRTRTAY™:

O O e e

Figure 28. (a) Forward and (b) reverse CVCs of the produced 4H-SiC
FRAD:s. Scale: Fig. a, voltage: 1 V per graduation line, current: 1 A per
graduation line; Fig. b, voltage: 200 V per graduation line, current: 0.2 mA
per graduation line. p—n junction area is | mm?. Room temperature.
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Figure 29. Typical RR characteristics of nonirradiated (curve /) and
irradiated (curve 2) diodes in switching from a forward current of 3 A to
a reverse voltage of 500 V.

Figure 29 shows typical characteristics of the reverse
recovery (RR) of nonirradiated (curve /) and irradiated
(curve 2) diodes when they are switched from a 3 A forward
current to a reverse voltage of 500 V. (The rate with which the
current is switched from the forward direction to the reverse
direction is 300 A ps~'.) The respective RR charges of
nonirradiated and irradiated diodes were 63 and 20 nC. The
diodes preserved a ‘soft’ character of recovery after irradia-
tion; this is an indication that irradiation primarily results in
reducing the injection coefficient of the p—n junction [67].
The respective RR times of the nonirradiated and irradiated
diodes were 35 and 20 ns. Proton irradiation is thus an
effective tool for improving dynamic characteristics of high-
voltage 4H-SiC p—n junctions.

Figure 30 shows failure tests of crafted 4H-SiC FRADs
when operated in the pulse avalanche mode. The tests were
conducted using an electric setup that was named unclamped
inductive switching (UIS) [68]. To increase the power density,
small-area diodes were made (4.9 x 1072 mm? with an anode
of 250 um in diameter).

The data displayed in Fig. 30a correspond to a peak
avalanche current of 3.5 A (current density 71 A mm~2) and
the maximum reverse voltage 1700 V. The oscillograms shown
in Fig. 30a are indicative of the reversible character of
avalanche breakdown (the diode CVC displayed in Fig. 30b
did not degrade after the avalanche pulse had passed). The
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Figure 30. Current and voltage oscillograms measured in the UIS circuit.

peak avalanche current (3.7 A) presented in Fig. 30b is
somewhat larger than that in Fig. 30a. A current surge is
observed at an instant close to the avalanche-pulse end when
voltage drops to zero, which indicates a catastrophic failure of
the diode (monitoring of the CVC after the avalanche pulse
had passed confirmed that the diode blocking capacity is
lost). The avalanche energy calculated using the dependences
I(t) and V(¢) shown in Fig. 30ais Eay max = 1.4mJ (2.9J cm™2).

In our opinion, the catastrophic failure of the diode
occurred due to electric thermal breakdown. (Electric
thermal breakdown of diodes in the reverse direction usually
begins with reversible avalanche breakdown, the develop-
ment of which, as the voltage and current increase, eventually
results in irreversible thermal breakdown and destruction of
the diode due to imbalance between the power released in the
diode and dissipated from it.) Computer simulation of the
nonstationary thermal process in the diode in the pulse testing
mode described above has shown that the local temperature
in the center of the diode base region can exceed 1100 K.

Generally speaking, the operability of semiconductor diodes
with the p—n junction under heating has a basic limitation
related to an increase in the density of intrinsic carriers as the
temperature increases. The critical temperature is the tempera-
ture at which the density of intrinsic carriers in the semiconduc-
tor becomes comparable to that of dopants in the diode base
regions. The intrinsic carrier density in 4H-SiC with a 3.24-eV
bandgap is extremely small at room temperature; various
estimates show that it is in the range 1078 —10"7 cm~3. The
doping level of the blocking base in high-voltage 4H-SiC diodes
is within the range 10" — 10'® cm 3. The intrinsic-carrier density
attains values this high if the diode is heated to a temperature
of about 1350 K.

In our opinion, this basic limitation on the maximum
dissipated energy of an avalanche pulse is realized in the
4H-SiC FRADs we crafted. It is of importance that the
response speed of the 4H-SiC FRADs that we produced is
not inferior to that of commercial 4H-SiC Schottky diodes
(Table 2). In accordance with expectations, pre-break-
down leakages in diodes with a p—n junction are signifi-
cantly smaller. Although such 4H-SiC FRADs are inferior
to Schottky diodes with regard to the forward voltage
drop, they may find their niche in the areas listed above.

4.3 Subnanosecond diode circuit breakers
Semiconductor devices that can switch high electric power in
the micro-, nano-, and picosecond time ranges are required
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Table 2. Comparison of electric parameters of commercial 4H-SiC
Schottky diodes CPW4-1200-S005B and 4H-SiC FRADs produced at
room temperature.

Parameter Notation [ CPW4-1200-S005B | 4H-SiC FRAD
Anode area N 1.54 mm? 1 mm?
Maximum constant | Frmax 1200 V 1200 V
reverse voltage
Forward voltage Vg 1.8V 45V
drop (IrF=3Amm?) |(lrp=3Amm?)
Reverse current Ir 100 pA mm—2 0.01 pA mm—2

(Vr = 1200 V) (Vr = 1200 V)
RR charge O 18 nC mm~2 20 nC mm~2
(Ir=3Amm>2, | (g =3Amm?,
VR =800V, VR =500V,
dr/dr = dr/dt =
200 A pus~!) 300 A ps~')
Zero-shift capacity Co 167 pF mm~2 180 pF mm~—2
Avalanche energy Eay, max — 2.9Jcm2

for systems of pulse power supply to power lasers, X-ray tubes
and accelerators of charged particles, radio navigation and
locator systems, fast-process recorders, devices for pulse
electric-discharge purification of gaseous exhausts of vehi-
cles and chemical production facilities, systems that supply
power to and control the operation modes of converters
intended for power supply to gas and oil pumps, etc. Of
great interest for the power pulse energy-engineering industry
is the pulse system where energy is accumulated in an
inductive way and subsequently transferred to a load using
superfast breaking of large currents (an important feature of
this approach is that the pulse voltage on the load, which
emerges when the current is interrupted, can be much higher
than the voltage at preceding stages of pulse formation).

Dedicated work conducted at the Ioffe Institute in the
early 1980s aimed at studying the physics of the buildup and
dispersal of electron—hole plasma in silicon diodes resulted in
the development of devices that can interrupt large currents in
the nanosecond range. These devices were referred to as
sharp-recovery drift diodes (SRDDs) [69].

The operation of high-voltage silicon SRDDs is based on
rapid interruption of the reverse current that flows through it
after the electron—hole plasma (EHP), which was preliminary
pumped into the diode base region by a short pulse of current,
has been pumped out. The voltage on the diode very rapidly
increases (in a prototype of pulse shaper, the SRDD short-
circuits the transfer line from the generator of the pulse to be
shaped to the load for the time needed for attaining the
required wave amplitude and then rapidly opens the line; the
pulse edge in the load is determined in this case by the
transient process in the SRDD and its duration is set by the
master generator).

Switching SRDDs consists of two characteristic stages.
At the first stage, plasma is dispersed relatively slowly, but
only a small fraction of the operational voltage drop occurs
on the diode at this stage. At the second stage, at the instant
when the density of nonequilibrium carriers near the p—n
junction becomes less than the density of the carriers in the
blocking base, the reverse-current interruption stage begins,
accompanied by SCA expansion into the base. The interrup-
tion of current occurs at the maximum rate if the following
conditions are satisfied at the beginning of the SCA expan-

sion: (1) nonequilibrium carriers are fully removed from base
regions (for this, the design of the diode and parameters of
pumping-in and evacuation of the nonequilibrium carriers
are chosen depending on the mobility and lifetime of injected
carriers); (2) the reverse current is large enough to rapidly
recharge p—n junction capacities. In other words, for
SRDDs to operate at the maximum rate, conditions must be
created under which the barrier capacity of the blocking p—n
junction is recharged with a large initial bias current.

Currently available generators based on individual silicon
SRDDs generate pulses with an amplitude of up to 1300 V
under a 50 Q load, with the respective leading and trailing
edges equal to 2 and 5 ns (repetition rate up to 100 kHz).

According to estimates, the use of 4H-SiC can signifi-
cantly improve the main SRDD parameters, namely, the
operation speed, the specific switched power, and the clock
rate of pulses. The rate of voltage rise in SRDDs is limited
from above by the value (dU/dr),,,, = EbUsat, Where Ey, is the
strength of the avalanche breakdown field in the semiconduc-
tor and wvg, is the saturated velocity of carrier drift. For Si
diodes, (dU/dr),,, =2 x 102 V s!, while for SiC diodes,
(dU/dt),,, = 6 x 101 V s71_ a value that is almost thirty
times larger. This implies in practice that, for example, the
duration of the voltage growth front in the case of a 4H-SiC
SRDD can be, for the same blocking voltage, at least an order
of magnitude smaller (due to a smaller base thickness and
hence shorter time of flight of carriers with the saturated
velocity). Also, the use of SiC devices enables the dimensions
and masses of pulse devices to be significantly decreased and
their operation reliability to be enhanced owing to higher
frequencies, a higher junction temperature, and a simpler
cooling system.

4.3.1 Design of 4H-SiC SRDD. In the early 2000s, we were the
first to discover the phenomenon of subnanosecond interrup-
tion of current in p*—po—n*-type mesa-epitaxial 4H-SiC
diodes after they are pumped with a quasiconstant current [70].
Figure 31 shows characteristic processes of recovery of the
pt—no—n" and pt —py—n™ diodes after switching from the
forward direction to the reverse one. We can see that after
attaining a reverse current of 0.6 A, the n-base diodes exhibit a
rather soft recovery, which continues for about 16 ns, while
p-base diodes recover in a quite different way. The maximum
reverse current for the same values of the forward pumping
current and reverse voltage was significantly larger, about 1 A,
and sharply ended in less than 1 ns. The effect of various
factors that determine the character of recovery of the
blocking capacity of silicon-carbide diodes with the blocking
p-base was theoretically analyzed later in [71]. The initial
hypothesis regarding the dominance of the drift mechanism
that operates due to the big difference between the mobility of
electrons and holes in silicon carbide has been confirmed.

In discussing practical implementation of pulse genera-
tors based on diodes with the p™—py—nT(substrate) struc-
ture, the following disadvantages should be noted: deep
etching of mesas is needed (across the entire pg-base thick-
ness) to prevent short-circuiting the po—n™ junction; the
creation of an effective protection system to prevent edge
breakdown is a very challenging problem; and the operation
rate is decreased due to the low mobility of majority carriers
(holes) in the blocking py-type base.

More promising for high-voltage 4H-SiC SRDDs is the
pT—p—ng—nT(substrate) structure that we proposed in [72],
where the plasma buildup area and the blocking area are
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Figure 31. Oscillograms of currents in the process of switching (a) a pt—ng—n™ diode and (b) a p* —po—n™ diode from the forward direction to the
reverse direction. Vertical scale: 0.2 A per graduation line; horizontal scale: 4 ns per graduation line. Forward current 0.4 A. The zero current level is

indicated with an R.

Table 3. Calculated parameters of a two-kilovolt 4H-SiC generator.

Parameter Value
Pulse amplitude, V 2000
Interrupted current, A 40
Donor density in n-base, 10'¢ cm=3 1.2
n-base thickness, pm 1.3
Diode area, mm? 0.1
Pulse rise time, ns 0.11

separated: the moderately doped p-layer operates as a ‘plasma
reservoir’ (nonequilibrium carriers are pumped into it by a
short forward-current pulse), and the lightly doped ny-layer as
the blocking base (the py layer in the p™ —po—n™ structure is
concurrently the plasma reservoir and the blocking base). No
deep etching is needed in the p*—p—ng—n* structure; an
efficient protection system can be formed; and the operation
rate is supposed to be higher owing to the higher mobility of
electrons than of holes.

4.3.2 Analytic models that describe operations of 4H-SiC
SRDD with the p* —p—ng—n* structure. In [73], we devel-
oped a simple analytic model that describes the operation
of generators containing 4H-SiC SRDDs with the
pt—p—ng—nT structure. The model was used to theoreti-
cally estimate the maximum attainable electrical parameters
of high-voltage pulse generators designed on the basis of
individual diodes. Table 3 displays the parameters calculated
for a two-kilovolt generator.

The calculated duration of the current-interruption phase
(leading-edge time of the output pulse with a 2 kV amplitude)
is 0.11 ns. To attain an operation rate this high, plasma must
be pumped out quite rapidly: the estimated ratio of the pulse
leading-edge time and the duration of pumping is approxi-
mately 1:10.

The simulation in [73] was limited to an analysis of diodes
where the nonlinear electric resistance of the quasineutral
part of the blocking ny-base is negligible compared to the
resistance of load at all stages of device operation. We took
the effect of the nonlinear electric resistance of the quasineu-
tral part of the blocking ny-base on the transient process into
consideration in [74]. We showed that the parameters of
generated pulses strongly affect the shape of the field
dependence of the electron drift velocity in 4H-SiC along the
hexagonal axis c.

Characteristics of the drift of electrons and holes in
4H-SiC are very different. In [75], we simulated the generation

(OMBIL

Figure 32. Equivalent circuit of a generator at the stage of interruption by a
reverse-current diode: 7 is the source of quasiconstant current supported
by an accumulating inductance (not shown in the circuit); ¢, (7) and ry(1)
are instantaneous values of the barrier capacity of the p—n junction and
the series resistance of the quasineutral part of the base; and R is the load
resistance (all calculations were done for R = 50 Q).

of pulses by a silicon-carbide SRDD with a blocking base of
n- and p-types to compare their operation rates. It was
assumed in the analysis that the diode does not contain
nonequilibrium carriers at the instant when SCA starts
expanding (at ¢t = 0), and the current that flows through the
diode is the initial bias current that recharges the barrier
capacity of the p—n junction. An equivalent circuit of the
generator at the instant when the current is interrupted by the
diode is shown in Fig. 32. The density of the reverse current

Jp-n(0) interrupted by the diode at 7 = 0 is chosen to be large

enough to minimize the p—n junction area S and hence the
barrier capacity c¢pp. Butif j, ,(0) increases and S decreases,
the resistance ry, (0) increases. The large value of r,(0) results,
in turn, in the emergence of a so-called pedestal, the initial
voltage u(0), on the output pulse:

r(0)
R+1,(0)

If r,(0) ~ R, u(0) can constitute a significant part of the total
amplitude of the output pulse (U = IR), an effect that is
undesirable (and frequently impermissible) from the perspec-
tive of practical use of generators. The simulation goal was to
calculate time parameters of such generators that ensure a
given amplitude of output pulses with a pedestal that makes
up no more than 5% of the amplitude. Equation (4.12) shows
that if R =50 Q and k = u(0)/U = 0.05, the resistance r,(0)
should be

u(0) = (4.12)

k
rn(0)=——R~kR=25Q.

- (4.13)
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The following widely used approximation of the depen-
dence of the carrier drift velocity v on the electric field E was
used in calculations:

uE

—_—, (4.14)
[1+ (uEfv,)"]""

V=

where u is the low-field mobility of the carriers, v is the
saturated drift velocity of the carriers, and y is a dimensionless
parameter.

In [76, 77], we studied the drift of electrons in n-type
4H-SiC (in the direction of the hexagonal axis ¢ of the crystal)
in fields whose strength is 4 x 10° V ecm~!. We derived a semi-
empirical dependence of the electron drift velocity v, on the
field E (see Eqn (4.14)). If the level of doping with donors is
~ 10" cm™3, the parameters are as follows: the low-field
mobility of electrons g, = 950 cm? V! s7!, the saturated
drift velocity vg, = 1.55 x 107 cm s~! (the saturated velocity
proved to be close to the value obtained by Monte Carlo
simulation [78]), and the dimensionless parameter
v, = 1.15.

Reliable experimental data on the parameters listed
above for p-type 4H-SiC are still missing (transport of hot
holes in 4H-SiC has been studied by Monte Carlo simula-
tion [79]). An approximation of the theoretical dependence
of v, on E reported in [79] yielded the following values of
the parameters: g, = 70cm? V='s7! 0, = 5.9 x 10°cms ™,
and y, = 1.18.

With Eqn (4.14), the resistance r,(0) is calculated as

771/
) _ ukU\’
5(0) = rvo {1 + (vas> } ,

where ryg = pLy/S is the ohmic-base resistance (p = gnp is
the specific base resistance, ¢ is the elementary charge, n is the
density of free carriers in the base, and L, is the base
thickness).

The following initial conditions were chosen for calcula-
tions:

(1) the amplitude of the output pulse on the load is close to
the diode breakdown voltage. The efficiency of the protection
system in high-voltage 4H-SiC diodes is usually such that
the maximum reverse voltage does not exceed 90% of the
theoretical breakdown voltage Uy, of a quasi-one-dimen-
sional junction:

(4.15)

U=09Uy; (4.16)

(2) the base thickness is equal to that of the SCA under the
reverse voltage equal to Uy,

28Ubr
Ly = 1/
b qN )

where ¢ = 8.85 x 10713 F cm™! is the dielectric permittivity of
4H-SiC and N is density of impurities in the blocking base.

Under these conditions, the voltage Uy, and the density NV
are related by the equation

(4.17)

2
SEbr

U =
br 2qN )

(4.18)

where Ep, is the critical field strength of the avalanche
breakdown of 4H-SiC. The value of Ej, is related to the

density of impurities N in the blocking base by an empirical
relation [6]

2.49 x 10°
1 —0.25log (10-19N [em~3])

Eo[Vem '] = (4.19)

Equations (4.18) and (4.19) can be used to (numerically)
calculate the density N for a given voltage U. The diode base
thickness Ly, can in turn be calculated using Eqn (4.17).

A distinctive feature of p-type 4H-SiC is incomplete
ionization of acceptors (aluminum) at room temperature
due to the relatively large energy of their ionization:
Exn =0.19 eV. (The donors (nitrogen) in 4H-SiC, whose
ionization energy is about 0.05 eV, are virtually fully ionized
at room temperature.)

Due to the incomplete ionization of acceptors and a
relatively low hole mobility, the area of p-base diodes should
apparently be larger than that of n-type diodes (for a fixed
output-pulse amplitude).

The density of electrons in n-base diodes was assumed to
be equal to the density of donors (1, = Nq4), while the density
of holes in p-base diodes was calculated using the standard
neutrality equation

n, = Ny exp —E = Na
P ksT) 1+ 2exp [(Ea — Er)/ksT]’
(4.20)

where N, is the effective density of states in the 4H-SiC
valence band, kgT is the thermal energy, and Ef is the
position of the Fermi level in the p-4H-SiC bandgap relative
to the upper edge of the valence band.

Using the parameters that were introduced and calculated
above, the required junction area S can be calculated as

L. 1 KU\ 1YY
g=to Ll (HkU .
gnu kR Ly
In accordance with the diagrammatic circuit shown in

Fig. 32, the instantaneous voltage u, () is described by the
differential equation

(4.21)

du
Up—n + cp_n—H(R +r)=U.

-+ (4.22)

The nonlinear capacitance ¢, ,(f) in Eqn (4.22) decreases with
time due to the SCA expansion into the base. The nonlinear
resistance r,(7) is maximal at the beginning of the current
interruption stage and decreases with time due to both the
SCA expansion and the weakening of the effect of carrier
velocity saturation. The initial condition for Eqn (4.22) is
up—n(0) = 0. The terms c¢,—, and r, in Eqn (4.22) can be
expressed in terms of the voltage u,_, and its time derivative
du,_p/dt as follows:
e the capacitance ¢,_, as a function of the voltage u,_,:

qgeN

om = Sy |——L
P 2(Up—n + Ubi)

(4.23)

where Uy, is the diffusion difference between potentials at the
p—n junction;
o the resistance of the quasineutral part of the base:

, 1/
et i (Y]
S WpUs

(4.24)
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Figure 33. Time dependence of the output voltage calculated for various
values of U. Solid curves are for the n-type base and broken curves for the
p-type base. Curves / and 6: U = 1000 V, curve 2: U = 2000 V, curve 3:
U = 3000V, curve 4: U = 300 V, and curve 5: U = 500 V.

o the voltage decrease on the quasineutral part of the base
and its thickness:

S
Wb:Lbf ¢

du
, p—n
Uy = Un —up—n — Rep_y TR

S (4.25)

Cp-n

The sought form of the output pulse, i.e., the dependence
u(t) = up—n(t) + u:(¢), was determined using a combination
of numerical methods, including numerical solution of first-
order differential equations and numerical solution of
transcendent algebraic equations.

Figure 33 shows time dependences of the output voltage
calculated for various amplitudes U. We can see that at the
amplitude U = 1000 V, the pulse rise time (from 0.1 to 0.9)
in the case of an n-base diode is about 0.1 ns, while the pulse
rise time for a p-base diode is almost 10 times larger. The
n-base diodes can generate 3000 V pulses whose pulse rise
time is about 0.3 ns. The p-base diodes with the same
operation speed can only generate pulses whose amplitude
is 300 V. Thus, if the output pulse amplitude and the initial
‘pedestal’ are fixed, the operation speed of 4H-SiC SRDDs
with the blocking p-type base should be much inferior to that
of n-type SRDDs. This is due to the lower mobility and
density of holes (for the same doping level) and the saturated
velocity of their drift.

4.3.3 Experimental 4H-SiC SRDDs. Diodes were crafted
in [80] using a commercial n-type 4H-SiC plate with a
pT—p—ng—n" structure grown on it. The thickness of the
p' layer was 2 pm, the density of acceptors in it was
~ 10" cm~3; the p-layer was 5 pm thick, and the density of
acceptors in it was 5 x 10'° cm™3; the ny layer was 40 um
thick, and the density of donors in it was 1.5 x 103 cm~3; and
the n™ layer was 1 um thick, and the density of donors in it
was ~ 1 x 10'% ecm~3.

The pulse modes of pumping the plasma in and out in the
case of 4H-SiC SRDD with the p* —p—ny—n™ structure are
as follows: (1) pumping should be performed by short pulses
(of the order of 10 ns) of forward current; during the pulse
time, the nonequilibrium holes injected from a p* emitter
pass, due to diffusion and drift, a distance not longer than the
p-layer thickness; (2) pumping out should be performed by a
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Figure 34. Pulse test circuit.

reverse current pulse that rises even faster, in several
nanoseconds. To ensure such regimes for testing diodes, a
double-circuit electric setup was designed in which the launch
times of the pumping-in and pumping-out pulses were
synchronized (Fig. 34).

The pumping circuit was designed as a relaxation
generator where a fast-operating silicon 600 V MOS (metal—
oxide—semiconductor) transistor SPD02N60C3 with a drain
current rise time of 3 ns was used as a normally closed
switching element. Forward-current pulses about 10 ns in
duration were generated by discharging capacitor C via an
open transistor, the diode under testing, and the load
resistance R = 50 Q. The amplitude and times of current rise
and fall in the pumping circuit are determined by the power
source voltage E, the transistor turn-on time, and the capacity
of the capacitance C. These parameters can be varied to
control the amplitude /, and duration ¢, of the pumping
current pulse, i.e., the pumped-in charge of minority
carriers Qp. The pumping-out circuit is designed using a
generator, G, of high-voltage pulses in which output pulses
are generated by silicon SRDDs. The generator makes
outputs under 50 Q load pulses with an amplitude Vg of up
to 5 kV and duration of 4 ns (rise and fall time is about 2 ns).
Reverse-voltage pulses are applied with a certain (control-
lable) time delay with respect to forward-current pulses. The
maximum possible rate of the reverse-current rise in the
pumping-out circuit is determined by the generator. Oscillo-
grams of the voltage on the load resistance connected in series
with the diode (actually, the current that passes through the
diode) were recorded using a Tektronix DPO4104 digital
oscilloscope with a 1 GHz transmission band.

Pulse testing of 4H-SiC diodes was performed in various
modes that differed in the amplitude and duration of forward-
current pulses, the amplitude of reverse-voltage pulses, and
the time delay of pumping-out pulses with respect to
pumping-in pulses. The pulses were repeated with a fre-
quency of 1 Hz. If the shapes of the reverse-current pulses in
various circuit operation modes had to be compared,
oscillograms were recorded in such a way that the initial
segments of reverse current rise coincided in time.

The effect of a subnanosecond interruption of reverse
current supported by preliminary injected carriers is illu-
strated with the oscillograms shown in Fig. 35. Curve I
shows an oscillogram of the current during operation of a
two-circuit setup connected to a resistive load of 50 Q. The
current pulse amplitude in the pumping circuit is 2 A, the
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Figure 35. Oscillograms showing the effect of subnanosecond interruption
of current.
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Figure 37. Oscillograms showing the effect of the Q,, value.

Current, A

12 ! ! ! !
0 0.5 1.0 1.5 2.0 2.5
Time, ns

Figure 36. Oscillograms showing the effect of the Vg value.
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Figure 38. Oscillograms showing the effect of the #, value.

duration 10 ns, and the current amplitude in the pumping-out
circuit is 15 A and duration 4 ns. Curves 2 and 3 display
oscillograms of the current for a diode connected in series
with the load. Curve 2 shows the blocking capacity of the
diode in the pulse mode (with a disconnected pumping
circuit). We can see that a capacitive current pulse passes
through the diode whose amplitude and duration (4 A and
2 ns) are significantly (several times) smaller than those of the
pulse if the circuit is connected to a purely resistive load.
Curve 3 shows the SRDD effect: a rise and subnanosecond
fall in the reverse current after preliminary pumping in the
electron-hole plasma by a forward-current pulse (time of
delay of the reverse pulse with respect to the forward pulse
was chosen such that the reverse-current amplitude 7, was
maximal). The process parameters are as follows: the
forward-current pulse amplitude I, =2 A, the duration
t, = 10 ns, the interrupted reverse current I, = 11 A, and
the interruption time #; = 0.4 ns.

Figure 36 shows how Vg affects the amplitude and rate of
the reverse-current rise and fall. Curve / in Fig. 36 reproduces
curve 3 in Fig. 35 (Vg =750 V). Curve 2 is recorded at
VG =450 V. We can see that as Vg decreases, the interrupted
current I, also decreases, while its rise time ¢, increases. This
result is explained by the charge of injected carriers
(Qe ~ Int.) pumped out by the reverse current remaining

unchanged. If Vg decreases, not only the current rise rate but
also the fall rate decrease.

Figure 37 shows how the value of the pumped charge O,
affects the amplitude Iy,. It can be seen that as Q,, decreases
(owing to a reduction in I, and ¢,), the interrupted current I,
also decreases. This is explained by the equality of the
pumped-in and pumped-out charges of the injected carriers
(Qp = Q) if the recombination of nonequilibrium carriers in
the process of pumping-in and pumping-out can be disre-
garded.

For a 4H-SiC SRDD with the p* —p—ng—n™ structure to
operate correctly, the pumping duration ¢, must be such that
within that time, the holes injected from a p* emitter can pass,
due to diffusion and drift transport, a distance approximately
equal to the p-layer thickness. If the time ¢, is significantly
exceeded, nonequilibrium carriers build up not only in the
p-region but also in the blocking ny-base. We can expect that
recovery of the p—ng junction at the stage of reverse-current
interruption would be slower, because it would begin in the
presence of nonequilibrium carriers in the ng-base.

Figure 38 shows how the value of ¢, affects the reverse-
current interruption rate under otherwise equal conditions.
Curve / in Fig. 38 reproduces curve 3 in Fig. 35 (f, ~ 10 ns).
Curve 2 is recorded at ¢, =~ 100 ns. The value of I, is chosen
such that the interrupted reverse current I, remains
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Figure 39. Oscillograms showing the effect of the 74 value.

unchanged. We can see that if 7, increases, the current fall rate
decreases in accordance with expectations.

One of the conditions of effective SRDD operation is that
the lifetime of nonequilibrium carriers 7 be large enough for
their recombination during pumping-in and pumping-out to
be negligible. It is apparent that if the reverse pulse is delayed
with respect to the forward pulse end, the SRDD effect should
gradually weaken and fully disappear at tq4 > 3. Figure 39
shows how the value of #q affects the reverse-current
amplitude. As t4 increases, I, monotonically decreases,
eventually tending to the capacitive current amplitude (cf.
curve 2in Fig. 35). It can be seen that the estimated lifetime of
nonequilibrium carriers in the p-layeris t ~ 10 ns by the order
of magnitude.

High-voltage (1600 V) 4H-SiC SRDDs with a record-
setting response time (150 ps) were presented in [81]. The
diodes were made based on an n-type 4H-SiC plate with the
ptt—pT—p—np—nT structure grown on it. The p* and p™-
layers are 0.5 um thick, and the respective density of acceptors
in these layers is 2 x 10" and 5 x 10'® cm™3; the p-layer is
6 pm thick, and the density of acceptors is 5x 10'® cm™3; the
no-layer is 20 pm thick, and the density of donors is
5 x 10" cm~3; and the n*-layer is 5 um thick, and the density
of donorsis 1 x 10'® cm~3. Diodes are 0.8 mm in diameter.

The crafted diode chips were tested as part of a special
pulse circuit (Fig. 40). In this circuit, the diode is pumped in
by a pulse current source that consists of a source of positive
(constant) voltage (V;), an accumulating capacitor (C;),
charging resistors (R; and R;), and a fast-operating silicon
n-channel MOS transistor (T). The diode under test (DOT) is
included in the discharging circuit of the accumulating
capacitor. The capacitor C; is charged in the initial state to
the source voltage V. If the transistor is switched on by a
positive gate pulse (Vg), a forward-current pulse flows
through the diode, with the amplitude and duration deter-
mined by the voltage Vi, the transistor operation time T, and
the time of the capacitor C; discharge via the transistor, the
50 Q coaxial cable, and a forward-biased diode.

The amplitude of the forward-current pulses was up to
10 A, and their duration varied in the range 10-20 ns. Plasma
was pumped out by a reverse-current pulse using a V; pulse
generator, whose role was performed by a standard generator
manufactured by FID-tekhnika. The generator makes out-
puts to 50 Q load positive pulses with an amplitude of up to
5 kV, the duration of about 4 ns, and the leading-edge rise
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Figure 40. Circuit for pulse testing of diodes. Broken-line rectangle shows
the circuit elements included in the microstrip transmission line.
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Figure 41. Oscillograms of output pulses: curve / is for the disconnected
diode, curve 2 for the connected diode.

time of about 2 ns. The input reverse-voltage pulse is sent
from the generator to the diode via the 50 Q line, and the
decoupling capacitor C, at the instant when the pumping
pulse ends. The recording circuit includes a decoupling
capacitor Cj, high-frequency attenuators manufactured by
Barth Electronics, and a Tektronix DPO70404C digital
oscilloscope. The input resistance of the attenuators per-
forms as a 50 Q load connected in parallel with the diode.

Figure 41 shows oscillograms of the output pulses. Curve /
is recorded when the diode is disconnected, and therefore the
shape of this curve reproduces that of the input pulse (the
amplitude 1600 V and the leading-edge rise time about 2 ns).
Curve 2 is recorded when the diode is connected. Because the
diode is operating under ideal pumping conditions, the
leading-edge of the input pulse becomes steeper: prior to the
current interruption, the long line is shunted at the end by the
small resistance of the diode, and immediately after the
blocking capacity of the diode has been recovered, the
generator starts outputting to a balanced load of 50 Q.

The oscillogram of the output pulse (curve 2 in Fig. 41)
contains a segment where the voltage increases relatively
slowly; this is the so-called pedestal, whose value can be as
large as 200 V. The output voltage rapidly increases to 1600 V
immediately after the pedestal. The rise time in the rapid
growth segment (a 1500 V surge) is 220 ps. The input pulse
thus becomes steeper by a factor of 10. This time is apparently
determined not by the diode operation speed alone but also by
the transmission band of the recording circuit, including a
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microstrip line (MSL) and digital oscilloscope (20 GHZ
attenuators do not cause any distortions). The rise time of
the MSL transient response is 120 ps. The rise time of the
transient response of the oscilloscope with a 4 GHz transmis-
sion band is 90 ps. Given these values, the calculated time of
current being interrupted by the diode is 150 ps. To the best of
our knowledge, this time is the smallest among high-voltage
(over 1000 V) silicon-carbide circuit breakers.

5. Simulating transient processes
in 4H-SiC-based power bipolar devices

Simulations of processes that occur in power bipolar devices
are an integral and mandatory part of designing and studying
such devices. Simulations not only enable an analysis of
experimental results, but also often prompt ideas for new
experiments. In addition, a proper simulation not infrequently
‘saves’ researchers from carrying out experiments that are
complicated and labor-consuming but are doomed to failure.

In this section, we present results of simulations of transient
processes in power bipolar devices based on 4H-SiC: thyristors,
bipolar transistors, and diodes. We also consider phenomena
that are common to all silicon-carbide-based devices: electron—
hole scattering, the efficient emitter problem, and fundamental
physical restrictions on the maximum blocking voltage and the
maximum current densities [69].

5.1 Thyristors

The first thyristor (dinistor) based on silicon-carbide was
presented at the Ioffe Institute in 1988 [82, 83]. The blocking
voltage of this device was 30 to 50 V, and the effective area
was 7 x 107% cm?. Spectacular progress was attained in
subsequent years in increasing the blocking voltage, the work-
ing area, and the current switched by SiC thyristors [84]. An
18-kilovolt-class SiC thyristor has been developed to date [85,
86]. Thyristors based on 4H-SiC with a blocking voltage of 9 kV,
alarge current rise rate d//d¢, and the switched pulse current up
to ~ 5500 A have been studied in [87].

The main physical properties of SiC thyristors were
studied in the late 20th and early 21st centuries after thyristor
structures had appeared whose blocking voltage was several
hundred volts. When structures with a high blocking voltage
Vy = 3 kV appeared, it was shown that a conceptually new
turn-on mechanism can be realized in high-voltage SiC
transistors, in addition to the turn-on mechanism character-
istic of the analyzed in-depth silicon-based thyristor [93].

5.1.1 Turn-on process. The main specific feature of the turn-on
process in SiC thyristors—a temperature dependence of the
current rise rate in the turn-on process that is ‘anomalous’
compared with similar dependences in Si and GaAs thyris-
tors— was experimentally discovered in [94, 95]. The turn-on
time in Si and GaAs thyristors increases as the temperature
grows due to the reduced mobility, the diffusion coefficient,
and the carrier saturation rate. The mobility, the diffusion
coefficient, and the carrier saturation rate in SiC also decrease
as the temperature grows. Nevertheless, the SiC thyristor
turn-on time decreases as the temperature grows, and, as
follows from Fig. 42, this decrease is rather significant. The
temperature dependence of the turn-on time at 7 > 380 K
tends to saturation. If the thyristor is cooled, the turn-on time
constant rapidly increases. For example, the turn-on time
constant at 7= 160 K is approximately 30 times larger than
at 7= 500 K [88].
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Figure 42. Time dependence of the current in the process of turning on a
thyristor with a blocking voltage of 2.6 kV at various temperatures: 293 K
(curve 1), 330 K (curve 2), 379 K (curve 3), and 404 K (curve 4). The
cathode voltage is V., = 200 V, and the load resistance is R; = 50 Q.

This phenomenon was explained in qualitative terms in
[95]. The effect is due to the ionization energy of the
shallowest acceptor level in 4H-SiC (aluminum) being rather
large (~ 0.2 eV). Therefore, only 1-2% of Al atoms are
ionized at room temperature (Np ~ (1—-2) x 10" cm™3) in
the heavily doped p*-emitter of the ‘constituent’ p* —n—p°
transistor. As the temperature grows, the hole density in the
emitter increases. Consequently, the injection coefficient of
the pT-emitter and hence the gain factor of the ‘constituent’
pT —n—p? transistor increases. The explanation proposed in
[95] is based on an equation derived in [96],

TIT2
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where 7, 1s the time constant of current rise, 7; and 1, are the
times of flight of minor carriers through the thyristor bases,
o = y o011 and ap = p,ar) are the respective gain factors of the
constituent transistors in the thyristor structure (the upper
pt—n—p° and the lower n—p®—n"), y; and 7, are the injection
coefficients of the upper p™—n and lower n™ —p emitter-
base junctions, and «t; and ot are the respective transfer
coefficients for the upper (narrow) and lower (blocking) base.

According to [95], 7, decreases as the temperature grows
as a result of an increase in o;. But this interpretation is
intrinsically inconsistent: Eqn (5.1) was derived in [96] under
the assumption that injection coefficients of both junctions, y,
and y,, are equal to unity. Consequently, Eqn (5) can be used
to compare thyristors with different values of «r, but it is not
suitable for analyzing the actual situation where the injection
coefficient y, changes as the temperature varies.

An adequate analytic study and a computer-aided analysis
of the turn-on process accelerating as the temperature
increases were reported in [97, 98]. An expression for 7, was
derived in [97] based on the charge control model under the
condition of a low injection level in the blocking base of the
thyristor. For the most important case where o) +0 =7, 011+
y0m2 = 14+ dand é < 1, the expression for 7, has the form

(5.1)

. (1 = yyar)t1 + (1 — prom2)T2 ’ (5.2)
Y1911 + P02 — 1
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Figure 43. Time dependence of current in the process of turning on a
thyristor with a blocking voltage of 2.6 kV at a temperature of 293 K
(curve 1), 330 K (curve 2), and 379 K (curve 3). Solid curves show
experimental data, and dotted curves simulation results.

where 7; and 1, are the respective lifetimes in the thin and
blocking base of the thyristor. If the temperature dependence
of the hole density in a heavily doped emitter and the main
parameters of the thyristor are known, Eqn (5.2) can be used
to assess the temperature dependence of 7,. However, for the
comparison of experimental data with theoretical results to be
correct, the temperature dependence of not only y, but also
other thyristor parameters must be taken into account. Apart
from this, it is of importance to take nonlinear effects also
affecting the temperature dependence of 7, into account. Such
calculations are only possible as part of numerical simula-
tions.

The Issledovanie (Research) software package [99] was
used in [97]. This computer program is based on transport
equations for charge carriers that enable a correct account of
the entire set of nonlinear effects for high injection and high
doping levels, including Auger recombination, electron—hole
scattering, bandgap narrowing, and the dependence of kinetic
coefficients and the lifetime of charge carriers on the doping
level in heavily doped structure layers [100].

Figure 43, where numerical results are compared with
experimental data, shows a very good agreement between
simulation results and experiment.

The analytic results obtained in [97] were used in [101] to
analytically estimate the turn-on rate in the cases of low and
high injection levels in the blocking base of a thyristor that
correspond to the low and high density of the current flowing
through the thyristor after it is turned on. It was shown that
the turn-on time constants can be very different in the
considered cases. The ratio of the turn-on times for the low
(t,1) and high (z,4) injection levels can be as high as several
dozen: t,1 /7,y > 20. The analytic estimates obtained are
confirmed by numerical results.

It was noted in[92, 102, 103] that SiC thyristors are turned
on by a rather large gate current. The turn-on occurs in the
blocking base of the thyristor, not at low injection levels, as is
the case with ‘classical’ Si thyristors, but at a level that is
intermediate between low and high injection levels. Reasons
for this phenomenon have been analyzed in [104], leading to
the conclusion that a turn-on mechanism qualitatively
different from that of classical Si thyristors is realized in

high-voltage thyristors at room and lower temperatures.
Analytic estimates for the new turn-on mechanism have
been obtained, and temperature characteristics of thyristors
and turn-on parameters as functions of the blocking voltage
have been explored as part of computer simulations using the
Issledovanie software package. A conclusion of importance
for practice has been made: to obtain SiC thyristors with
reproducible parameters and the required resilience to the
dV/dt effect, an external shunting of the base—emitter
junction in the thin base of the thyristor is needed.

5.1.2 Turn-off process. The thyristor turn-off by the control
gate reverse current in SiC thyristor structures with a
relatively low blocking voltage at room temperature has
been studied in [105-107]. The turn-off of the thyristor with
a blocking voltage of 2.6 kV in the temperature range 293—
500 K has been analyzed in detail in [108].

The maximum current that can be turned off by the
control gate reverse current is limited by a breakdown of the
low-voltage control junction. Another way of turning off
4H-SiC thyristors was studied in [91]: pulse short-circuiting of
the control junction can be used for that purpose. The current
turned off by the external control signal can be significantly
increased in this case. A silicon MOS transistor was used to do
so in [91], whose resistance in the open state is of the order of
1 Q. It was shown that to have the thyristor completely turned
off, the duration of the pulse that short-circuits the control
gate must exceed some threshold At} Otherwise, after the
pulse ends, the thyristor spontaneously turns on again. It is
qualitatively clear that Az} is the time interval during which
the charge of the carriers injected into the thyristor bases
decreases to a value that is smaller than the critical turn-on
charge. Because the lifetime in the blocking base of the
thyristor increases as the temperature grows [109], At also
increases with temperature. The temperature dependence of
At} is similar to that of the lifetime. This turn-on regime has
been studied in detail using the Issledovanie software package
in [110].

Figure 44 displays the results of simulations of the turn-
off process by means of a pulse ohmic short-circuiting control
junction by an MOS transistor. Corresponding experimental
data are shown in the inset [91]. Good agreement between
experimental and theoretical results can be seen. The
simulation enabled clarification of the nature of a long ‘delay’
between the end of the short-circuiting pulse and the
beginning of current rise in the spontaneous turn-on process
(curve 3 in Fig. 44). As follows from Fig. 44, the duration of
this ‘delay’ significantly exceeds both the current rise time in
the turn-on process and the thyristor turn-off time.

The delay time is typically indicative of the time during
which the nonequilibrium charge equal to the critical turn-on
charge is built up. But because a thyristor spontaneously
turns on if At < At}y, itis clear that the charge contained in
the bases after the end of the short-circuiting pulse exceeds the
critical value. The simulation showed that the turn-on process
begins immediately after the short-circuiting pulse ends,
without any delay. However, prior to the current attaining a
certain value, the turn-on occurs at a low injection level. As was
noted above, the turn-on time constant at a low injection level
7,1 can be significantly larger than the t,;4 constant at a high
injection level. In the case shown in Fig. 44, 7,1 /7, ~ 16.

5.1.3 Critical turn-on charge and the d V'/dt effect. The concept
of critical charge was formulated in [111] and further
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Figure 44. Calculated time dependences for various durations of a short-
circuiting pulse At.g. Similarly to experiment [91], the anode-control gate
junction was short-circuited with a resistance of 1Q at the instant
t=1.4 ps. Aoy values: 1—0.2 ps, 2—0.8 ps, 3—0.82 ps, and 4—
0.83 us (Ao > Atly). The inset shows corresponding experimental
dependences [9]. T = 300 K. Blocking voltage ¥y = 200 V, load resistance
R; =50 Q. Aot 1'—0.2 s, 2 —0.8 us, 4/ —0.9 ps (Ator > Atl).

developed in[112, 113]. This concept enables an analysis from
a single perspective of both the pulse processes that occur
when a thyristor is turned on due to dV//d¢, by short control
pulses, by short light pulses, etc., and ‘slow’, quasi-stationary
turn-on processes. The set of these processes includes turning
on by a slowly rising control current, temperature change, a
quasistationary increase in the anode voltage, etc.

The critical charge density in silicon thyristors ranges from
~ 1013 cm™3 in specially designed devices with very low g,
values and extremely low turn-on control currents [114, 115] to
(2—3) x 10'® cm~3 in powerful high-voltage thyristors. Simi-
lar values of n. are characteristic of GaAs thyristors [116].

The critical charge density in SiC thyristors was for the
first time determined in [89] for relatively low-voltage
structures with a blocking voltage ~ 400 V. The main
characteristics of the critical charge in high-voltage structures
with a blocking voltage of 1.5-2.6 kV were studied in [92, 102].
It was shown in [92] that ng is of the order of 10'® cm~3 in
2.6 kV SiC thyristors at room temperature, and this density
monotonically decreases as the temperature grows. The density
isng ~ 10 em =3 at 7 = 500 K.

A simulation performed using the Issledovanie package
found a qualitative disagreement with the model in [112, 113]
that describes critical charge parameters in SiC thyristors.
The root of this disagreement was studied by analytic and
numerical methods in [102]. It was noted that several factors
must be taken into account in studying the critical charge in
SiC thyristors. First, the injection coefficient y, for the
emitter—a thin, heavily doped base junction —is assumed
to be unity in theory [112, 113]. While this assumption is
fulfilled with a high accuracy for silicon thyristors, it fails for
SiC structures: due to the large ionization energy of the
acceptor level (Al) in the p-emitter, the y, value at room
temperature is noticeably less than unity [97]. The second
important difference distinguishing silicon-carbide thyristors
from silicon ones is that SiC structures are turned on at an
injection level intermediate between the low and high levels of
injection to the blocking base of the thyristor rather than at a

low level. Itis clear that if the thyristor cannot be turned on at
a low injection level; an additional critical charge must be
accumulated to turn it on at an intermediate injection level. It
is expected that a significant role is played by the current
dependence of the transport coefficient at, in the blocking
base of thyristor.

The voltage that can be applied to a thyristor decreases as
the voltage rise rate increases (the dV/dz effect). This effect
has been thoroughly studied in Si and GaAs thyristors [116—
120]. The dV/dr effect is of special importance for SiC
thyristors because it is believed that one of the main
advantages of SiC devices is their ability to operate in very-
high-frequency circuits [121].

The dV/dr effect in high-voltage SiC thyristors was
studied in [122, 123]. If the duration Az of the leading edge
of the voltage pulse applied to a thyristor is less than the time
of flight of minor carriers through the thin base of the
thyristor, as a result of which the carriers do not have enough
time to recombine during the leading-edge rise time, the minor
carrier charge Q = IVIZO C(V)dV emerges in each device base if
the voltage V) is applied. Here, C(V) is the capacitance of the
junction per unit area and Vy; ~ 3 is a built-in potential.
Thus, having determined the minimal voltage under which
the thyristor can be turned on by a pulse with a sufficiently
steep leading edge, we can directly determine the critical-
charge density of the device.

Pulses with a leading-edge time of 30 ns were used in [122,
123] to turn on the thyristor using the dV//d effect. Figure 45
shows time dependences of voltage on the thyristor at various
temperatures. For each temperature, the voltage amplitude
Vo corresponds to a minimal value that turns on the thyristor.
We can see that the higher the temperature, the smaller
voltage is needed to turn on the thyristor.

Temperature dependences of the minimal voltage V) that
were calculated using the Issledovanie software package are
compared in Fig. 46 with experimental data. The plot shows
that although the calculated and measured results agree in
qualitative terms, their quantitative disagreement is rather
significant. It is shown that if an agreement between the
calculated and experimental results can be attained at
room temperature by varying lifetime values in thyristor
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Figure 45. Time dependences of voltage on a 1.5 kV thyristor at various
temperatures: /—300 K, 2—344 K, 3—392 K, 4—442 K, and 5—
504 K. The pulse rise time is 30 ns. The voltage amplitude V' corresponds
for each temperature to the minimum value that turns on the thyristor.
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Figure 46. Temperature dependence of the amplitude V. /—experimen-
tal data, 2— calculation results obtained in a one-dimensional model
using the Issledovanie software package.

bases, the experimental dependence Vy(7T') cannot be satis-
factorily described within a one-dimensional approach under
any reasonable assumptions.

The approach proposed in monograph [123] was used in
[122] to develop a quasi-two-dimensional model that enabled
a very accurate description of the experimental dependence
Vo(T) using the Issledovanie package. Good agreement
between the calculated and experimental data on the current
rise rates in the turn-on process has also been obtained within
the same quasi-two-dimensional approach.

5.1.4 Optothyristors. Semiconductor devices based on Si and
GaAs that are switched by light pulses [124] are used in
numerous applications intended for synchronization of
power laser devices, excimer laser power units, and imple-
mentation of electrically insulated high-voltage power circuits
(see, e.g., [125—127]). Optical turn-on of an SiC thyristor was
presented for the first time at the Ioffe Institute [128]. Later,
in [129], the potential was demonstrated to turn on a SiC
thyristor using an ultraviolet (UV) LED. A high-voltage
(12 kV class) SiC optothyristor was turned on using a UV
laser with a wavelength of 266 nm to a 100 A current, and the
process was studied in [130]. The thyristor turn-on time was
10-20 ns for an optical pulse time of 25-30 ps and the pulse
energy J ~ 10 pJ.

A model of turn-on and propagation of the turned-on
state in an SiC optothyristor was developed based on the
adiabatic approximation in [131] using the Issledovanie
package. The model enabled assessing the area initially
turned on by light, the thyristor turn-on time constant as a
function of the energy of the UV source used for switching,
and the structure overheating with consideration for the
switched current I,,x (Fig. 47). Figure 47 shows that
although the turned-on state propagates in a spontaneous
way, if the optical window size is chosen incorrectly, the
current density in the device being turned on can exceed
40 kA cm~2. The overheating of the active area in the
structure being turned on can be higher than 2000 °C.

A characteristic of SiC optothyristors is the so-called
axially symmetric configuration: the device is turned on by
light in a circular window of a small radius ¢, and the turned-
on state then propagates in a spontaneous way to the entire
area of the device [122, 123]. Specific features of the turn-on
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Figure 47. Time dependence of current in turning on an optothyristor at
various values of the optical window radius ro: /— 800 pm, 2—400 pm,
and 3—200 um. The inset shows the corresponding time dependence of
the current density.

process determined by such a configuration of actual devices
were studied analytically and numerically in [134—136].
Propagation of the turned-on state was studied in [134]
using a numerical model and an analytic approach. A
surprising result was obtained and correctly interpreted: it was
shown that at the initial propagation stage whose duration is
~ (2—3)7 (where 7 is the thyristor turn-on time constant), the
propagation speed is relatively small, especially in the axially
symmetric case. It was believed previously that the propaga-
tion speed increases as the current rise rate in the turned-on
part of thyristor increases (to become saturated at a very large
current density.) The result obtained should be taken into
account in choosing the permissible current rises rate d//dz.
Specific features of the stationary distribution of carriers
and the character of retaining current in the axially symmetric
case were analyzed in [135]. The relative contribution of field
and diffusion mechanisms of turned-on state propagation
was analyzed. It was shown that if the initial carrier density
pi(0) is sufficiently large (proportional to the current to which
the thyristor is connected), the area occupied by the turned-on
state expands as p;(0) increases. This result, which always
holds in the planar case, was believed to be universally
correct. It was shown, however, that in the axially symmetric
case, when the initial carrier density is relatively small (the
current is close to the retaining current), the carrier density in
the stationary case is larger than the initial density p;(0).
Figure 48 shows that if the initial current density (the initial
pi(0) value) is small, the stationary-state current density in the
center of the optical window increases compared to the initial
one. This effect should be taken into account in turning on
SiC optothyristors for currents close to retaining currents.
Relations between the critical charge density, the retain-
ing current, and the maximum current density have been
analyzed in the axially symmetric case in [136].
Transient processes in superhigh-voltage optothyristors
with a blocking voltage of 18 kV were explored experimen-
tally in [137, 138]. The amperage of the switched current in
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Figure 48. Stationary profiles of the distribution of holes p(r) in an axially
symmetric case for various initial values p;(0): /—0.08 x 10" cm~3, 2—
0.10 x 10" ecm™3, 3—0.20 x 10'7 ecm™3, 4—0.40 x 10"7 ecm™3, 5—
0.60 x 10'7 cm~3, and 6—0.65 x 10'7 cm~>. The current density at each
point is proportional to p. The dotted line shows the initial distribution of
holes p;(0) for curve 2.

operations with a purely inductive load was as high as 1200 A
(for an energy of the triggering light pulse ~ 40 pJ and its
duration 30 ps). If such a thyristor is turned on for relatively
small currents < 20 A, the turn-on process exhibits an
unusual ‘two-step’ behavior. The current rises at the first
turn-on stage with a characteristic time constant of 15-20 ns.
Having attained an intermediate maximum, the current
begins decreasing with a significantly larger time constant,
this decrease being followed by a new increase in the current
to a stationary value determined by the voltage on the device
and the load resistance. This effect has never been observed in
thyristors with a blocking voltage of 12 kV. A comprehensive
explanation of the two-stage turn-on phenomenon was given
in [139] on the basis of calculations with the Issledovanie
package.

5.2 Bipolar transistors

Relatively high-voltage power bipolar transistors (BTs) based
on 4H-SiC with a blocking voltage ¥y > 1.5 kV and an
acceptable gain factor in the common-emitter circuit f ~ 30
appeared in the early 21st century [140—142]. Power silicon-
carbide-based BTs are currently considered to be very
promising fast-operating switching devices owing to a
combination of properties such as a high blocking voltage, a
low on-resistance (Ron), and a quite large gain factor. 4H-SiC
BTs have been developed whose blocking voltage exceeds
9 kV [143], with a gain factor in the common-emitter circuit
p > 300 [144], and with rather low Ron values [145].

Transient characteristics of 4H-SiC BTs (with V', =1.8 kV)
were studied for the first time in [64]. It was shown that an
important role is played in BT turn-on by surface recombina-
tion, and this role is significantly enhanced as the current is
squeezed out to the emitter edges (crowding).

One of the BT parameters that is most important for
operations in the active mode is the gain factor in the common-
emitter circuit . The dependence of f§ on the collector current in
high-voltage 4H-SiC and the factors that limit the value of f§
were studied in [146, 147]. Figure 49 shows f as a function of
the collector current that is typical for 4H-SiC BTs [148]. The
gain factor increases in the region of small currents, attains a
maximum, and then decreases as the current grows further.

10! 10° 10! 10?

Collector current, A

Figure 49. Gain factor  of 4H-SiC-BT as a function of the collector
current. 7 =293 K. Dots show experimental data for the collector-base
voltage Vg = 100 V. The bold curve shows results of calculations in a
semi-empirical model [67]. Thin curves represent the contribution of
recombination in the space charge area (curve /), surface recombination
(curve 2), and recombination in the emitter (curve 3).

As follows from Fig. 49, results of calculations in a semi-
empirical model [148] agree well with experimental data. In
addition to the recombination of nonequilibrium carriers in
the BT base, the model incorporates contributions from
recombination in the area of the emitter-base space charge,
recombination in the emitter, and surface recombination. The
decrease in the local gain factor f§ towards the emitter center
under conditions of crowding is also taken into consideration.
The model developed was successfully used to interpret the
experimental dependence of the gain factor § on the collector
current in the temperature range 300-520 K [147].

While the gain factor in the common-emitter circuit, f3, is
the most important parameter if a BT is used in the active
mode, one of the most important parameters of the BT used
as a high-power switch is the open-state resistance Ron. This
parameter is in most cases equal to (or even greater than) the
resistance of the unmodulated collector layer of high-power
BTs [149, 150]. Several studies have shown, however, that
Ron can be significantly reduced by modulating the collector
layer resistance with minor carriers injected from the base
layer in the saturation mode [151, 152].

The main physical features of modulation of the collector
resistance were studied in [153] using the effective one-
dimensional model developed at the Ioffe Institute [154]. This
model was successfully used to describe Si- and GaAs-BTs
also in modes of maximum high current densities [155, 156].

An accurate quantitative description of transient
processes in high-power SiC BTs with an interdigitated
structure requires two-dimensional (2D) simulation in
general. However, the main physical regularities of the
BT turn-on and turn-off processes can often be conveni-
ently examined within one-dimensional models. Simula-
tion of this kind enables a transparent analysis of the effect
of the main parameters of the structure and switching
modes on transient processes.

The simulation in [153] shows that modulation by minor
carriers can greatly reduce the BT resistance in the turned-on
state (Fig. 50). Figure 50 shows that if the input signal 7}, is
sufficiently strong, the transistor resistance can be reduced,
owing to collector-layer modulation, to values that are
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Figure 50. Time dependence of a BT in the process of turning on. Results
calculated for a BT with the parameter characteristic of a BT with a
blocking voltage of 1200 V. Curves /-3 are calculated for the lifetime in the
base 7, = 100 ns and the lifetime in the collector 7. =2 ps. The base
currentis I, = 0.6 A (curve /), 0.2 A (curve 2), and 0.06 A (curve 3). Curve
4: 1, =0.6 A, 1y, =20ns,and 7. = 2 ps. Curve 5: I, = 0.6 A, 7, = 100 ns,
and 1, =400 ns. The dotted straight line shows the resistance of the
unmodulated collector layer.

significantly smaller than the resistance of the unmodulated
collector. It was shown in [153] that the effective modulation
of the collector resistance is possible if the transistor is turned
on sufficiently fast, this requirement being fulfilled if the
turning-on base current has a large amplitude and steep
leading-edge rise.

An analytic model of BT collector layer modulation was
developed in [157] on the basis of a theory of minor-carrier
diffusion in the direction opposite to the electric field vector at
a high injection level [158]. The model in [157] allows
calculating the carrier distribution and the collector modula-
tion level in the stationary state and, in addition, tracking
minor carrier (hole) motion along the n-type collector layer in
the process of modulation (Fig. 51).

The slowest process in bipolar devices that determines the
maximum operation frequency of the devices is turning-off. If
the current density in high-power switching BTs increases in
the open state, the turn-on time decreases, while the turn-off
time, on the contrary, increases. It is clear, however, that a
buildup of minor carriers in the collector in the process of
collector modulation and a reduction in its resistance can
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Figure 51. Distribution of holes p(x) along the collector of a BT with
parameters characteristic of a BT with a blocking voltage of 1200 V at
various time instants. The transistor switches at the instant # = 0 to the
saturation mode, and holes begin diffusing in the direction opposite to the
field, thus reducing the collector resistance. The base currentis I, = 0.2 A
(curves I, 1’ and 2, 2') and I, = 0.6 A (curves 3, 3’ and 4, 4’). Time
t =300 ns (curves /, I’ and 3, 3’) and ¢ = 600 ns (curves 2, 2" and 4, 4').
Solid curves /—4 represent results of an analytic calculation, and broken
curves 1’ —4’ results of calculations in a numerical model [153].

significantly increase the delay time and the transistor turn-
off time [80]. This can make the required reduction in Ron at
high-frequency switching unacceptable.

It was shown experimentally in [159, 160] that the delay
and turn-off times can be significantly reduced if a reverse
base current pulse is applied in the process of turning off [161].
Conditions for turning off Si BTs under effective modulation
of the device collector with minor carriers were studied in [162]
using the model in [153]. The turn-off process was explored in
both the ‘standard’ mode, where the base current is turned off,
and the mode of turning off by a negative base current. It was
shown that for quite realistic values of the turning-off base
current, the turn-off time can be reduced by a factor of ~ 40
compared to the turn-off time at zero base current. The delay
time can also be significantly reduced (Fig. 52).

Figure 52 shows that both the delay time and turn-off time
monotonically decrease as the negative base current (—1,)
increases. If I, = —0.2 A (Fig. 2b), the delay time is 820 ns,
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Figure 52. (a) Time delay 74 (curve /) and turn-off time z,¢ (curve 2) as a function of the negative (turn-off) base current 7. (b) Distribution of holes in a

collector in the turn-off process at 7,
5300 ns, 3— 5600 ns, 4— 5700 ns, 5— 5800 ns, and 6 — 5840 ns.

—0.2 A. The turning-off pulse of the base current is applied at the instant # = 5000 ns. Curve /— 5000 ns, 2—
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Figure 53. Time dependence of the current and voltage on a 6 kV diode in
the turn-on process. Solid curves show experimental oscillograms. The
dotted curve represents the results calculated using the Issledovanie
software package [165].

and the turn-off time is 57 ns. If the transistor is turned off at
zero base current, the delay time decreases by a factor of 3.6,
and the turn-off time by a factor of 38 compared to the
corresponding times in the standard mode. The turn-off time
is virtually equal to the turn-on time. We note that an
experimental study [160] found that if a large negative base
current is used to turn off the transistor, the delay time is
reduced by a factor of 4, and the turn-off time by a factor
of 20.

5.3 Rectifying p—i—n diodes

High-voltage rectifying p—i—n-4H-SiC diodes with an
operating voltage of several kilovolts were presented in the
early 2000s (see, e.g., [163]). Diodes with the operating voltage
~ 20 kV and operating current of several hundred amperes
were developed shortly afterwards [164].

5.3.1 Turn-on process. The most important parameters in
studying turn-on process are modulation of the diode base
resistance in transient process and the forward voltage drop
on the structure at the end of the transient process in a
stationary state.

Figure 53 shows time dependences of the current and
voltage on a 6 kV diode in the process of switching [165]. A
forward current pulse passed through the diode in the
experiment; the pulse amperage increased from zero to 5 A
in approximately 30 ns. The V(¢) dependence clearly shows
two characteristic stages of the switching process. The first
corresponds to ‘recharging’ the emitter—base junction. A
voltage surge is observed at this stage, with the amplitude
determined by the resistance of the unmodulated base. After-
wards, as carriers accumulate in the base, the voltage decreases
to a stationary value that is determined by the resistance of the
base modulated by the build-up of minor carriers. The analysis
in [165] shows that if the current passing through the diode
increases this rapidly, the base can be modulated owing to rapid
motion of the electron pulse leading edge with a saturation
velocity ~ 107 cm s~! and a relatively slow motion of the hole
pulse leading edge in the opposite direction.

Fast switching of a diode in forward direction was studied
in [166, 167] using analytic and numerical methods. It was

tion for EHS.

shown that if the current amplitude is quite large and the rise
time short, violated-neutrality modes occur. The diode base
can be modulated owing to propagation of fast waves of
electrons and holes moving in opposite directions with
saturated velocities of charge carriers in a strong electric field.

5.3.2 Lifetime of minor carriers. Interestingly, as late as the
mid-1990s it was believed that the lifetime of minor carriers in
silicon carbide cannot be large in principle due to a high
density (at a level of 10 cm™3 or even higher) of stoichio-
metric defects in the form of excessive silicon. These concerns
proved to be unfounded, however, and the goal to increase the
lifetime has been successfully achieved. In the mid-2000s the
record-setting long lifetime in the n-base of the 4H-SiC diode
at room temperature was 1.55 ps, but the lifetime presently
observed in thick layers of n-type silicon carbide is several
tens of microseconds [169].

The lifetime in the bases of p—i—n diodes is usually
determined by measuring either the duration of the high
reverse conductivity phase in switching the diode from the
conducting state to the blocking state (Lax method [170]) or
the rate with which the post-injection electromotive force
(EMF) decreases (Gossick method [171]). The results yielded
by both methods for silicon diodes are usually very close.
However, the Lax method is inapplicable to silicon-carbide
structures [100, 172, 173]. The most detailed analysis of the
reasons for this situation was performed in [100] on the basis
of qualitative arguments and numerical simulations using the
Issledovanie package.

A detailed comparison of experimental data and simula-
tion results showed that a very narrow layer with a very small
lifetime often emerges in silicon-carbide p—i—n diodes on the
emitter-base interface. Such a layer can emerge because high-
temperature buildup of a highly doped p-layer results in
growth of the number of defects on the emitter—base inter-
face due to a mismatch between the lattice parameters of the
highly doped and undoped layers and due to diffusion of
admixture Al atoms and self-diffusion. Because of the
presence of such a ‘damaged’ region near the p—n junction,
after the diode has been switched from the forward direction
to the reverse direction, the space charge area near the SCA
junction begins rapidly recovering (the time during which the
blocking capacity recovers is controlled by the carrier lifetime
in the damaged layer), and hence there is virtually no phase
where a constant reverse current flows. We note that the
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possible existence of such a damaged layer with a short
lifetime can also play an important role in operations of
transistor and thyristor structures.

On the other hand, the Gossick method enables an
accurate measurement of the lifetime in the bases of SiC-
p—i—ndiodes in a broad temperature range [172—174].

5.4 Specific features of physical processes
in silicon-carbide-based bipolar devices
5.4.1 Electron-hole scattering. SiC devices can operate in
pulse modes at current densities of up to 10° A cm~2 in the
mode of short individual pulses [175]. The operational
current density in the mode of so-called long pulses
(duration 8-10 ms) can be as high as several thousand
amperes per cm’ [176]. Experience in operating Si and
GaAs devices shows that electron—hole scattering (EHS) at
large current densities can significantly diminish the effective
ambipolar mobility of carriers [177, 178].

The first experiments where EHS was studied in silicon
carbide were reported in [179]. An original technique was
proposed in this study to determine EHS parameters by
analyzing pulse isothermal CVCs of 4H-SiC diodes.
Figure 54 shows forward CVCs of a 6-kilovolt 4H-SiC
diode measured at 293-553 K and the current densities up
toj = 10* A cm~2. We can see that if the current density is
sufficiently high, ‘inversion’ of the CVC temperature
dependence occurs. The inversion point corresponds to the
current density of the order of 2000-3000 A cm 2. (These
values are more than an order of magnitude larger than the
inversion current density for similar silicon structures.) A
simple semi-empirical model was proposed in [179] that
enables the EHS parameters to be determined by analyzing
CVCs at large current densities.

The mobility component that is due to EHS is usually
described by the formula

oy = G A

. (5.3)

where p is the hole density and G and pg are the characteristic
EHS constants [100]. The EHS contribution to the voltage
drop on the device base then has the form

_ W
qGpo’

Ven (5.4)

where j is the current density, I is the base thickness, and ¢ is
the elementary charge. Experimental CVCs presented in
Fig. 54 were used in the semi-empirical model to obtain the
value Gpy = 5.8 x 10" V-1 cm~! s~!, which is four times
smaller than the corresponding value for Si and 60 times
smaller than for GaAs. This result implies that EHS in SiC
affects ambipolar mobility and the voltage drop on bipolar-
device bases much more strongly than in silicon and gallium
arsenide devices [180].

A more accurate analysis using the Issledovanie package
yielded an estimate of the possible effect of contact resistance
on the EHS contribution in the range of relatively small
current densities.

We note that the equations describing EHS are incorpo-
rated in the most popular advanced packages of commercial
simulators such as DESSIS (Device Simulation for Smart
Integrated Systems), Atlas, and Medici in a form that
does not provide a correct simulation of EHS in bipolar
devices [181].

5.4.2 Efficient-emitter problem in SiC-based bipolar devices.
Analytic and numerical estimates show that characteristics of
bipolar silicon-carbide devices are far from optimal [182]. A
reason for this situation is the low injecting capacity of highly
doped p*T-type emitters. It is such emitters that are used in
thyristors, BTs, and SiC-based diodes. As was noted above,
the ionization energy of the shallowest acceptor level in
4H-SiC, aluminum, is ~ 0.2 eV. Therefore, only ~ 2% of Al
atoms are ionized at room temperature in the heavily doped
(Na ~ 10" cm~3) p**-layer. As a result, the injection
coefficient of SiC emitters is much less than unity.

The problem of increasing the injection coefficient of
pt-type SiC emitters was studied analytically and numeri-
cally in [182] with nonlinear effects such as narrowing of
the bandgap with an increase in doping level, Auger
recombination, EHS, and radiative and surface recombina-
tion taken into account. The analytic study was based on
the well-known ‘saturation current’ ji, model [183] that has
been used many times to assess the quality of emitters in Si
and GaAs devices. The numerical analysis was performed
using the Issledovanie package. It was shown that to
improve the injecting capacity of the emitter, a ‘damaged
layer’ must be removed that often emerges on the highly
doped p*-emitter—n-base interface (see Section 5.3.2).

Estimates were obtained for an ‘ideal’ emitter in which
the carrier lifetime is controlled only by basic effects, i.e.,
radiative recombination and Auger recombination. The
dependence of js, on the doping level N, is shown to have
its minimum near N, ~ 4 x 10** cm—3, which corresponds
to jon = 2 x 107* A cm~2. This ji, value is two orders of
magnitude smaller than the smallest ji, observed in SiC-
based devices. We note that the minimum observed in the

Jsn(Na) dependence is rather ‘flat’, such that if N, increases

from N, = (5—6) x 10" cm™3 (a value rather frequently
used in designing SiC devices) to the optimal value N, ~
4 x 10%° cm3, the injecting capacity of emitters does not
significantly increase. The main strategy to improve the
injection capacity of the emitter is to increase the carrier
lifetime [184]. However, if N, decreases to a value
N, <1x 10" em™3, an acceptable value of the injection
coefficient cannot be obtained even if the lifetimes are very
large.

5.4.3 Maximum blocking voltage and maximum current
densities. State-of-the-art technologies enable the production
of structurally perfect layers of n-type 4H-SiC several
hundred micrometers thick with a lifetime of carriers in
these layers of several dozen microseconds. However, a
question arises related to the complexity of emerging
production and economic problems: what is the level to
which the voltage of an individual SiC device should be
reasonably increased?

Silicon-based electronics encountered a similar problem
about 30 years ago when the state of the technology in
principle enabled the production of unique devices that
could operate at a mains frequency of 50 Hz with a blocking
voltage V' up to 80 kV. Nevertheless, the V4, values in actual
silicon-based devices (diodes and thyristors) do not exceed 8—
10 kV. A detailed analysis of the level to which the voltage of
an individual Si-based device should be reasonably increased
was performed in [185] with consideration for all the main
nonlinear processes.

A detailed analysis of this problem for SiC-based devices
is reported in [186]. The analysis takes into account that the
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lifetime of minor carriers in SiC greatly increases as the
temperature increases (see Section 5.3.2); the injecting
capacity of actual SiC emitter junctions is currently signifi-
cantly worse than that of emitter junctions in Si structures;
and the efficiency of EHS is much higher in silicon carbide
than in silicon (see Section 5.4.1).

The following condition was used as a criterion that sets
the limit to increasing the blocking capacity of the devices: the
V', value of the structure should be reasonably increased until
the forward-voltage drop on the structure in the conducting
state exceeds the total of the forward-voltage drops on two
structures connected in series that can block the same 1,
voltage.

Results of analytic and numerical estimates are presented
in [186] as ‘level curves’ on the (W, 1) plane (where W is the
blocking-base thickness and 7 is the carrier lifetime in the
base). Such curves were plotted in [106] for ambient tempera-
tures equal to 300, 450, 600, and 850 K and operational
forward-current densities jr equal to 150, 300, 700, 1000, and
2000 A cm~2. The level curves for two temperatures and two
values of the operational current density are plotted as an
example in Fig. 55. Each pair of the selected values of W and t
determines a point on the (W, 7) plane. If this point is located
below the level curve for the selected jg value, the forward-
voltage drop on an individual device is smaller than on two
devices with the base width /2 and the lifetime 7 in the base
connected in series. But if the selected point lies above the
corresponding level curve, it is reasonable to use two devices
connected in series instead of a single device.

For a rough estimate of the blocking capacity of SiC
devices, it is assumed that a device with a 10 pm thick base can
block a voltage 7, ~ 1 kV. For example, if the value
W =200 um is chosen, the calculation was performed for
20 kV class devices.

Figure 55 shows that the effect of a reduction in the
injecting capacity of an emitter can be compensated by an
increase in the lifetime of charge carriers in the structure base
layer. For example, if 7= 600 K and jg = 1000 A cm 2, the
use of a single device with the base thickness W =275 um
(which corresponds to V', &~ 27.5 kV) and an ‘ideal’ emitter is
justified for the lifetime © = 22 ps, while if an actual emitter is
used, the lifetime should be no less than T = 28 ps.
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Figure 55. Level lines at the structure temperature 7 = 300 K (curves 7, I’
and 2, 2’) and T=600 K (curves 3, 3’ and 4, 4’). Solid curves are
calculated for an ‘ideal” emitter, and broken curves for an ‘actual’ emitter
[173]. Current density jr: 150 A cm~2 (curves /, I’ and 3, 3’) and
1000 A cm~2 (curves 2, 2" and 4, 4).

Three characteristic regimes should be distinguished in
discussing the maximum current density in SiC devices. The
first extreme case corresponds to self-heating of the device
in the direct-current regime. The second (opposite) regime
corresponds to device operations in the ‘short’-pulse regime.
This means a situation where the heat that is released during a
pulse does not have enough time to reach the heat sink. To
standardize the results and enable their comparison, so-called
8/20 ps industry-standard pulses are used: these are triangle-
shaped pulses whose leading-edge time is 8 us and trailing-
edge time is 20 ps. At the same time, to characterize the
short-pulse regime, rectangular pulses whose duration is 20—
50 ps are infrequently used. Finally, the ‘long’-pulse regime
corresponds to using rectangular pulses whose duration is
equal to a mains-frequency half-period (10 ms for the 50 Hz
frequency and 8 ms for the 60 Hz frequency).

Self-heating of SiC devices in the direct-current regime
was theoretically and experimentally studied in [187]. It was
shown that the isothermal CVC of the devices measured in a
broad temperature range can be used as a basis for a valid
analysis of operations in the direct-current regime, which is
apparently nonisothermal. If an efficient heat sink is avail-
able, devices can maintain operability at current densities up
to ~ 2000 A cm™2. An N-shaped CVC can occur under
certain conditions when the current passing through the
device decreases as the bias increases.

The long-pulse regime was theoretically and experimen-
tally analyzed in [176]. It was shown that devices can endure
several 8 ms long pulses with the current density amplitude
~ 9000 A cm~2. To correctly describe self-heating in this
regime, a thermoelectric model was proposed that is based on
preliminarily measured isothermal CVCs. The model pro-
vides a good description of the time dependences of self-
heating for current densities as high as ~ 5000 A cm™2.
Qualitative agreement is observed in the entire range of
current densities up to 9000 A cm~2.

Short (20 ps) pulses were used in [175]. The current density
attained was ~ 65 kA cm~2. The temperature of the device
was ~ 1650 K. Repeated application of such pulses or an
attempt to exceed the established current density resulted in
the destruction of the device. The maximum current density in
a single pulse was ~ 100 kA cm 2.

5.5 Conclusions

Although advanced software packages of commercial simu-
lators of semiconductor devices, such as DESSIS, Atlas, and
Medici, are now available, the use of independently devel-
oped, problem-oriented computer models combined with
analytic studies enables identification and analysis of the
main physical regularities of the processes that occur in
silicon-carbide-based bipolar devices. Using such models
and suitable analytic calculations provided a description of
all the main processes observed in silicon-carbide-based
bipolar devices, including diodes, bipolar transistors, and
thyristors.

6. Silicon-carbide-based nanoelectronics

6.1 Spin color centers in silicon carbide

as a platform for sensorics, quantum photonics,

and environmental information processing

The unique quantum properties of nitrogen-vacancy (NV)
color centers in diamond encouraged researchers to seek
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those centers with functional quantum properties in silicon
carbide that can extend the capacities of such systems [188—
205] to new areas. Silicon carbide has now become a flexible
and practical platform to be used in modern quantum
technologies. The atomic-size color centers in bulk and
nanocrystalline SiC are a promising system for spintronics,
photonics compatible with fiber optics, quantum processing
of information, and environmental sensing.

The options of high-temperature optical spin manipula-
tions with both spin ensembles and individual spins open a
new era in the application of spin phenomena in both
academic and applied research. Performing quantum opera-
tions in living systems, including neural networks, is no longer
limited by temperature considerations because all these
phenomena occur at room temperature or higher.

SiC was shown to have at least two color center families
with § = 1 and S = 3/2, whose structure is a combination of
silicon and carbon vacancies. They have the property of
optical alignment of spin-level population and enable manip-
ulation with spin at room temperature. It was found that the
ground and excited states in the S = 3/2 family have spin
S = 3/2, and the ground state population can be inverted by
means of optical pumping, which results in induced micro-
wave radiation (the maser effect) at room temperature or
higher temperatures.

Engineering various types of SiC micro- and nanostruc-
tures that contain color centers is arousing increasingly great
interest owing to their possible applications in electronic and
photonic devices. Based on the successful use of metamater-
ials with NV centers, we can assume that a similar combina-
tion can be proposed for color centers in SiC, whose radiation
range extends to the near-IR region (800—-1600 nm), a pass-
band for fiber optics and living systems.

Spin manipulations have been performed using optical
detected magnetic resonance (ODMR), level anti-crossing
(LAC), ODMR with ‘hole burning’ (HB), and cross-relaxa-
tion (CR). These operations resulted in changes in spin-level
populations, which in turn strongly affected the photolumi-
nescence (PL) intensity of spin centers. Variations in the local
field in the vicinity of spin centers can be recorded by optical
methods owing to changes in PL intensity in the near-IR
region; a distinctive feature of that luminescence is that it falls
into the pass-band of fiber optics and living matter.

The spin level energy is calculated using the spin Hamilto-
nian

H:ySB+D[Sf—%S(S+1)}, (6.1)

where S is the electron spin operator, y = gug is the
gyromagnetic ratio, g is the electron g-factor, ug is the Bohr
magneton, and D is a parameter that characterizes fine-
structure splitting in an axial crystalline field.

Spin color centers are usually denoted by the phononless
lines (PLLs) that correspond to them: V1, V2, V3, and V4.

Table 4 contains PLL energies on 4H-SiC, 6H-SiC, and 15R-
SiC polytypes.

In this review, we discuss experimental accomplishments
in magnetometry and thermometry with a micrometer and
submicrometer resolution that are based on manipulations
with spin states using ODMR, HB, LAC, and CR in a zero or
nonzero magnetic field and a broad range of temperatures. A
new, fully optical, technology was proposed for magnetome-
try and thermometry that is based on LAC in the ground and
excited states and a fully optical technology for thermometry
based on CR of the energy levels in silicon-carbide spin
centers. A suite of devices designed to use spin centers in SiC
is presented in a series of patents and publications [200, 201,
206-216].

Figure 56 shows a simplified diagram of a scanning device
designed as a combination of an ODMR spectrometer and a
confocal optical microscope. As the active material, this
device uses an SiC crystal that contains spin color centers.
The spin centers are created in the crystal by irradiating it with
electrons with an energy of 1-2 MeV. Varying the electron
flux allows controlling the density of spin centers in a broad
range down to discerning individual centers in the light-
excited volume; such centers can simultaneously perform as
sensors of magnetic fields or temperature, qubits (qudits), and
single-photon sources. The maximum possible miniaturiza-
tion in the elemental base of micro- and optoeletronics means
engineering a device based on a single atom, single molecule,
or single defect. This sci-fi scenario has started to be realized
now, after the unique optical and magnetic properties of the
spin centers in diamond and silicon carbide were discovered.

A laser beam in the near-IR range (750-820 nm) is focused
on an SiC crystal onto a spot less than 1 pm in diameter to
excite the PL of spin centers; the luminesce is recorded by a
photodetector (PD) and synchronous detector (SD) at the
modulation frequency of a radio frequency oscillator (RFO)
or the modulation frequency of the magnetic field. Figure 56
shows the optically induced alignment of spin-level popula-
tions in a zero magnetic field at room temperature for spin
color centers in SiC crystals of various polytypes. The inverse
population of spin levels in a zero magnetic field (maser
effect) at room temperature is observed for V2 centers in
6H-SiC and 15R-SiC, V1 and V3 centers in 6H-SiC, and V3 in
15R-SiC. Pulse measurements were conducted using an
acoustic optical modulator (AOM) and special hardware
and software that generated specified sequences of optical
and radio-frequency pulses.

ODMR method and level anti-crossing. As an example,
Fig. 57 shows signals of ODMR and level anti-crossing (LAC)
of V2 spin centers in a 4H-SiC crystal that were recorded at
room temperature using the change in PL intensity of spin
centers in the near-IR region (see Fig. 56); the energy of the
corresponding spin levels is shown in Fig. 57a for the B¢
orientation of the magnetic field. Changes in the PL of the spin
centers in constant and oscillating low-frequency magnetic
fields were recorded by means of synchronous detection.

Table 4. Optical transition energies/wavelengths for PLLs at a temperature of 4 K; fine-structure splitting 4 (4 = 2|D|) in a zero magnetic field (zero-field
splitting: ZFS) at room temperature for a family of spin color centers with S = 3/2 in 4H-, 6H-, and 15R SiC. For all centers, g &~ 2.003.

Polytype 4H-SiC 6H-SiC 15R-SiC
PLL \! V2 Vi V2 V3 V2 V3 V4
E,eV/nm 1.438/862 1.352/917 1.433/865 1.397/887 1.368/906 1.399/886.5 1.372/904 1.352/917
A, 39/13 66/22 27/9 128/42.7 27/9 139.2/46.4 11.6/3.87 50.2/16.7
MHz/10~% cm™!




August 2019 SiC-based electronics 785
Pumping laser, 808 nm
Filter transmission
£
5] >
° = Computer  |—
g 5
= £
i é
AOM RFO (pumping
T~ 6ns . | for HB)
Spin 850 900 950 1000
center
PL Wavelength, nm l
300 K ,’ . o Object lens
) OHSICVI V3) 5 Photodetector Synchronous
’ +/ detector
/2T : A
7 —-1/2 ] Beam Transmis-
A 2|D| = 27 MH SiC I .
|D| = z +3/2 ey splitter G filter T
+3 /24 < Ht RFO
\ -3/2 (probing  |—
. D<0 B— 1 for HB)
To magnet
|
Direct-current
+3/2 +/2 +3/2-p0000- /2 -so00e- source  |—
B=0 4=2/D| 4 4 4
11/2 60006~ 13/2 00006~ £1/2 +3/2
D>0 ) D<0 ) D> 0' D<0 ) Low-frequency
V4 15R-SiC V1, V3 6H-SiC V2 6H-SiC V1, V3 6H-SiC |  generator
V2 4H-SiC (T <30K) V2 15R-SiC V3 15R-SiC

Figure 56. Simplified block diagram of a scanner for measuring magnetic and temperature fields with a submicrometer spatial resolution designed based
on a magnetic-resonance spectrometer and confocal microscope. Highlighted in grey are the units of the facility that are used for ‘burning holes’. Insets
display information on the optical alignment of populations of various spin centers. Notation: PL—photoluminescence, AOM — acoustic optical
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Figure 57. (a) Spin-center energy levels. (b) Signals of anti-crossing of spin
levels and ODMR obtained by synchronous detection of changes in PL of
the spin center in a 4H-SiC single crystal in a constant magnetic field and
an oscillating low-frequency magnetic field. (c) Shift of the ODMR line
(enlarged) in a magnetic field for two frequencies.

Displayed are LAC signals in the absence of an RF field (RF
turned off), denoted as LACI and LAC2, and two ODMR
spectra recorded when the RF field is turned on at frequencies
of 50 and 45 MHz. This choice of frequencies is explained by
the following circumstance: when an ODMR signal comes
close to a LACI signal, the ODMR signal significantly
increases, and its intensity comes close to that of the LAC1
signal, as shown in Fig. 57b. Figure 57c shows the (enlarged)
shift of the ODMR line in a magnetic field at frequencies of 50
and 45 MHz, which explains the principle of magnetic field
measurements using the ODMR method; the crystal size can be
diminished in this method to several dozen micrometers while
preserving the high density of spin centers. The magnetic fields
for level anti-crossing points are Byaci = D/(guB) for levels
Mg =+3/2, Mg =+1/2 and Byac» =2D/(guB) for levels
Mg=-3/2, Mg =—1/2. The LAC1 anti-crossing point is
weakly dependent on the orientation of crystals in the magnetic
field; it is for this reason that it is used to measure magnetic
fields and temperatures in powder materials.

ODMR with ‘hole burning’ enables a significant reduction
in the width of optical-response lines under synchronous
detection and hence a noticeable enhancement of the sensitivity
of measurements. These effects are also promising for the
development of hardware (qubits and qudits) intended for
quantum computations and development of artificial intelli-
gence.

Figure 58a shows results of burning holes in a nonuni-
formly broadened ODMR line in a 15R-SiC crystal at room
temperature; shown in the upper part of the figure are spin-
center levels that clarify the HB principle. RF pumping
saturates the spin transition Mg = —1/2 - Mg = —-3/2 at
one particular value of D. Due to spin relaxation, it also
affects the transition Mg = +1/2 < Mg = +3/2 with the
same D. A satellite should therefore appear at the frequency

Jfs1 = fp +2yB. If the uniform broadening is larger than the

Zeeman splitting, the same pumping also saturates the



786 A A Lebedev et al. Physics— Uspekhi 62 (8)
Burning holes in 15R-SiC, 300K a Amplillude modulation b
of search frequency
fpump fsat Ms
e 3//; Jpumo -
15RSiC | BX:erégapTe 48.14 MHz N 1,7 ~
300K 1 T 5B=0.4 MHz
— - i ~12 — =
B= (/pump __/sal>/(2y)
Bex Frequency modulation
OISIIVI Uncontrolled of search frequency

external field
B=69uT

ODMR intensity

ds=09 MHz
fe—

= -
£
<
\ II ™ ~
J Uncontrolled external
6p=0.6 MHz | field B=69 uT
— ™= _ Additional external
field B~ 7uT
‘.fﬁump 7];1\[1‘ |fsall 7.&&\12‘
57 kHz pT-! 115 kHz pT-!
B =17 uT ‘on’
0
| | | |
RF 48.6 MHz on A ) RF 52.3 MHz on 0 0.25 0.50 0.75
‘fpump — faatt ‘;l_f;all — fsa2|, MHz
| | | | | | | |
45 50 55 60 45 47 49 51 53

Frequency, MHz

Search RF fjrobe, MHz

Figure 58. (a) [llustration of HB in a nonuniformly broadened ODMR line in a 15R-SiC crystal at room temperature; the upper part of the figure shows
spin-center levels that clarify the HB principle. (b) Results of recording burnt-out dips in a 69 uT field without (solid curves) and with (dashed curves) an
additional 7 uT field that correspond to the two modulation schemes indicated in the figure. The inset in the lower part of the figure shows dependences of
the differences between frequencies of the dips in the case of stepwise modulation of the external magnetic field.

transition Mg = +1/2 < Mg = +3/2, but with another D.
Consequently, it affects the transition (Mg = —1/2 < Mg =
—3/2), and another satellite appears at the frequency fo =
Jfp — 2yB. The coefficient in the linear dependence on the
magnetic field is therefore 2y, twice the coefficient in the
case of standard ODMR where the corresponding factor is
equal to the gyromagnetic ratio y. This effect is clearly seen
in the magnetic-field splitting of the broad ODMR line,
B(ODMR), and is approximately twice as large as the
difference between the pumping frequency and the satellite
frequency By (HB ODMR). Both satellites can be used to
measure magnetic fields, and the distance between them is
fs1 — fs2 = 4yB: the factor in the linear dependence on the
magnetic field is doubled again to increase to 4y.

Thus, to determine the magnetic field, satellite frequencies
are measured that depend on splitting Zeeman levels for the
ground quadruplet spin state S = 3/2 of spin centers in SiC;
next, based on the frequency difference, the formula for
Zeeman splitting of spin levels is used to calculate the
magnetic field to be measured, in which the crystal area
excited by focused laser radiation is located.

Figure 58b shows an enlarged image of two detection
circuits: the diagram in the upper part corresponds to low-
frequency modulation of an RF probing power with a second
RF pumping applied, f, = 48.14 MHz, and the diagram in
the lower part corresponds to low-frequency modulation of
the RF probing power with the RF pumping applied; the
satellite frequency f; that corresponds to a noncompensated
external field of 69 uT is also displayed. For both detection
schemes spectra are shown that are recorded if an additional
external magnetic field of 7 uT is applied (dashed curves); a

frequency shift of the satellites is seen. The inset in Fig. 58b
shows how the frequency differences | f, — fo1| and | fo — fsi]»
which are used to determine the local magnetic field in the
bulk of the crystal excited by a focused laser beam, change
when the 7 uT external magnetic field is varied in a stepwise
manner; they correspond to the formulas B = | f, — fa|/(2y)
or B =|fy — fal|/(4y) for the magnetic field. Given the noise
level, the accuracy of measuring the magnetic fields is of the
order of 1 uT Hz~'/2,

Cross-relaxation method. Discussed above is the phenom-
enon of level anti-crossing in the ground state of spin centers,
which is used for purely optical measurement of magnetic
fields. Fine structure splitting of spin centers in an excited
state exhibits strong temperature dependence; we proposed to
use this feature to measure temperature using level anti-
crossing in an excited state (ES) (ES LAC).

A disadvantage of the proposed method is that the width
of the ES LAC, which determines the lifetime in the excited
state, is rather large and cannot be reduced. Therefore, we
propose to use the physical phenomenon of cross-relaxation
of the energy levels of optically active (referred to as ‘bright’)
spin centers with the quadruplet spin state S =3/2 and
optically inactive (referred to as ‘dark’) centers with the
triplet state S = 1 that exhibit a strong temperature depen-
dence of fine-structure splitting D(7") and are contained in a
hexagonal or rhombic SiC crystal.

Figure 59 shows the intensity of PL (APL) of spin centers
ina 15R-SiC crystal as a function of the applied magnetic field
in the region of spin level anti-crossing in the excited state and
in the region of cross-relaxation between the bright centers in
the quadruplet spin state and dark centers in the triplet state.
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Figure 59. Illustration of temperature measurement based on changes in the PL intensity (APL) of spin centers in a 15R SiC crystal as a function of the
magnetic field in the region of anti-crossing of spin levels in an excited state (ES LAC) and in the region of cross-relaxation (CR) between bright centers in
quadruplet spin states and dark centers in the triplet spin state. The insets in the left-hand side show the spin levels for the bright (S = 3/2) and dark
(S = 1) centers; arrows conventionally show the direction of the magnetic field for the CR signal. The inset in the right-hand side shows the (enlarged)
shift of the CR1 line when temperature varies within the scale of a medical thermometer.

Broken lines shows the dependences of ES LAC and CAR
signals on temperature, which can be used as calibrating
curves; experimental data are shown as squares (ES LAC)
and circles (CR). The insets in the left-hand part of the figure
show spin sublevels for the bright (S = 3/2) and dark (S = 1)
centers and the magnetic field at which their CR occurs. The
inset in the right-hand part shows on an enlarged scale how
the CR1 line shifts if the temperature varies within the limits
of the medical thermometer scale.

It can be seen that the CR line is approximately an order
of magnitude narrower than the ES LAC line, while the
temperature dependence of the positions of these lines is
virtually the same.

Spin Hamiltonian (6.1) can be used to calculate energy
levels of centers of both types with S=3/2 and S=1,
between which CR occurs; the value of y is virtually the
same for these centers. We are only interested in transitions
between the bright-center levels that result in changes in the
PL intensity. To find the magnetic fields corresponding to
CR, the energy differences for the centers with S = 3/2 and
S =1 should be set equal, yielding the absolute value as a
result: B = |D(T) — 2D|/(2y).

The temperature dependence of the magnetic field Bcr
that corresponds to CR in the range 150-300 K in a 15R-SiC
crystal (see Fig. 59) can be approximated with a linear
function Bcr = By — kT, where k is a factor (dimension
mT K~!) in the linear dependence of the CR peak on the
temperature and 7 is the temperature measured in kelvin.
For the CR1 and CR2 peaks, we have Bcgr; = 21.8 mT—
0.017mTK ! x Tand Bcry = 23.8mT-0.018 mT K~ ! x 7.

Scanning device for diagnosing magnetic and temperature
fields. Sensors based on SiC micro- or nanocrystals contain-

ing an ensemble of highly localized spin color centers, which
are placed into an atomic-force microscope probe, can be
located in the immediate proximity to external sources of
magnetic fields. Studies were conducted using a radio spectro-
scopic facility that includes a scanning magnetic resonance
spectrometer engineered by combining an ASM and a
microscope manufactured by NT-MDT Spectrum Instru-
ments. In performing measurements using this facility, an
array of spin color centers (down to a single center) is created
in a nanosize SiC crystal located on the probe tip, which can
be placed close to the magnetic field source or the temperature
source at a distance of several nanometers.

Figure 60a shows the element of the scanning microscope
based on a micro- or nanocrystal of SiC with spin centers,
which is located on the ASM cantilever and performs as a
sensitive magnetometer (thermometer) with a submicrometer
spatial resolution. Another experimental setup is possible
based on a scanning near-field microscope; an SiC nanocrys-
tal can be fixed directly to the end of a bent and cone-shaped
optical fiber. The most promising feature is the unique
property of PL and excitation of spin-center PL: the wave-
length at which the PL of these centers is excited and detected
lies in the pass-band of fiber optics and biological objects.

Figure 60b shows how an SiC nanoflake is manipulated
and captured at the probe tip: shown sequentially are ASM
images of an agglomerate of SiC nanoflakes prior to and in
the process of manipulation and a scanning-microscope
image of the nanoflake (indicated by a broken-line oval,
height 100 nm) captured by the ASM probe cantilever.
Figures 60c,d show 6H-SiC nanocrystals with spin centers
located on the tip of a standard silicon probe of a scanning
ASM and PL of SiC spin centers and (Si) Raman scattering
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Figure 60. (a) Scanner based on a micro- or nanosize SiC crystal with spin centers placed on an ASM tip that is used as a sensitive magnetometer or
thermometer with submicrometer spatial resolution. (b) Manipulations with an SiC nanoflake, capture of this nanoflake on the probe tip, and an SEM
image after the capture of the nanoflake on the ASM probe tip. (c, d) 6H-SiC nanocrystals with the spin center located on the tip of a standard silicon
ASM probe. (c) PL of spin centers in 6H-SiC nanocrystal and (d) Raman scattering on a silicon probe.

recorded using a standard silicon NSG-10/Pt probe. The PL
spectrum of a 6H-SiC nanocrystal is shown in the inset in
Fig. 58a.

Next, all the effects listed above can be used to measure
magnetic and temperature fields near the ASM probe tip on
which SiC micro- and nanocrystals with spin centers are
placed. PL can be excited in different ways, depending on
the design of the microscope. An important advantage of the
method is the possibility of using the same ensemble of spin
centers to record magnetic and temperature fields while using
various states of the spin centers (such a detection method
cannot be realized with NV centers in diamond).

Spin-color centers in SiC can be considered informative
microscopic atomic-size probes for local diagnostics of a
polytype composition of SiC. The properties of the spin
centers of each polytype are unique; moreover, even within
the same polytype, the center can be located in various
nonequivalent positions in the lattice. Because spin-center
parameters (see Table 4) are ‘fingerprints’ of some polytypes,
we used them to control the polytype composition of a single
crystal 15R-SiC. Unlike ODMR control, the use of Raman
scattering failed to identify the presence of other polytypes.
The ODMR method can also be used to identify silicon
carbide, also known as carborundum, in nature, including
extraterrestrial space, by detecting optically induced radio-
frequency emissions of spin color centers (see Fig. 56).

6.2 Graphene on SiC: production, exploration,

and possible applications

6.2.1 Growth of graphene foils and studies of their parameters.
Graphene is currently regarded as one of the most promising
materials that can be used as a foundation of the component
base of actively developing nanoelectronics [217]. The use of
graphene enables circumventing limitations intrinsic to
standard silicon electronics as regards the degree of miniatur-
ization and energy consumption of devices. This advance-
ment is due to the unique physical properties of graphene, of
which one of the most important is a very high mobility of

charge carriers at room temperature. Various technologies
used to produce graphene and thermal physical properties of
graphene foils are analyzed in detail in [218].

A promising technology for synthesizing graphene and
enabling production of a high-quality material and the
possibility of integration into industrial-scale manufacturing
is thermal destruction of the surface of semi-insulating
silicon-carbide substrate. Thermal destruction can be per-
formed both in a vacuum [219, 220] and in an inert-gas
environment [221-224]. The technologies intended for the
production of graphene on SiC in a vacuum and argon differ
not only by the environment in which growth occurs, but also
by the growth temperatures and the orientation of the
substrate surface on which graphene is formed. Changes in
technological parameters are due to changes in growth
kinetics as a result of partial suppression by argon of the
sublimation of silicon-carbide components from the substrate
surface. Owing to this, it is now possible to use a more
thermally stable Si-face of SiC substrate, which in turn
resulted in a decreased rate of graphene growth and enabled
production of uniform monolayer (ML) graphene foils [225].

Figure 61 shows sets of Raman scattering (RS) spectra of
graphene foils grown using the thermal destruction technique
of a 4H-SiC polytype in a vacuum (Fig. 61a) and in an argon
atmosphere (Fig. 61b). The spectra were measured on a
specimen surface of 12.5 x 12.5 um?. Table 5 contains full
widths at half maximum (FWHM) of the phonon lines G and
2D that enable an assessment of the structural perfection of
two films. Significantly larger FWHMg values of the film
grown in a vacuum are indicative of its lower structural
perfection. This conclusion is also evidenced by the ratio
of integral intensities Ip//g, which is used for quantitative
assessment of the graphene defectiveness degree [226]. We can
see that the distribution maximum of the I'p /I ratio for the
film grown in a vacuum is close to 0.5 (Fig. 61c), which
corresponds to the defect density in the crystal lattice
Ng ~ 5 x 10" ecm~2 [227]. The same parameter for the film
grown in the argon atmosphere is significantly smaller, ~ 0.08
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Figure 61. (Color online.) Sets of RS spectra of graphene specimens grown (a) in a vacuum and (b) in an argon atmosphere. SiC substrate spectrum
subtracted from the original spectra. Histograms of the I /I ratio for the graphene grown (c) in a vacuum and (d) in an argon atmosphere.

Table 5. Comparison of structural and transport characteristics of graphene films grown in a vacuum and an argon atmosphere [229].

Growth FWHMg, cm~! | FWHM,p, cm™! In/I Film thickness Conductivity Hinax» 0.cm™?
technology (see Fig. 61) (see Fig. 61) (see Fig. 61) | (number of layers) type cm? V17!
In vacuum 30-32 55-60 0.45-0.55 7-9 p-type ~ 100 (4.2 K) 5% 102
In argon 15-16 33-34 0.07-0.09 1-2 n-type 6000 (300 K) | 7 x 10" —1 x 102

(Fig. 61d), implying that the defect density in the crystal
lattice is also lower, Ng < 10'0 cm~2. It was found that the 2D
line in most of the spectra for the film grown in the argon
atmosphere is symmetrically shaped and well approximated
with a single Lorentz contour, a signature of monolayer
graphene [228]. The estimated thickness of the graphene foil
obtained using the thermal destruction technique in a vacuum
on the C-face is 7-9 monolayers [218].

To prepare the obtained graphene films for electrophysi-
cal measurements, test structures in the Hall-bar geometry
were made on the specimen surface. The topology of the
required structures was formed using the technique of
standard contact lithography and a specially designed set
of mask plates.

The density and mobility of charge carriers in the
graphene grown in an argon atmosphere were measured at
room temperature using an Accent HL5500PC device in a
magnetic field of 0.314 T. The sign of the Hall signal for the
structures under study indicates that they are electron-
conductivity types. The charge carrier density (Q) in the 2D
electron gas of graphene was 7 x 10'' =3 x 10> cm~2, and

the maximum mobility of electrons in the films under study
was 6000 cm? V~! s7!. For comparison, Table 5 shows the
mobility and density of charge carriers for the films grown in a
vacuum [219]; according to Hall measurements, they are hole-
conductivity types. Although the charge carrier mobility for
the vacuum-grown graphene was measured at the liquid
helium temperature, the mobility values are more than an
order of magnitude smaller than those obtained at room
temperature for the films grown in an argon atmosphere.

Figure 62 shows the electron mobility as a function of the
2D density of charge carriers in nonintercalated graphene
grown in an argon atmosphere on an Si-face. The curve is
plotted using results of the measurements performed by
various research groups on graphene specimens grown
under various conditions [221-224]. It is clearly seen that
electron mobility in graphene increases as the 2D density of
charge carriers decreases. The mobility in the films grown
with an electron density of less than 10'> cm~2, which was
found in [219], attains theoretically calculated values for the
intrinsic-conductivity graphene at 7 = 300 K without hydro-
gen intercalation [220].
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Figure 62. Mobility of charge carriers measured by various research teams
in specimens of nonintercalated graphene [229, 231]. The dashed—dotted
line shows the theoretical prediction for the limit mobility for graphene
specimens of the given type [233].

A conclusion can thus be drawn that the method of
thermal destruction of the surface of SiC (0001) in an argon
atmosphere under certain conditions of growth (argon
pressure of 700-760 Torr, temperature of 1800—1850°C,
growth time of 10 min) enables the production of high-
quality monolayer graphene films with a high mobility of
charge carriers close to that theoretically predicted for the
Si-face. This result opens ways to use the developed technol-
ogy to produce graphene-based devices.

6.2.2 Graphene-based sensors. Graphene, being a 2D material,
is known to exhibit a set of unique electrophysical properties:

e high mobility of charge carriers combined with their low
density;

e maximum possible surface-to-volume ratio;

e low noise level.

Owing to the combination of these properties, adsorption
of a minimal amount of an impurity on the graphene surface
can significantly alter its overall conductance. Graphene is
therefore a very promising material for manufacturing gas
Sensors.

It was reported in [230] that graphene can detect the
adsorption of even a single molecule. The resistance of a
conductor is known to be determined by both the density of
charge carriers and their mobility. Adsorbed gas molecules
behave, depending on their charge, like donors or acceptors,
i.e., they modify the density of mobile charge carriers.
Adsorbed substances also create additional scattering centers
and change the mobility of carriers. As a result, the resistance
of the film decreases or increases, depending on the adsorbed-
molecule type.

To purify a graphene detector, passed through it is a
current of about 10 mA, an amperage sufficient to heat the
structure to the extent that gas particles are desorbed. This
purification mechanism does not affect the efficiency of gas
detection: gas sorption—desorption is fully reversible, imply-
ing that the device can be used many times.

We note that a sensor was made in [230] using exfoliated
graphene. Graphene films produced using the exfoliation
technology have better structural perfection; however,
their dimensions are small and shape is irregular, as a
result of which they are not promising for commercial
manufacturing.

Figure 63. Gas sensor chip. The light area is graphene, and the dark area is
metal ohmic contacts with attached wires.

Sensor structure was formed on a graphene film using
laser photolithography and an AZ5124 photoresist material
[231, 232] (Fig. 63). Excessive graphene was removed from the
substrate surface by etching in an oxygen—argon plasma.
Ohmic Ti/Au contacts (5/50 nm) were produced by the
explosive photolithography method after metal was depos-
ited on the photoresist surface by electron-beam evaporation.
The sensor chip was fixed in a holder using two Pt100
resistors. One of the resistors was used to measure tempera-
ture, and the other as a heater. Purified air was used as a
carrier gas. The sensor sensitivity 7, expressed as a percentage,
is defined as a relative change in the specimen resistance in the
presence of the detected gas in the gas mixture:

_R—Ry

r= R

where R is the resistance of the sensor when gas is supplied
and Ry is the initial resistance in the absence of the gas in
inflowing air.

Figure 64 shows the relative change in the resistance of a
graphene-based sensor in the presence of NO;, in a gas
mixture (time intervals when the gas was introduced are
shown with light-grey bars) at a temperature of 20°C.
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Figure 64. Response of a graphene-based gas sensor as a function of the
NO, concentration in a gas mixture at 20 °C. The time intervals when the
gas is supplied are shown with light grey bars, and annealing periods with
dark grey bars.
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Because the NO, desorption rate at room temperature is very
low, to reset the sensor after each exposure session, it was
annealed at a temperature of 110°C [233, 234]. The sensor
response amplitude for an NO, concentration of 10 ppb
(parts per billion) was about 3% for 1-hour-long exposure to
the gas mixture. This sensitivity of sensors is quite sufficient
for environmental monitoring.

We note that one of the major shortcomings of the
graphene gas sensor is that it is not selective. Indeed, it is
impossible to determine, based on changes in conductivity,
which specific molecule was adsorbed by the graphene
surface. Moreover, contributions of some molecules have
opposite signs, as a result of which the total change in
resistance can be close to zero. The issue of graphene-based
sensor selectivity can be resolved by using the antigen—
antibody reaction. Components of the pair can interact only
with each other and not with any other protein. Antigen
markers specific to a single disease or a group of diseases are
known to appear in blood at certain stages of many human
diseases. These antigens can react with specific antibodies
preliminarily deposited on a graphene-sensor surface. Simi-
larly to the gas sensor, the reaction results in changing the
graphene-film resistance.

The use of antigen—antibody pairs enables resolving the
issue of biosensor selectivity and opens broad prospects for
the application of graphene-based sensors in medicine and
biology. This approach may result in creating small-size
biosensors that can detect diagnostically significant markers
of diseases in biological fluids, in an express-analysis mode,
including those markers that are currently detected only using
a labor- and time-consuming immunoferment analysis [235].

Ti/Au contacts with graphene were formed using electron-
beam evaporation and explosive photolithography. A sensor
chip 2 x 2 mm in size was glued to a ceramic holder, and
soldered connections were made using Au wires. The conduct-
ing channel of the graphene sensor was modified using a
denitrating reaction.

To develop a technology for producing graphene-based
biosensors, an immunochemical system was chosen that
consists of fluorescein and monoclonal antibodies (McABs)
binding fluorescein in the form of both free molecules and a
chemical group covalently attached to protein carriers. The
molecular mass of fluorescein (0.332 kDa) is comparable to
the dimensions of a number of biologically significant markers
such as hormones, nucleotides, and some short peptides.

Fluorescein has been used for many years as a fluoro-
chrome for labeling the antibodies used in luminescent
microscopy. Its isothiocyanate derivative (fluorescein iso-
thiocyanate, FITC) under mild conditions forms stable
covalent bonds where the properties of modified proteins
change insignificantly, and the number of attached fluoro-
chrome molecules can be determined using the spectrophoto-
metric technique [236]. Similarly to a free molecule, fluor-
escein covalently attached to proteins absorbs light with a
wavelength of 488 nm and emits in the yellow—green (495—
522 nm) parts of the spectrum [237].

To develop a technology for depositing antibodies on
the surface of graphene, mouse McABs against fluorescein
(antibody code F2A3) were used, which were produced in the
Hybridoma Technology Laboratory of the Granov Russian
Research Center of Radiology and Surgical Technologies.
A graphene specimen was placed in a 2 pM solution of
4-nitrobenzene-diazonium-tetrafluoroborate (NDT) and in a
0.1 M solution of tetrafluoroborate tetrabutylammonium in
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Figure 65. Variation in the resistance (AR) of a sensor in contact with
solutions containing free fluorescein in the concentrations shown in the
plot. The abscissa axis shows the duration of contact with the solutions.

acetonitrile. After nitrophenyl had attached to the graphene
surface, the nitrophenyl groups were reduced to phenyla-
mine ones. Electrochemical reaction was performed in a
0.1 M KCI solution in a 9:1 mixture of water and ethyl
alcohol. A constant voltage of —0.9 V was applied between
the Ag/AgCl electrode and the graphene electrode [238].
Activated graphene specimens were immersed into an F2A3
antibody solution and maintained there for 5 hours at
T = 4°C and were afterwards rinsed with water and dried.
Sensor response was measured in the mode of constant
applied voltage (50 mV); variation of the current flowing
through the graphene resistor was recorded. The data
response r to the measured reagent was calculated using
the formula r = (I — Iy) /Iy, where I is the current passing
through the sensor and [y is the current prior to adding the
reagent. Measurements were performed in a borate buffer
solution. Testing the graphene-based sensor with the McAB-
against-fluorescein deposited on its surface showed that the
electric resistance of the sensor noticeably changed when it
contacted the solutions that contain a low-molecular ligand
with a concentration of 1 or 10 ng ml~! (Fig. 65).

A sample of laboratory-made bovine serum albumin
conjugated with fluorescein (F-BSA-5) was used as a high-
molecular ligand in [239]. The molecular mass of F-BSA-5
(69 kDa) is comparable to the dimensions of proteins used as
markers of human diseases. Each chemical group of fluor-
escein included in the conjugate with F-BSA-5 contributed
about 5% to the molecule mass.

Spectrophotometry data show that the employed con-
jugate contained three fluorescein groups per F-BSA-5
molecule. Upon contact with a solution of high-molecular
ligand (F-BSA-5), changes were detected in the electric
resistance of the sensor at the conjugate concentration of
1.37-3.11 ngml~! (Fig. 66). After having been in contact with
the solution that contained the maximum F-BSA-5 concen-
tration, the sensor maintained its capacity to respond to
adding a free low-molecular ligand to the solution in a
concentration of 1 ng ml~!. The data obtained show that the
graphene-based sensor with McAB deposited on its surface
can adjoin not only low-molecular ligands, such as fluor-
escein, but also protein molecules whose mass is at least
20 times larger than the size of low-molecular ligands.

Diagnosing human diseases is currently based to a
significant extent on determining the concentrations and the
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Figure 66. Relative variation of the resistance (AR) of a sensor in contact
with solutions containing BSA conjugate with fluorescein (F-BSA-5) or a
mixture of conjugate and free fluorescein in the concentrations shown in
the plot. The abscissa axis shows the duration of contact with the
solutions [239].

presence in blood of certain marker molecules that are specific
to a single disease or a whole group of diseases. Diagnostically
significant macromolecules are identified using the labor- and
time-consuming immunoferment analysis. Using biological
graphene-based sensors will enable the diagnostics of human
diseases to be speeded up and technologically enhanced.

7. Conclusions

We have reviewed work on the development of silicon-
carbide-based electronics, a significant part of which was
done at the Ioffe Institute. We have briefly discussed
electrophysical properties of SiC and other broadband
semiconductors from the perspective of engineering devices
of various types. The possibility of controlling the growth of
silicon carbide of various polytypes has been shown.

Over the last fifteen to twenty years, the Laboratory of
Power Semiconductor Devices of the Ioffe Institute has
developed high-voltage (over 1 kV ) 4H-SiC-based diodes in
which potential advantages of silicon carbide with regard to
power and pulse electronics have materialized.

Parameters of the developed power JBS diodes are not
inferior to those of their foreign counterparts (the closed
joint-stock company Gruppa Kremnii-L. now manufactures
JBS diodes using the post-growth technology developed at the
Ioffe Institute that was adapted to industrial conditions).

The developed avalanche diodes can dissipate the max-
imum possible energy in the avalanche pulse mode; the limit
to the dissipated energy is set by local self-heating of the diode
base region to a temperature so high that the density of
intrinsic carriers in 4H-SiC becomes comparable to the
dopant density in the diode base.

The developed 4H-SiC SRDDs enabled the development
of generators of high-voltage electric pulses with the pulse
leading edge of about 100 ps (there are currently no other
similar devices with such characteristics).

Analytic models and numerical simulation with the
original Issledovanie software package were used to analyze
the main processes occurring in 4H-SiC-based power bipolar
devices: thyristors, bipolar transistors, and diodes. Atomic-
size color centers in bulk and nanocrystal SiC are shown to be
promising systems for spintronics, photonics compatible with

the passband of fiber optics and living systems, quantum
processing of information, and environmental sensing. A
technology for producing graphene foils based on the
method of thermal destruction of the surface of SiC single
crystals is analyzed. These films are shown to feature high
structural perfection, owing to which they can be used for
engineering gas sensors and biosensors.
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