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The MEMS devices are found in many of today’s electronic devices and systems, from air-bag
sensors in cars to smart phones, embedded systems, etc. Increasingly, the reduction in dimensions
has led to nanometer-scale devices, called NEMS (Nano-Electrical-Mechanical Systems). The plethora
of applications on the commercial market speaks for itself, and especially for the highly precise
manufacturing of silicon-based MEMS and NEMS. While this is a tremendous achievement, silicon (Si)
as a material has some drawbacks, mainly in the area of mechanical fatigue and thermal properties.
Silicon carbide (SiC) is a well known wide-bandgap semiconductor whose adoption in commercial
products is experiencing exponential growth, especially in the power electronics arena. While SiC
MEMS have been around for decades, in this Special Issue we sought to capture both an overview of
the devices that have been demonstrated to date, as well as bring new technologies and progress in the
MEMS processing area to the forefront. This Special Issue contains one review paper and nine original
research papers, with both experimental and theoretical investigations, reporting the recent progress of
SiC materials, processing, modeling and device technology.

The review paper of this Special Issue provides an overview of high-temperature SiC power
electronics, with a focus on high-temperature converters and MEMS devices [1]. This paper mainly
surveyed the research and development of SiC-based high-temperature converters as well as the
existing technical challenges facing high-temperature power electronics, including gate drives, current
measurements, parameters matching between each component and packaging technology.

The discussion on the original research published in this Special Issue opens with the paper on
the development of a 1200V/200A full-SiC half-bridge power module by Zhang et al [2]. Their study
focused on the influences of output power on the turn-on Vgs characteristics for high-power and
high-frequency application. There is also a paper addressing the design and simulation of an improved
4H-SiC metal semiconductor field effect transistor (MESFET) based on the double-recessed MESFET
(DR-MESFET) [3].

The use of SiC in radiation detection is the subject of two papers in this issue. Mandal et al.
investigated the development of miniature 4H-SiC-based radiation detectors for harsh environment
application [4], whereas Puglisi et al. reported the electrical and spectroscopic performance of an
innovative position-sensitive semiconductor radiation detector in epitaxial 4H-SiC [5].

The mechanical properties of hexagonal SiC (4H- and 6H-SiC) are also discussed in this Special
Issue. Ben Messaoud et al. reported the Young’s modulus and the residual stress of 4H-SiC

Micromachines 2020, 11, 405; doi:10.3390/mi11040405 www.mdpi.com/journal/micromachines1
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circular membranes on 4H-SiC substrates [6]. Pan et al. approached the mechanical behavior and
material-removal mechanisms of single crystal 6H-SiC under the effects of abrasives by combining the
morphologies of the machined surfaces and the results of nanoindentation experiments are described [7].
Chai et al. proposed a theoretical model of the critical depth of cut of nanoscratching on a 4H-SiC
single crystal with a Berkovich indenter [8].

The last two articles of this Special Issue involve the synthesis, characterization and application
of SiC films. Galvão et al. explored the structural and chemical properties of polycrystalline SiC
films grown at room temperature on Si and aluminum nitride (AlN)/Si substrates by the high-power
impulse magnetron sputtering (HiPIMS) technique [9]. Beygi et al. reported on the design and
fabrication of a Michigan-style SiC neural probe on a silicon-on-insulator (SOI) wafer for the ease of the
manufacture. The probe is composed of 3C-SiC, which was epitaxially grown on a SOI wafer [10]. These
neural interfaces may pave the way for long-term human implants to treat such serious conditions
as Parkinson’s, dementia and depression, restore lost functionality due to brain damage and enable
seamless integration of robotic prosthetics for patients who have suffered limb-loss.

We sincerely hope that this Special Issue on SiC-based miniaturized devices can be a valuable
source of information for researchers working on this topic. We would like to thank all the authors and
reviewers for their contribution and effort. We are also grateful to the editorial and production staff of
Micromachines for their support. We hope that you enjoy reading this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The significant advance of power electronics in today’s market is calling for
high-performance power conversion systems and MEMS devices that can operate reliably in
harsh environments, such as high working temperature. Silicon-carbide (SiC) power electronic
devices are featured by the high junction temperature, low power losses, and excellent thermal
stability, and thus are attractive to converters and MEMS devices applied in a high-temperature
environment. This paper conducts an overview of high-temperature power electronics, with a focus on
high-temperature converters and MEMS devices. The critical components, namely SiC power devices
and modules, gate drives, and passive components, are introduced and comparatively analyzed
regarding composition material, physical structure, and packaging technology. Then, the research
and development directions of SiC-based high-temperature converters in the fields of motor drives,
rectifier units, DC–DC converters are discussed, as well as MEMS devices. Finally, the existing
technical challenges facing high-temperature power electronics are identified, including gate drives,
current measurement, parameters matching between each component, and packaging technology.

Keywords: power electronics; high-temperature converters; MEMS devices; SiC power electronic devices

1. Introduction

Power conversion systems are widely employed in the industry ranging from aircraft, automotive,
deep oil/ gas extraction, and space exploration where high-temperature power electronics are
required [1–3]. The aircraft field is moving towards more electric aircraft with the reduction or
removal of the hydraulic, mechanical and pneumatic power systems [4]. This means more electrical
actuators are needed to improve the efficiency, reliability, and maintainability. Power electronic
devices, such as sensors and actuators should be placed close enough to the hot engine. Among them,
some need to experience the ambient temperature varying from −55 to 225 ◦C due to the short distance
to the jet engine, and the gas turbine must operate above 350 ◦C [5]. In electric automotive applications,
operating ambient temperature ranges from −40 ◦C to a very high temperature differing with various
locations. For example, the coolant temperature can reach up to 120 ◦C at 1.4 bar, the temperatures
for wheel sensor and transmission are around 150 to 200 ◦C, and the exhaust sensor is up to 850 ◦C
with an ambient temperature of 300 ◦C [6]. In the deep oil/gas extraction, the electrical downhole
gas compressor is designed to improve the throughput of gas wells. The ambient temperature is
expected to reach 150 ◦C since the compressor should be installed close to the gas reservoir, and the
system is expected to work reliably under an ambient temperature of 225 ◦C with the lifetime of
5 years [7]. Regarding space exploration, it is obviously a “niche” market, but it is quite challenging to

Micromachines 2019, 10, 406; doi:10.3390/mi10060406 www.mdpi.com/journal/micromachines3
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develop power electronics used for this application. The surface temperature on Venus can reach up to
~460–480 ◦C, while on Jupiter the temperature increases with depth and pressure [8,9]. The ambient
temperature reaches 400 ◦C at 100 bar and comes along with a very aggressive atmosphere with wind
speed around 200 m/s and hydrogen-rich chemical composition. Moreover, thermal cycling can be
another challenge in the space since the ambient temperature is −140 ◦C during the night. In these
applications, it is common that electronic equipment works in a quite harsh environment, especially
an extensive temperature range, and frequent deep thermal cycling [10]. Table 1 summarizes the
applications requiring high-temperature power electronics in current/ future technologies.

Table 1. Applications of high-temperature power electronics.

High Temperature Application Peak Ambient Current Technology Future Technology

Automotive
Engine control electronics 150 ◦C Bulk Si and SOI Bulk Si and SOI

Electric/ Hybrid vehicle power
management and distribution (PMAD) 150 ◦C Bulk Si WBG

Electric suspension and brakes 250 ◦C Bulk Si WBG

On-cylinder and exhaust pipe 850 ◦C N/A WBG

Turbine engine

Sensors, telemetry, control 300 ◦C/600 ◦C Bulk Si and SOI/N/A WBG and SOI/WBG

Electric actuation 150 ◦C/600 ◦C Bulk Si and SOI/N/A WBG

Deep-well drilling telemetry

Oil and gas 300 ◦C SOI WBG and SOI

Geothermal 600 ◦C N/A WBG

Industrial

High-temperature processing 300 ◦C/600 ◦C SOI/N/A SOI/WBG

Spacecraft

Power management 150 ◦C/500 ◦C Bulk Si and SOI/N/A WBG

Venus and Mercury exploration 550 ◦C N/A WBG

Note: Bulk Si, SOI, WBG, and N/A stand for bulk silicon, silicon-on-insulator, wide band-gap, and currently no
available, respectively.

To be able to withstand the high-temperature environment, power electronic equipment is always
designed to have active or passive cooling systems [11]. These cooling solutions include forced
convection air cooled heat sink, sided cooling with liquid cold plate, micro-channel liquid cooler built
into the power module, in addition to jet impingement and direct contact liquid cooling. Although
large numbers of thermal management solutions have been designed to cool the power electronics and
manipulate their operating temperature, these cooling solutions in oil/gas extraction applications are
not efficient or effective. Besides, those applications have the typical issue associated with obviously
undesired high cost, extra weight, and volume by introducing the cooling system. Moreover, due to
the limited information about the actual operating environment and the actual load cycling, there is a
lack of accurate thermal analysis and reliability assessment for each component [12]. Thus, failure of
the cooling system can readily jeopardize and even destroy the whole electronic system. Considering
these factors, it would be appealing to have electronic components capable of enduring elevated and
fast varying temperatures. As a result, system reliability can be largely improved while both the
upfront and operating costs can be reduced. Accordingly, the development of high-temperature power
electronics is of great importance and has attracted considerable research efforts.

Currently, power electronic devices in conversion systems and micro-electromechanical systems
(MEMS), such as DC/AC converters, AC/DC converters, DC/DC converters, control, ICs and sensors
are mainly manufactured by silicon (Si) material [13]. The performance of Si-based power electronics
has almost been driven to its logical boundary after about 60 years of tremendous development,
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but they still cannot offer satisfactory performance for many applications. For instance, the maximum
permissible operating temperature for Si isolated gate bipolar transistor (IGBT) from Infineon is
125 ◦C, for Si MOSFET, the maximum obtainable junction temperature is 150 ◦C. Such a limited
junction temperature together with switching frequency makes it unsuitable for individual application
fields with required high-power, high-frequency, and high-voltage. To cater for the low-temperature
tolerance, the Si IGBT is designed with complicated heat sink and maximum switching frequency
at approximately 30 kHz. This structure results in cumbersome passive components, low power
density, and poor dynamic performance. However, substantial improvement in power conversion
systems is difficult with simple employment of fabrication technologies or Si semiconductor devices.
The demerits of power electronics manufactured by Si materials are evident and thus limit industrial
applications of power electronic devices [14].

Fortunately, the third-generation semiconductor materials, represented by silicon carbide (SiC)
and gallium nitride (GaN), have gradually shown superior characteristics compared to Si material.
Due to the wide band-gap, high breakdown field strength, high thermal conductivity, and fast
electron saturation drift velocity, SiC is one of the most promising alternative materials and it is very
suited for high-temperature power electronic devices [15]. Compared with conventional Si power
electronic devices, commercially available SiC devices have not only better thermal stability and
higher temperature tolerance but also lower switching/conduction loss. Consequently, SiC devices
are quite a promising solution to converters tailored for high-temperature applications. In theory,
the permissible junction temperature of SiC power electronic devices can reach as large as 600 ◦C,
thanks to the wide band-gap of the semiconductor material, which is about three times of that of Si
material [16]. The integrated power modules operating in the full temperature range are expected to
be widely applied in the foreseeable future.

Research on high-temperature power electronics is not new and has been going for 20 years ago.
The first review paper on this research summarized many of the same challenges we are still suffering
in today’s market [17]. The common conclusions have been drawn that the high-temperature power
electronics cannot be developed by only one component. Although existing power converters equipped
with SiC power electronic devices can operate at a top junction temperature above 150 ◦C [18,19],
the heat-resistance attributions of high-temperature converters will disappear if gate drives cannot
endure in a high-temperature environment. The associated issue for the gate drive is to be designed
accordingly to match the requirement of high-temperature and high-speed capability. Furthermore,
high-temperature passive components, such as capacitors, resistors, and magnetic materials, required
to assemble high-temperature converters are equally as crucial as other components for reliable
operation. The magnetic material can work in ambient temperatures up to 450 ◦C [20], but the
issue comes for capacitors as most dielectric material cannot be used above 200 to 250 ◦C. Due to
the performance of active and passive components which varies over the wide temperature range,
the parameters matching should also be considered. Moreover, high-temperature packaging and
integration technology are crucial for the design and development of high-temperature converters to
give full play to high-temperature tolerance of SiC power electronic devices. Thereafter, there are some
reviews on high-temperature power electronics, which are mainly focused on the process, packaging,
ICs [21], MEMS sensors [22], and power converters [23,24], and the review on high-temperature
applications is inclusive.

In view of the above aspects, a comprehensive overview of the development profiles of
high-temperature power electronics based on SiC converters and MEMS devices is conducted, however,
has not been presented in the available literature. This work starts with some of the most prominent
applications for high-temperature power electronics, fills such a gap by discussing state-of-the-art
high-temperature components technologies, including SiC material, power devices or modules,
gate drives, and passive components. It is identified that advanced material techniques are essential for
high-temperature power electronics. Meanwhile, several exemplary applications of high-temperature
power electronics, such as motor drives, rectifier units, DC–DC converters, and MEMS devices are
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analyzed, and the critical factors of performance promotion for converters are highlighted. Finally,
the existing challenges in further advance of high-temperature power electronics are discussed.

2. High-Temperature Components

The electrical system, from power generation, power conversion, and power transmission
to all kinds of power equipment, runs in a wide temperature range. However, these systems
cannot be developed without the improvement of advanced material, power electronic devices,
gate drives, and passive components [20]. This section outlines the development profiles of the
high-temperature components.

2.1. The Properties of SiC Material

In 1824, a Swedish scientist called J. J. Berzelius discovered the existence of SiC material,
and subsequent research revealed that this material has good performance. However, SiC material had
not been well-developed due to the outstanding achievement and rapid development of Si technology
at that time. Until the 1990s, Si-based devices could not meet the high requirement of power electronics,
such as high frequency, high voltage, high temperature, and high power density. This has once again
ignited the interest of researchers in SiC material.

Since the covalent bond between carbon and silicon is stronger than that between silicon atoms,
SiC material have higher breakdown electric field strength, carrier saturation drift rate, thermal
conductivity, and thermal stability compared to Si material. SiC material have a variety of different
crystal structures (polytypes), and more than 250 have been identified to date. Although there are
many types of polytypes, only three crystalline structures exist—cubic, hexagonal, and rhombohedral.
The physical properties of the current available semiconductor materials are listed as Table 2. Despite
the same atomic composition in all SiC polytypes, the electrical properties differ. For instance,
the band-gap for SiC ranges from 2.2 eV for 3C-SiC to 3.2 eV for 4H-SiC. Since 4H-SiC has higher
electron mobility than 6H-SiC, it is a preferable option for SiC-based devices. Due to that the thermal
conductivity of SiC, which is three times that of Si, and it is expected to withstand higher operating
temperature for devices equipped with SiC material.

Table 2. The physical properties of the available semiconductor materials under room temperature (25 ◦C).

Items
SiC

Si GaAs
4H-SiC 6H-SiC 3C-SiC

Band-gap (eV) 3.2 3.0 2.2 1.12 1.43
Maximum operation temperature (◦C) 1580 1580 1580 600 400
Breakdown field strength (V/cm) 2.2 × 106 2.5 × 106 2.0 × 106 0.3 × 106 0.4 × 106

Maximum electron saturation velocity (cm/s) 2.0 × 107 2.0 × 107 2.5 × 107 1.0 × 107 1.0 × 107

Thermal conductivity (W/cm·K) 3~4 3~4 3~4 1.7 0.5
Electron mobility (cm2/s·V) 980 370 1000 1350 8500
Hole mobility (cm2/s·V) 120 80 40 480 400

However, high-purity SiC powder, which can be used to grow SiC boules, is only available from a
limited number of suppliers, and is relatively expensive [25]. At present, the United States is the global
leader in the production of SiC substrates and wafers, followed by Europe and Japan. The quality of
SiC substrate is critical for the manufacturing of high-quality chips, and the SiC substrate constitutes a
major portion of the chip cost. However, the cost of epi-growth and chips can also be reduced by the
use of larger-area substrates, so manufacturers that are able to successfully fabricate 6-inch diameter
SiC substrates with acceptable quality. From the Yole’s report, the market size of SiC N-type wafers
will increase to US$110 million by 2020 with a 21% compound annual growth rate (CAGR). With a fast
growing rate of CAGR, the production of SiC-based devices will be dramatically increased.
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2.2. SiC-based Power Electronic Devices

(1) Development of SiC devices

As early as 2001, Infineon produced the first commercial SiC Schottky barrier diode (SiC SBD) with
characteristics of high blocking voltage, better thermal stability, and hardly any reverse recovery time.
This paved the way for the development of SiC power devices in the field of power electronics.
Since then, more discrete devices and power modules have gradually come out [26]. Figure 1 shows
the milestones of the development process of commercialized SiC semiconductor devices. Until 2014,
GeneSiC and Micross components have sold SiC bipolar junction transistor (BJT) with junction
temperature up to 210 ◦C. At the research and development level, the operating junction temperature
of SiC-SBD can reach up to 300 ◦C, and the performance of SiC positive-negative (P-N) diode under
the temperature of 600 ◦C has also been verified.

Figure 1. The milestones of the development process of SiC power electronic devices.

As the most market-oriented SiC devices at this stage, SiC MOSFETs have a fast switching speed
and low on-resistance. In 1987, Palmour et al. from NCSU in USA developed the world’s first
high-temperature depletion layer N-channel MOSFET. Subsequently, Brown et al. from GE integrated
a simulated operational amplifier (OPA) using depletion MOSFET, and it can work at 300 ◦C. In 2011,
Purdue University reported a SiC CMOS digital integrated circuit with the maximum temperature of
350 ◦C, but as the temperature continues to increase, the gate leakage current will increase rapidly.
Studies have shown that the long-term reliability of the gate oxide structure of SiC MOS is not good,
especially at high temperature, this issue is exacerbated. At present, commercial SiC MOSFETs can
operate up to 200 ◦C [27].

Unlike SiC MOSFETs, SiC BJTs, with high reliability, are very suitable for high-temperature
conditions. However, the disadvantage is that a continuous and stable driving current is required
to cause a large loss, and the current gain decreases as the temperature increases, and then the
driving loss is further increased. The commercialized 1,200 V SiC BJT produced by GeneSiC can
withstand temperature up to 210 ◦C, which is the highest level in the market. Actually, SiC junction
field-effect transistor (JFETs) has developed since the 1990s, and the first commercial SiC JFETs came
out around 2006. In general, a lateral channel structure or a vertical trench structure is employed in a
SiC JFETs. It shows that Infineon uses lateral channels, while Semi South mainly uses vertical channels.
SiC JFETs produced by Semi South and packaged by Micross are resistant to temperature up to 200 ◦C.
SiC JFETs is currently being studied by NASA Glenn Research Center, Rutgers University and Caesar
Western Reserve University, and it is reported that SiC JFETs can operate reliably for 521 h at 460 ◦C.
In 2016, NASS reported that SiC JFETs can operate for 25 h at 727 ◦C. Figure 2 compares the highest
tolerated temperature for commercial power electronic devices at the current stage [28]. The advanced
semiconductor materials are becoming the new choice for high-temperature power electronics.
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Figure 2. The maximum operating temperature of SiC power electronic devices.

Theoretically, SiC devices, with wide band-gap, can allow a very high voltage and high operating
temperature. However, the thermal capability of all materials has not reached the same technological
maturity. The maximum operating junction temperature for most commercial SiC devices is only up
to 210 ◦C. Tennessee University has developed the 1.2 kV/100 A SiC JFET power module operating
at 200 ◦C. In [29], a 1.2 kV/60 A SiC MOSFET phase-leg power module with the optimized internal
layout is presented for an operating frequency of 100 kHz and junction temperature of 200 ◦C. In [30],
a SiC power module with a junction temperature of 250 ◦C is presented for military hybrid electric
vehicle applications, which is designed as half or full bridge structure. Some discrete devices and ICs
are demonstrated laboratory level to operate above 500 ◦C for a short while. Reference [31] shows
the characteristics of MOSFET fabricated on β-SiC thin films, which can operate at the temperature
of 650 ◦C. The research on material and fabrication of SiC devices is still ongoing to develop the
high-temperature commercial SiC devices and modules.

(2) Fabrication of SiC devices

For an example of processing of SiC MOSFETs, wafer sizes and material quality for SiC have
improved over time. The main difference between the processing of Si and SiC wafers is the temperature
range, shown in Reference [32] for details. Since the strong bonds between silicon and carbon need
more energy for the growth of material, post-annealing of damaged material after ion implantation,
bond breaking during thermal oxidation or contact alloying. A simplified SiC MOSFET process flow
in Figure 3 starts with ion implantation, field oxide formation, and polycrystalline silicon gate stack
alignment. For SiC MOSFETs, the channel mobility improves slightly at higher temperature, and there
is a maximum voltage rating that strictly limits the current drive and on-resistance. For ICs operating
at high temperature, the condition will approach that of accelerated lifetime testing. Still, threshold
voltages have to be designed with some safety margin at the highest temperature expected, where it is
reduced by about 1 V with the rise of 100 ◦C.

At present, packaging technology is a big issue for design and fabrication of SiC power electronic
devices or modules for high-temperature applications. Most packaging solutions are developed
for mild ambient, and permissible junction temperature of SiC devices is far below the theoretical
value. Packaging material and technology are critical factors for the further increase of the operating
temperature. The future high-temperature converters require higher power density, which requires
that the heat dissipation conditions would be as simple as possible, and the packaging technology
should also adapt to the high-temperature situation.

Ohmic contact and Schottky interface are critical factors that may limit the devices in the application
of high temperature. High operating temperature could result in a diffusion process in the contact layer
and a reaction between the contact components, which may result in changes in contact properties
during high temperature operation, as well as degradation of the devices. In general, low contact
resistivity should be maintained to decrease the voltage drop, but to get the low resistivity of ohmic
contact is difficult for SiC devices due to the difficulty in doping and, in the case of p-type materials,
due to the high electron affinity and high width of the band-gap. In addition, with the increase of
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temperature, Schottky barriers between metal and semiconductor become larger, which makes ohmic
contact on SiC more difficult. By contrast, with Si and GaAs devices, the operating temperature
is limited by the electronic properties of the semiconductor material; but the maximum operating
temperature of SiC devices is limited by the stability of the contacts. Some device parameters such as
response time and output power, depend strongly on the ohmic contact resistivity and its stability at
high operating temperature. Therefore, the thermal stability of ohmic contacts and Schottky interfaces
at high operating temperature is considered the critical factor for determining their power application.

 

Figure 3. Simplified non-self-aligned SiC metal oxide MOSFET (a) Ion implantation of p-type dopants
(arrows) into source and drain (dashed boxes) is performed with an ion implant hard mask; (b) during
ion implantation annealing, the surface has to be protected with a carbon cap, which prevents Si
out-diffusion and surface roughening even at 1,800 ◦C; (c) the field oxide (FOX) and polycrystalline
silicon gate (poly) stack is aligned with global alignment marks (not shown), and some overlap must
be allowed; (d) the metal must be patterned before annealing at ~800–900 ◦C to form the metal silicide
(otherwise the reaction will occur with SiO2).

Device applications are presented as discrete devices and power modules, and wire-bonded
package, shown in Figure 4, is commonly used in high-temperature converters. The substrate,
base plate, die attach and heat sink are included, and the following will analyze the physical structure
and composition material of SiC power module.
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Figure 4. The package of SiC power module.

� Substrate

The substrate, as the backing of SiC chips, must meet the material requirement with characteristics
of excellent thermal conductivity, high mechanical strength, high flexural strength, and the similar
coefficient of thermal expansion (CTE) with SiC. The direct-bond-copper (DBC) substrate presents a
sandwich structure, which consists of two layers of copper, lying on the top and bottom, and with
insulation ceramics in between. The available materials for insulating ceramics could be quantized
as Al2O3, AlN, BeO, and Si3N4, and Table 3 shows the thermal mechanical characteristics. As it can
be seen, the CTE of AlN is close to that of SiC material with the value of approximately 4–6 ppm/◦C,
and the mechanical stress resulted by heat expansion can be significantly reduced by the uniformity of
parameters. Moreover, the thermal conductivity of AlN is highly relative to two other materials like
Al2O3 and Si3N4, which will significantly promote the cooling capacity of power modules. Therefore,
AlN is one of the most appropriate choices for the substrate to encapsulate SiC power modules, and the
relevant power modules can endure in the high-temperature environment which is above 250 ◦C [33].

Table 3. The thermal mechanical characteristics of materials for the substrate.

Ceramic Materials 96% Al (Al2O3) 99% Al (Al2O3) AlN BeO Si3N4

Dielectric field intensity (kV/mm) 12 12 15 12 10
CTE (ppm/◦C) 60 7.2 4.5 7.0 2.7

Thermal conductivity (W/m·K) 24 33 170 270 60
Structural strength (g/cm3) 3.5 4.0 2.6 4.0 5.0

Flexural strength (MPa) 317 345 360 250 850
Tensile strength (MPa) 127 207 310 230 17

� Base plate

The base plate, as the foundation and heat conductor of power modules, also has the strict material
requirement, which should have characteristics of excellent thermal conductivity and similar CTE
with the substrate [34]. Table 4 shows the thermal mechanical attributes of possible materials for
the base plate. CTE of Cu and Al are much higher than that of AlN (only 4.5 ppm/◦C), while CTE
of metal matrix composites with Mo and Cu is close to that of AlN. The thermal conductivity of
metal matrix composites makes these materials have excellent heat dissipation property. With these
advantages, the metal matrix composite is an excellent choice for power modules to endure in a
high-temperature environment. Due to the adjustable CTE from 6.5 to 9.5 ppm/◦C, and relatively high
thermal conductivity with the range of 170–200 W/m·K, AlSiC is also an excellent material to constitute
base plate.
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Table 4. The thermal mechanical attributes of materials for the base plate.

Materials 100 Cu 100 Al 85 Mo/15 Cu 75 Mo/25 Cu 65 Mo/35 Cu

CTE (ppm/◦C) 17.8 26.4 6.8 7.8 9.0
Thermal conductivity (W/m·K) 398 230 165 185 205

Density (g/cm3) 8.90 2.70 10.01 9.87 9.74
Young modulus (MPa) 128,000 70,000 274,000 274,000 274,000
Yield strength (MPa) 210 50 / / /

� Die attach

Die attach, also known as die bonding, is the process of connecting or bonding a die or chip to
a substrate, package or another die. This process can happen in many forms and can be applied in
many ways, and differences between them are entirely dependent on the user’s desire. Various options
are discussed in [20], including high lead solder alloys, lead-free solders, high-temperature reflow
soldering, nano-silver paste sintering, and transient liquid-phase bonding. Transient liquid-phase
bonding is capable of bonding at low temperature and servicing at high temperature, which is
a significant trend in the field of high-temperature packaging for SiC power modules. Due to
the disadvantages of time-consuming nature and required special equipment, some research on
high-throughput solutions is under way [35].

Solder is required to have characteristics of a high melting point, strong bonding strength,
excellent thermal conductivity, and electrical conductivity. It can efficiently conduct the heat generated
by switching losses to a radiator in time. Thus, it dramatically improves the capabilities of SiC
power modules to operate reliably under the condition of high frequency and high-temperature [36].
Some readily available lead-free alloys fall within the category of the high melting point, with melting
points well above 220 ◦C, which are listed in Table 5. The lead-free alloys are a good option for
high-temperature die attach. As can be seen, Au20Sn80 with the highest melting point of 280 ◦C is
suitable for high-temperature soldering and packaging. Gold-based solders such as AuSn, AuGe,
and AuSi, have a good reputation because of their melting points of 280 ◦C, 365 ◦C, 363 ◦C or so,
respectively, but the gold-based solders are costly and not suitable for mass production. Other alloys
such as zinc and bismuth alloys have been studied for their potential as well [37,38]. Silver sintering
has better long-term reliability compared to leaded-free solders, but the challenge of microstructure
evolving or coarsening at elevated temperature is a hindrance.

Table 5. The thermal mechanical characteristics of materials for die attach.

Solder
Sn96.5
Ag3.5

Sn95
Sb5

Pb75
In25

Sn10
Pb88
Ag2

Sn10
Pb90

Au20
Sn80

Melting point (kV/mm) 221 235 240 267 275 280
Boiling point (ppm/◦C) 221 240 260 290 302 280

Density (W/m·K) 7.5 7.25 9.97 10.75 10.75 14.51
Thermal conductivity (W/m·K) 33 28 18 27 25 57

CTE (ppm/◦C) 30 31 26 29 29 16
Electrical conductivity (S/m) 16 11.9 4.6 8.5 8.9 /

� Heat sink

Generally, the heat sink is joined to the power module by silicone grease, and in this way, the heat
generated by all kinds of losses dissipates to the air. The thermal resistance of silicone grease occupies
50% in the whole module, and thus thermal interface materials (TIM) become one of the critical factors
to significantly reduce the radiator volume and increase converter power density [39]. Moreover,
the grease will dry out and age as time goes on. Therefore, some innovative solutions to reduce the
thermal resistance and optimize the power dissipation should be developed.
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TIM research has focused on three primary areas of using high-performance fillers, studying the
micro and nanoscale TIM, and developing carbon-allotropes-based TIM to enhance performance [40–42].
Carbon nanotube fillers are the most promising of all the carbon allotropes, and have become front
research topics in TIM which can decrease thermal stress caused by CTE mismatch and can keep
chemicals table over a wide range of temperatures.

The high-performance cooling methods are jet impingement cooling, spray cooling, and micro
channels, and all of them can be designed as two-phase flow with the increased heat transport
capability [43,44]. A model of single and two-phase liquid cooling using micro channels was
established for GaN-on-SiC field effect transistor (FET) [45]. Furthermore, an additional method is
the direct-immersion cooling technique, where the coolant liquid is in direct contact with the power
electronics device. However, the notable problems of coolant leakage and compatibility requirements
result in preference for indirect cooling.

2.3. High-temperature Gate Drives

In ambient temperatures above 150 ◦C, a real challenge is to seek a proper gate drive circuit
to match with attributions of heat resistance and high frequency of SiC power electronic devices.
In theory, the junction temperature of SiC power electronic devices can reach up to 600 ◦C, which are
commercially available for high-temperature applications. However, the integrated drive circuits for
SiC devices are still in an early stage of research and development.

Based on the silicon-on-insulator (SOI) technology, a buried insulator layer in SOI structure shown
in Figure 5 can effectively reduce the leakage current in high-temperature operation, improve the
latch-up immunity, and suppress the threshold voltage variation to the temperature. The SOI-based
integrated circuits can successfully operate at the temperature range from 200 ◦C to 300 ◦C [46], which
is much higher than that of conventional bulk Si devices.

Figure 5. A buried insulator layer in a fully depleted SOI structure.

Compared to the SOI-based integrated circuit technology, the SiC-based integrated circuit
technology is more attractive to extremely harsh environment [47]. However, the development of
semiconductor technology presents many difficulties. Researchers have spent nearly half a century
producing the first commercial SiC devices since the excellent characteristics of SiC material were
discovered. However, the SiC-based integrated circuit remains at the stage of laboratory investigation,
and is therefore unable to access the market in a short time. Regarding high-temperature gate drives of
SiC devices, SiC-based integrated circuit technology is not mature enough yet, and Si-based integrated
circuit technology is unavailable for high-temperature applications. Instead, Si-based discrete device
technology may be a feasible solution when compensating temperature drift. In addition, the SOI-based
integrated circuit is available for high-temperature applications when ignoring the high manufacturing
cost [48].

High-temperature gate drives are required to have the input signal isolation, wide duty cycle
range, static turn on/off, and low propagation delay time. Currently, no commercial opt couplers can
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be used in a high-temperature condition. As a result, the transformer becomes the best choice for
high-temperature isolation of the gate drive. For a developed SiC MOSFET phase-leg power module, an
input signal isolator is used to build an SOI gate drive chip. Even though SOI die, printed circuit board
(PCB) and passive components can accommodate the high-temperature environment above 150 ◦C,
but the SOI gate drive board cannot withstand such temperature. Its bottleneck is the commercial
isolator, whose maximum operating temperature is 105 ◦C. Air-core transformer isolators for the
SOI-based integrated circuit are under active study, with the hope to reduce the volume of natural
chip-level integration and to eliminate the high-temperature ageing effects of magnetic materials [49].

As the SOI technology is well developed, companies, such as CISSOID, XREL, and Honeywell,
have developed the high-temperature gate drive circuits. CISSOID provides an isolated gate drive
circuit integrated with high-temperature SiC MOSFET devices in the shape of the intelligent power
module (IPM), which dramatically reduces the effect of the parasitic parameters and allows the
maximum ambient temperature up to 225 ◦C [50]. The gate drives manufactured by XREL can operate
at the ambient temperature of 230 ◦C. The SOI technology can also be used to develop high-temperature
drive ICs, but the manufacturing process is complicated and associated with the high cost. The gate
drive ICs based on SiC technology can operate reliably at the temperature of 400 ◦C, and it has been
reported in [51–54]. However, this technology is not mature and commercialized yet.

Due to the high cost of SOI ICs and SiC fabrication technologies, an alternative way to develop
high-temperature gate drives is the utilization of commercial-off-the-shelf (COTS) discrete transistors
and diodes. With the COTS discrete component, the operating temperature of gate drives can reach
up to 180–200 ◦C [55]. The main drawback of this kind of gate drives is the large propagation delay
due to the high number of SOI ICs, and the protection features of desaturation and under voltage
lockout (UVLO) are not included. To solve these issues, a COTS gate drive is proposed with the
integrated circuit of overcurrent and UVLO, which can operate under the ambient temperature of
180 ◦C [56]. The proposed COTS gate drive shows better performance than the commercial gate
drive (EVK-HADES 1210) produced by CISSOID in the aspects of propagation delay and total power
consumption. Figure 6 shows the prototype of the COTS gate drive and the test bench. In Figure 6a,
the numbers shown from 1 to 5 represent on-state voltage monitoring diode, driving buffer stage,
overcurrent detection circuit, UVLO with control logic, and isolated transformer, respectively.

(a) Gate drive (b) experimental test setup 

Figure 6. Developed high-temperature gate drive and the experimental set setup.

2.4. High-temperature Passive Components

(1) Capacitors

Capacitors are an irreplaceable component in the power electronics, and they need to be selected
carefully for converters, since capacitance, insulation resistance, reliability, and service lifetime will be
reduced to some extent with the increase of temperature [51]. The temperature dependency of these
characteristics is related to capacitor structures and materials. Among various dielectric materials, only
a few are available for high-temperature operation, such as ceramic, mica, and tantalum [57]. Mica-10
shows prominent characteristics even at 200 ◦C with an energy density of 11.27 J/cm3 and efficiency of
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94.7% at 500 MV/m, which is 30 times higher than the well-known polymer PI for high-temperature
applications [58]. The tantalum capacitor is one option for high-temperature applications, and it can
reliably work at elevated temperatures above 200 ◦C [59]. Considering the low capacitance of the mica
capacitor and low voltage ratings of the tantalum capacitor, the ceramic capacitor is a preferable option
for high-voltage and high-power power electronics.

C0G and X7R ceramic capacitors are rated for high-temperature operation. The capacitance of C0G
decreases by 1% when the temperature varies from 25 ◦C to 250 ◦C. Although C0G capacitors present
excellent temperature stability, capacitances are too low to meet the requirement of the high-power
system. For X7R capacitors, capacitance is in the range of microfarad, which is almost an order of
magnitude larger than C0G capacitors. However, the X7R capacitors present wicked capacitance
stability, and the capacitance will be reduced 42% from 25 ◦C to 250 ◦C coming along with an excessive
capacitance variation with operating voltage [60]. Moreover, the insulation resistance is only 210 kΩ at
200 ◦C, which is far below the 3 GΩ of C0G capacitors. This makes X7R capacitors unsuitable for most
signal processing applications.

Alternatively, the stacked ceramic capacitors with XHT dielectric from Presidio components,
Inc. present improved capacitance stability when DC bus voltage is very high, as shown in Figure 7.
A capacitance reduction of 50% from 25 ◦C to 175 ◦C is quantified. This kind of capacitors is more to
cracks when used under the conditions of shock and vibration. Thus, the de-rating and reliability
should be considered when designing capacitors for a high-temperature converter. With the new
materials and fabrication technologies, Si capacitors exhibit the promising temperature resistance
up to 250 ◦C [60]. Table 6 shows some commercially manufactured capacitors for high-temperature
applications, and few comments are also made in this table.

Figure 7. Capacitance stability with temperature and DC link voltage for the XHT stacked ceramic
capacitors from Presidio.

Table 6. Commercially manufactured capacitors for high-temperature applications.

Capacitor type Packaging Max. Temperature Comments

Solid tantalum SMT and through-hole 230 ◦C High capacitance value; voltage
degradation 60–80% at 230 ◦C

Electrolytic wet tantalum Axial through-hole 200 ◦C High capacitance value; most
through-hole

Stacked ceramic SMT-chip stacked
gull-wing 260 ◦C Poor stability above 175 ◦C for X7R, but

higher capacitance density than C0G
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(2) Resistors

Resistors represent the basic component providing protection, ballasting, sensing, feedback,
and signal attenuation in power electronics. Signal processing is the main contribution of resistors,
in addition to high reliability and stability, which are required in such systems. Resistor manufacturers
have made great effort to develop high-temperature resistors. Table 7 summarizes some commercially
manufactured resistors with some short comments [16].

Table 7. Commercially manufactured resistors for high-temperature applications.

Resistor Type Packaging Max. Temperature Comments

Metal foil Through-hole, surface-mount
device (SMD)-chip, flip-chip 240 ◦C High precision

Metal oxide Through-hole 275 ◦C General purpose, power resistors, good
frequency characteristics

Thin film SMD-chip, flip-chip 275 ◦C Compact, low TC, high stability

Thick film SMD-chip, flip-chip 300 ◦C General purpose, wide resistance range

Wire-wound Through-hole 350 ◦C High surge capability, precision power

Metal foil resistors have high precision and stability in harsh environments, but the maximum
operating temperature is limited to 240 ◦C due to the bondable chip, wire-wound resistors show quite
good high-temperature characteristics, but they are not suitable for high frequency, and they act as
inductors at high frequency. Thin film resistors seem to be an economical way with small size and
good performance, but they are not suitable in overload conditions, whereas thick film resistors show
superior overload characteristics [61].

(3) Magnetic elements

For inductors and transformers, it is necessary to take into consideration the high-temperature
characteristics and insulation properties of windings and magnetic cores. High-temperature-resistant
enameled wires and Kapton electrical tape are readily available above 200 ◦C. As for the magnetic
cores, high-temperature characteristics are affected by Curie temperature, coating materials, and power
losses. The optimal operating point for most magnetic material is approximately 100 ◦C for most
magnetic materials, and the efficiency will be reduced with the further rise of temperature.

The magnetic elements with rated operation temperature above 200 ◦C mainly involve three
types of magnetic cores such as ferrite cores, power cores, tape wound, and cut cores, which are
usually utilized for power supply, signal isolation and current detection in high-temperature converters.
However, the operating temperature will affect their magnetic properties, and the B/H curve will
drift with the temperature variation, which will lead to a significant detection error, especially for
measurement sensors. Therefore, a compensation algorithm is needed to improve the detection
precision. Reference [62] shows a strong correlation between the temperature variation and the
magnetic characteristics of Mn–Zn Ferrite materials, the magnetic characteristics should be assessed
when these components work in such thermal conditions. Ferrite cores with Curie temperature of
350 ◦C have been commercially available so far, and they can work reliably up to 250 ◦C.

3. High-Temperature Converter and MEMS Devices

With the commercialized development and mature application of SiC power electronic devices,
high-temperature converters and MEMS devices have brought and will bring broad prospects in electric
vehicles, more electric aircrafts, deep-earth oil explorations, and geothermal energy exploitations.

3.1. SiC-based Motor Drive

High-temperature motor drives are required for the flight control actuators and fuel pumps of the
aviation system as well as for the control units of electric vehicles, which will face the challenge to meet
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the requirement of higher efficiency, higher power density, and higher reliability in harsh operation
condition. Take an example of a new generation of high-power electric vehicles; the motor drive
system will undergo a change from traditional industrial grade to automobile industrial grade. United
States Department of Energy draws up the development goal for hybrid electric vehicle (HEV) by 2020,
the dramatic advancement will be developed. The power density of power electronic equipment will
be higher than 14.1 kW/kg, and volume will be less than 13.4 kW/L, efficiency will be higher than 98%,
the price will be lower than 3.3 $/kW [63]. SiC power electronic devices make motor drives have the
ability of high-temperature operation, which plays an essential role in goal achievement.

Figure 8 shows the electrical connection diagram of a three-phase inverter and motor, where a
selection of power electronic devices is full SiC-MOSFET, full SiC-JFET, full SiC-BJT, or SiC/Si (e.g.,
SiC-SBD/Si-IGBT) hybrid devices. As the anti-parallel diode, SiC-SBD is hardly any reverse recovery
time and is not affected by temperature variation. The radiator volume of a 2.5 kW motor drive based
on SiC-SBD hybrid devices is reduced by 2/3 when compared with the radiator of the motor drive
based on Si diode [64]. In [65], a three-phase air-cooling inverter is designed by using full SiC-JFET
devices, the motor drive can work in the high-temperature environment of 200 ◦C, and the output
efficiency with 18 kW power rating reaches up to 98.2%.
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Figure 8. Electrical connection diagram of three-phase inverter and motor.

APEI Company has developed a 4 kW high-temperature motor drive by using the SiC-JFET
multichip power module (MCPM) and SOI-based integrated circuit technology. The core of
control electronics is a high-temperature microcontroller (SOI-based MOS HT83C51) produced
by Honeywell Inc., outputting low power signals. Thus, an amplifying circuit provides a
connection between the microcontroller and the power module, and the amplifying circuit is
constituted of the high-temperature operational amplifiers and high-temperature passive components.
A high-temperature transformer is designed by APEI to isolate the digital controlled circuit from the
power circuit. Figure 9 shows the mentioned MCPM with high-density power electronics designed by
APEI [66]. The MCPM approach is one of the packing strategies for power electronics, and the main
idea is that the control and power circuitry components are integrated together into a single compact
power module. AlN DBC material for power substrate and AlSiC material for heat spreader connected
to the DBC substrate are selectable due to their excellent thermal conduction capabilities and a close
CTE match. Multilayer polyimide for PCB is available for high-temperature applications since the
glass transition temperature (Tg) is as high as 260 ◦C. An implementation of MCPM in a 4 kW 3-phase
motor drive shows the SiC-JFET can operate at a junction temperature of 250 ◦C, Figure 10 shows
the prototype of the 3-phase motor drive and the 3-phase multichip power module. Based on these
state-of-the-art technologies, the motor drive module can operate in a high-temperature environment.
Meanwhile, the converter has a substantial increase in respect of efficiency and power density.
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Figure 9. Multichip power module with high-density power electronics designed by Arkansas Power
Electronics International.

 
(a) 3-phase motor drive prototype         (b) 3-phase multichip power module 

Figure 10. A prototype of 3-phase motor drive by using multichip power module (MCPM).

3.2. SiC-based Rectifier Unit

The DC secondary power source is necessary for more electric aircraft in which the main power
supply is an AC power source [67]. Here, the transformer rectifier or three-phase AC–DC converter
can be used for rectifying 115 V AC bus voltage into 270 V DC, which supplies power to nitrogen
generator system, engine starting system, environmental control compressor, hydraulic pump and
other loads [68]. In a diode rectifier circuit, SiC-SBD with little reverse recovery current is used to
reduce the switching losses, heat radiation requirements and high-temperature limitations for aviation
rectifier unit. NATO is planning that SiC power electronic devices are applied to meet needs for
converters to operate in a high-temperature environment in all-electric combat vehicles. Then, a 30 kW
rectifier bridge is designed for the automobile application with 200 ◦C operation temperature.

For large-power high-temperature converters, the efficiency requirement is especially crucial
except for reliability requirement in a harsh environment. The high-temperature converter with SiC
power electronic devices can have a significant increase in efficiency due to the substantial reduction of
switching losses. Figure 11 shows the main types of losses in a voltage doubling rectifying circuit and
the efficiency comparison of the rectifier with Si IGBT and SiC MOSFET in same voltage level and
control mode. The efficiency of SiC devices rectifier is 2.6% higher than that of rectifier equipped with
Si devices. In addition, superior electric characteristics with low on-resistance at high-temperature and
simultaneous high-speed switching conditions are also come with SiC devices rectifier.

Figure 12 shows the hardware configuration diagram of the high-temperature three-phase AC–DC
converter with the integration of 1 SiC-JFET and 7 SiC-SBDs, which can be applied to more electric
aircrafts with the 270 V DC output, and it can also operate reliably in 200 ◦C ambient environments.
Each component in the rectifier system should be carefully designed. Regarding SiC power modules,
the mismatch of parasitic parameters, the variance of device property, and nonidentity of junction
temperature can result in the unbalanced electro-thermal stress. The imbalance of multichip in parallel
can be reduced by optimizing the layout of a direct bonding base, adding the low series resistance
and coupling inductance, designing the feedback control of the drive circuit [69]. Here, the SiC power
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module using the flat-packaged structure has advantages of small parasitic parameters, flexible line
layout and, double side cooling characteristics. In switching individual tests, the parasitic inductance is
reduced by 14 nH compared to the pin-packaged structure, which makes the drain-source spike voltage
decrease from 295.7 V to 279 V and further lowers switching losses [70]. In temperature detection,
the temperature rise of grid resistance and the voltage regulator is apparent, but the temperature rise
is not more than 10 ◦C from the environment temperature, which benefits from the lower power losses
and excellent heat-sinking capability of the high-temperature AC–DC converter.

Figure 11. Loss and efficiency comparison of the rectifier with Si IGBT and SiC MOSFET.
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Figure 12. Hardware configuration diagram of the high-temperature three-phase AC–DC converter.

In [71], Virginia Tech developed a 15 kW 650 V dc/230 V ac three-phase rectifier with interleaving
structure by substitution of all Si devices with SiC JFETs, and the SiC power modules in the rectifier
can operate at the junction temperature of 250 ◦C. With the volumetric power density of 6.3 kW/L,
it successfully achieved a 2 kW/L target in more electric aircraft. It gives a detailed design for each
component, including the active component, passive component, and the system. Figure 13 shows the
drawing and the prototype of the rectifier system.

Figure 13. Conceptual drawing and the assembled prototype rectifier system.
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3.3. SiC-based DC–DC Converter

DC–DC converters are widely used in the electric vehicle, more electric aircraft, and renewable
energy. For example, high power HEV, the electric drive system is made up of a storage battery,
DC–DC converter, inverter, electric machine, and control circuit, in which DC–DC converter plays
a role in boosting the DC voltage for the post inverter unit. The permissible operating temperature
for main components in HEV is listed as 120 ◦C for the motor, 200 ◦C for a turbocharger, 200 ◦C for
throttle, 145 ◦C for the gearbox, 175 ◦C for driving chain, and 650 ◦C for exhaust pipe [72]. Due to
the electrification and electromechanical integration of HEV, as well as the limitation of self-cooling
capacity, these harsh conditions give power converters characteristics of reliability when operating
in a high-temperature environment. Another example is when the DC–DC converter is applied to
the generator control unit (GCU) in more electric aircrafts. The converter provides different levels
of DC voltage for the various functional modules of GCU. The high voltage levels reach up to tens
of thousands of volts, which are mainly used for communication, radars, transmitters of electronic
warfare equipment, and a variety of cathode ray tube displays. The low voltage levels are classified as
24 VDC, ±12 VDC, ±5 VDC, ±6.3 VDC, and ±3.3 VDC. Due to the development tendency of the control
system from traditional centralized engine mode to the distributed mode, the GCU would be placed
closer to the generator, which makes converters operate in a harsh environment (– 55 to + 200 ◦C).

Figure 14 shows the circuit diagram of the boost DC–DC converter with SiC-MOSFET and SiC-SBD.
Usually, Si-MOSFET has a large junction capacitance, which defines the switching frequency up to
100 kHz. Si-IGBT has current lag which limits the switching frequency up to 30 kHz. SiC-MOSFET can
operate at a switching frequency of 200 kHz, or even MHz-level [73].

L

Ui Uo

Figure 14. A topology of the boost DC–DC converter.

For Si power electronic devices, switching losses increase significantly with the increase of
switching frequency. When it mentions SiC power electronic devices, the switching losses, and junction
temperature are measured as shown in Figure 15, where the switching frequency of SiC-MOSFET
changes from 100 kHz to 800 kHz in a 1 kW boost DC–DC converter [74]. It can be seen that both
switching loss and junction temperature keep a linear relationship with switching frequency when
the high-temperature and thinner layer solder is used for die attach. If the solder with a low melting
point of 180 ◦C and low thermal conductivity is adopted for the die attach, the junction temperature
can rise at an accelerating rate when the switching frequency is above 500 kHz. NASA has reported
that a 100 kW DC/DC converter based SiC JFET can reach up to the operating temperature of 415 ◦C
in 2006. In 2008, Mazumder [75] reported that the efficiency of a DC/DC converter based on SiC-JFETs
can reach up to 95% at 20 ◦C, while the efficiency of 100 V/270 V 2 kW boost converter proposed by
Kosai [76] can reach up to 90% at the temperature 200 ◦C, the design and performance of the boost
converter were evaluated over the temperature range from 20 ◦C to 200 ◦C. The capacitance variation
of the output filter is also presented in [74], reporting that a 1 kW all-SiC boost converter with the
output voltage of 800V can work reliably over a switching frequency range of 100 to 800 kHz, and the
steady-state working junction temperature of SiC MOSFETs has been extended to 320 ◦C. However,
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the high-frequency gate drive capability and high-temperature die-attachment technology can be the
issues to develop SiC-based converter operating beyond 320 ◦C junction temperature.

Figure 15. Switching loss and junction temperature distribution diagram under different frequencies.

3.4. SiC-based MEMS Devices

The excellent mechanical properties of SiC material, coupled with the good thermal stability at
high operating temperature, offer new possibilities for developing MEMS devices for extremely harsh
applications compared to those possible with Si devices.

The measurement and control technologies are also required for the high-temperature converters,
and SiC devices allow the functionally integrated circuits (ICs) to operate in extreme environments.
Many researchers have been working on the high-temperature ICs implemented by using SiC CMOS,
JFET, and BJT, and developing the digital logic circuits, operational amplifiers, and memories.
Reference [21] demonstrates that SiC makes high-temperature electronics possible up to 600 ◦C,
reviewed the current technology performance and processing challenges relating to making ICs in SiC,
and addressed that SiC devices should be commercially available in increasing quantities going
forward, although the technology choice is unclear.

The first SiC-based power ICs were reported in 2008 [77]. Figure 16 shows the optical photo for
4H-SiC power integrated circuit after packaging, which includes a large power JFET and two buffer
circuits. Reference [78] proposes an integrated bipolar OR/NOR gate based on 4H-SiC BJTs, and it can
successfully operate up to 500 ◦C. References [79] and [80] report the differential amplifiers based on
4H-SiC JFET and 6H-SiC bipolar can reach up to the temperature of 500 ◦C and 600 ◦C, respectively.
In [81], a 500 ◦C Schmitt trigger in 4H-SiC has designed and characterized, the proposed Schmitt trigger
shows superior characteristics with a higher slew rate and almost independent temperature operation.

 

Figure 16. An optical photo for 4H-SiC power integrated circuit after packaging.
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A linear voltage regulator based on the nMOS SiC has been successfully designed and tested
under at 300 ◦C [82]. In [83], a bipolar SiC linear voltage regulator was developed to operate at
500 ◦C. Regarding the ICs structure, in [84], the authors propose a novel 4H-SiC lateral BJT design
with symmetric and self-aligned structure, the simulation, and optimization are conducted to operate
at the temperature range of 27–500 ◦C with an optimal current gain. is the study demonstrates that the
self-aligned 4H-SiC lateral BJTs design is easier and less costly to produce, with >90% smaller than a
conventional structure.

A monolithic SiC drive circuit for SiC BJTs was designed by Kargarrazi et al [85]. The performance
was tested using a commercial power BJT under the resistive and capacitive conditions with the
operating switching frequency up to 500 kHz. The SiC drive circuit has a good robust capability to the
temperature range from 25 ◦C to 500 ◦C. In their latest publication, the controlled duty cycles from 0.5
to 0.7 are demonstrated with the operating frequency ranges from 160 to 210 kHz [86].

MEMS switches have mainly been developed in a broad swath of RF and microwave applications,
and they could possibly replace positive-intrinsic-negative (PIN) diode, mechanical, FET, and other
types of switches [87]. When compared to traditional micromechanical switches, MEMS switches have
several advantages, such as lower insertion loss, higher isolation, and better switching figure-of-merit.
They are widely used to measure oil pressure, fuel pressure and tire pressure in automotive applications,
electronics, and telecom. The Foxboro is the first company who is involved in MEMS switches with
the invention of the first electromechanical switch patent in the world in 1984. Analog Devices,
Inc. has been started the research of MEMS switches since 1990, with the first MEMS accelerometer
product successfully launched in 1991, and the first integrated MEMS gyroscope was released in 2002.
The newest MEMS products released by ADI are ADGM1304 and ADGM1004, the maximum operating
frequency can reach up to 14 GHz and 13 GHz, respectively. The operation temperature ranges from 0
to 85 ◦C, with the peak reflow soldering temperature of 260 ◦C. In [22], it is shown that the SiC MEMS
devices are well-developed for temperatures up to 500 ◦C for the sensing of motion acceleration and
gas flow. The digital micro switches can also be used for wireless power transfer, but the maximum
operating temperature has not been reported. Reference [88] reported nanoelectromechanical system
switches based inverter can operate at the temperature as high as 500 ◦C with ultralow leakage current,
and this achievement has created a pathway toward energy-efficient high-temperature computation.

4. Challenges in High-Temperature Power Electronics

4.1. Design of High-temperature Gate Drives

Gate drives play an important role in the interface the control circuit to SiC-based devices,
determining the performance of power electronics devices. Although SiC-based devices have
high-speed switching capability, the drive circuit should also be matched to make full use of high-speed
switching capability. Therefore, the SiC high-temperature drive circuit cannot follow the drive circuit
based on conventional Si devices. Since the parasitic capacitance of a similarly-sized silicon carbide
device is much lower than that of Si-based devices. A tradeoff should be taken between the component’s
layout and the high-speed capability, so the drive circuit should be placed at a certain distance to the
power electronic devices. This will increase the gate loop and introduce larger parasitic parameters,
which decrease the high-speed switching capability of the SiC-based devices in practical application.
Then, the switching frequency will be limited under this condition.

The performance of SiC power electronic devices might be degraded when employed in
high-temperature condition. By testing, the threshold voltage of 1.2 kV SiC MOSFET devices at
200 ◦C is reduced to 2/3 under normal temperature, while the on-resistance increases to 2–3 times.
The reduction of threshold voltage makes the crosstalk occur more easily in the bridge-arm circuit [89].
The method of gate negative bias voltage is adapted to suppress the crosstalk, in which the negative
bias voltage usually arrives at −5 V and the minimum value is −9 V. Furthermore, the active miller
clamping circuit is designed to avoid the bridge-arm shoot-through. On the other hand, the gate drive
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board is allowed for a high-temperature environment only if the SOI die, PCB, passive components,
packaging, as well as the input signal isolator, can endure the high temperature. This is expected to
reduce the volume of easy chip-level integration, eliminate the high-temperature ageing effects of
materials, and reduce the impact of parasitic parameters.

4.2. Current Measurement in High Temperature

The current divider and Hall sensor are usually employed to measure the current for converter
control; however, they are challenging to work in the high-temperature environment. To tackle
this problem, the saturated current sensor is developed for high-temperature application. While
the B/H curve of magnetic materials can drift with the temperature variation, which will lead to a
significant measurement error for the current sensor, a compensation algorithm or new measurement
method is proposed for the high measurement accuracy. For example, the isolated DC and AC current
measurement method based on a bidirectional saturated current transformer (Figure 17) can be applied
to the high-temperature converter with SiC devices, which can suppress the effect of the coercive force
of magnetic materials on detection precision [90].

            
(a) (b) 

Figure 17. Fast high temperature isolated DC/AC current measurement. (a) Photograph of the
bidirectional saturated current transformer, and (b) PCB circuit.

4.3. Parameters Matching within Wide Range of Temperature

The parameters matching over a wide temperature range is also an issue to design the
high-temperature power electronics. The performance of the SiC components will degrade under the
wide temperature cycling and the high operating temperature. With the increase of the operating
temperature, the junction capacitance of SiC devices is decreased, and the switching speed is increased.
The performance of passive components, such as capacitors and resistors, is also reduced, and the
withstand voltage, capacitance values, and resistance values are only about 40% to 50% of normal
temperature. In addition, the coefficient of thermal expansion between adjacent components should be
similar; otherwise excessive mechanical stress will cause damage to the device.

Since SiC material defects and brittleness limit the size of the wafer to a small value of 4 inches
in general use, the maximum current of a single chip is about 100 A. The cost of SiC chip grows
exponentially with the chip current. For the application of high-power converters, the multichip power
module is a cost-efficiency solution. Among paralleled chips, the parameter mismatching due to the
parasitic parameters can result in the uneven electro-thermal stress. For all kinds of active and passive
components, their temperature stability difference can result in the unmatched electric parameters
and unbalanced mechanical stress, which significantly influence the performance and reliability of
high-temperature converters.

4.4. High-temperature Packaging Technology

SiC converters and MEMS devices face the challenge of a minimum of parasitic parameter and
capability of operating in a high-temperature environment. Due to the fast switching speed and low
threshold voltage, SiC devices are deeply affected by the inherent and line parasitic parameters, which
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requires the packaging design to minimize the length of pin and wire, but the compact layout reduces
the area of dissipation [91]. Likewise, the packaging technology is also a challenge to the fabrication
of SiC devices for high-temperature applications. The high-temperature welding technique is one
of the critical factors to improve the high-temperature capability of SiC devices [92]. The advanced
material technique and the innovative structure design need to be developed to approach the SiC
physical limitation.

Packaging materials and structures with improved reliability at higher temperatures are imperative
for the implementation of SiC devices, mentioning the high-temperature die attach, high-conductivity
TIM, and aggressive heat rejection system. For the die attach, CTE, melting temperature, porosity feature,
as well as electrical and thermal conductivity are not the only indices [93]. The mechanical properties
such as the modulus of elasticity, ductility, and yield strength are of equal importance [94]. Lead-free
gold-based solders are a good choice for niche applications, but their mechanical stiffness is as a limiting
factor, which can transfer stresses to SiC devices resulting in die cracking. The thermal resistance of
TIM is still the bottleneck in most power electronics packaging, so the high-performance filler materials
should be further investigated as both an enhancement and a basis for TIMs. Double-sided cooling
structures, two-phase cooling methods and novel coolants can improve the cooling capability for
SiC modules, which need further demonstration and understanding of long-term reliability before
industrial applications.

5. Conclusions

To meet high requirements for industrial applications like the electric vehicle, electric
aircraft, deep-earth oil and gas exploration, and geothermal energy development, developing the
high-temperature power electronics with a significant increase of power density, efficiency, and
reliability is indispensable. Compared with conventional Si power electronic devices, SiC power
electronic devices have many advantages, including improved converter performance, reduced volume
and weight, and simplified heat dissipation structure. This paper presented an overview of the
development of high-temperature component profiles. It indicated that the advanced materials and
technologies are vital for the performance promotion of high-temperature converters. Three typical
application examples of SiC high-temperature converters and MEMS devices have been studied,
which show the application status in several fields and uncover the main existing issues. Although
many researchers are currently focusing on high-temperature packaging and integration technologies,
high-temperature power electronics with SiC devices appear promising for reliable operation in a
wide temperature range. Indeed, the performance of SiC converters and MEMS devices can be further
enhanced when the high-temperature packaging and gate drive progress, and when the measurement
and parameter matching problems are well resolved.
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Abstract: Advances towards achieving the goal of miniature 4H-SiC based radiation detectors for harsh
environment application have been studied extensively and reviewed in this article. The miniaturized
devices were developed at the University of South Carolina (UofSC) on 8 × 8 mm 4H-SiC epitaxial
layer wafers with an active area of ≈11 mm2. The thicknesses of the actual epitaxial layers were either
20 or 50 μm. The article reviews the investigation of defect levels in 4H-SiC epilayers and radiation
detection properties of Schottky barrier devices (SBDs) fabricated in our laboratories at UofSC. Our
studies led to the development of miniature SBDs with superior quality radiation detectors with
highest reported energy resolution for alpha particles. The primary findings of this article shed light on
defect identification in 4H-SiC epilayers and their correlation with the radiation detection properties.

Keywords: silicon carbide; 4H-SiC, epitaxial layer; Schottky barrier; radiation detector; point defects;
deep level transient spectroscopy (DLTS); thermally stimulated current spectroscopy (TSC); electron
beam induced current spectroscopy (EBIC); pulse height spectroscopy (PHS)

1. Introduction

Development of advanced high-resolution radiation detectors is aimed at those that are capable
of reliable and long-term non-degrading operation at elevated temperatures under high doses of
ionizing radiation. The application of such radiation detectors is primarily in the field of, but not
restricted to, biomedical and nuclear engineering, medical imaging devices, and homeland security
including nuclear materials accounting and safeguarding in harsh environments. Hence, to meet the
criteria of field deployment, such detectors need to be compact and miniaturized. Applicability of
high-resolution germanium (Ge) or silicon (Si) based detectors are extremely limited in these fields
owing to their cryogenic operating temperature (low bandgap energy) and lack of radiation hardness.
Room temperature compact detectors like cadmium telluride (CdTe) or cadmium zinc telluride (CdZnTe,
CZT) falls behind when it comes to high temperature applicability as these materials cannot survive
high temperatures. Silicon carbide (SiC), a wide band-gap semiconductor, has emerged as a potential
alternative to more mature technologies in intense and rugged environments. Due to its wide bandgap
(3.27 eV at 300 K), 4H-SiC devices show extremely low reverse leakage current at room temperature
and elevated temperatures as well [1–3]. Detectors based on 4H-SiC epitaxial layers with low defect
densities and impurities can be used to reliably detect any type of ionizing radiation at high radiation
load (dose level of 22 MGy and higher [4,5]), in conditions of aggressive medium and at elevated
temperatures, in systems for monitoring in acid/alkaline-containing media, and in systems that are
designed for accurately determining the field of ionizing particles, X- and γ-ray radiation. SiC does
not melt under laboratory conditions but sublimes at temperatures as high as 2700 ◦C and is highly
chemically inert. Polytype 4H-SiC has a very high threshold displacement energy (22–35 eV) which
accounts for its extreme radiation hardness [6,7]. Over the past decade, the quality of SiC material has
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improved significantly, which added momentum to the development of SiC based devices. Recent
availability of high quality 4H-SiC epitaxial layers has oriented the radiation detector community to
use such epilayers for radiation detection measurements with highly promising results. Although the
resolution of the detectors based on bulk semi-insulating (SI) SiC grown by physical vapor transport
(PVT) is not adequate, presumably due to high density of defects and deep level centers [7], the Schottky
barrier device (SBD) detectors fabricated using SiC epitaxial layers [8–10] perform extremely well in
high-resolution detection of low penetration depth radiation. Additionally, the response of these kind
of detectors for soft X-rays are significantly higher than that of commercial off-the-shelf (COTS) SiC
UV photodiode.

The present article covers our recent results and reviews the advances towards the goal of
achieving high-resolution and compact radiation detectors to be used in harsh environmental conditions.
The majority of the developments in this article were carried out at Photovoltaics and Nuclear Radiation
Accounting Devices (PANRAD) laboratory at the University of South Carolina (UofSC). Devices on
4H-SiC epitaxial layers were fabricated solely in our laboratory and characterized in terms of physical
properties, epitaxial layer quality, electrical and radiation detection properties, and defect levels’
identification and quantification. The article focusses on the investigation of electrical properties like
electron-hole pair creation energy and minority carrier diffusion length, and device properties such as
surface barrier height, built-in potential, and leakage current. Point and structural defects that limit
device performance were discussed in detail in the various types of epitaxial layers through defect
delineating etching and XRD rocking curve measurements, electron beam induced current spectroscopy
(EBIC), thermally stimulated current (TSC) spectroscopy, and deep level transient spectroscopy (DLTS).
Electronic noise characteristics of the associated front-end electronics which affect the radiation
detection properties of 4H-SiC for high-energy alpha particles were also investigated and presented.
We also cover pulse height spectra (PHS) with 5486 keV alpha particles and 59.6 keV γ-rays from
radiation sources, and soft X-ray responsivity measurements performed at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory (BNL).

2. Materials and Methods

In this article we present the results obtained from 20 and 50 μm thick n-type epitaxial layer grown
on 76 mm diameter 4H-SiC (0001) wafer, which was highly doped with nitrogen and off-cut 8◦ towards
the [1120] direction. The typical effective doping concentration in these epitaxial layers measured using
high frequency (100 kHz) capacitance-voltage (C-V) method was found to be 1.8 × 1014–3.2 × 1014 cm−3.
The radiation detectors were fabricated on 8 × 8 mm2 substrates diced from the 76 mm diameter wafer
by depositing 3.2–3.8 mm in diameter and ≈10 nm in thickness Ni Schottky contacts on top of the
epitaxial layers through a shadow mask and using a Quorum model Q150T sputtering unit. Large Ni
contacts (≈6 × 6 mm2) of ≈100 nm in thickness were deposited on the other side of the wafer by the
same means. A schematic of a typical cross-sectional view of the epitaxial layer with nickel contacts
structure is shown in Figure 1.

For the semi-insulating (SI) 4H-SiC detector fabrication, ≈390 μm thick 8 × 8 mm2 substrates,
diced from (0001) 76 mm semi-insulating wafer with resistivity ≥ 1012 Ω-cm, were used. The electrical
contacts on the test structures were achieved by electron-beam deposition of 3.2 and 1.2 mm diameter
Ni contacts on the Si face of the substrate and 3.2 mm in diameter or larger size (≈6 × 6 mm2) Ni contact
onto the C face of the substrate using appropriately designed shadow masks. The substrates were
cleaned using a standard Radio Corporation of America (RCA) cleaning procedure [11] prior to contact
deposition. No annealing treatment was conducted after the deposition of Ni contacts unless otherwise
mentioned in this article. For the high performing samples, the RCA cleaning of the wafers and the
electrical contact deposition were achieved using photolithography techniques performed in class 100
clean room facilities. It may be noted here that the thickness of the Ni contact plays a pivotal role in
defining the energy resolution of the detector. Thicker contacts may add to the variation of the incident
energy due to excessive scattering. We deposited Ni contacts as thin as possible and simultaneously
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inspected whether the contact produced reliable electrical contacts or not. We adopted the minimum
thickness as the optimized thickness of detector window, which produced reliable contacts confirmed
from repeated I-V measurements.

 

Figure 1. A cross-sectional schematic view of the epitaxial layer structure and a single pixel n-type
Ni/4H-SiC Schottky barrier device (SBD) mounted on a printed circuit board (PCB). The square shaped
back contact is visible through the wafer. The circular contact on the top is connected using a 25 μm
thin gold wire.

A wire bonding technique was developed in our laboratory for achieving strong and durable
electrical connections with the Ni contacts and minimizing the bonding area for efficient radiation
detection. This technique involves special type of silver epoxy rated for high temperature and vacuum
applications. The same type of the silver epoxy was used for mounting the chip on a printed circuit
board (PCB). A photograph of a typical single pixel detector is shown in Figure 1.

TSC measurements on the epitaxial layer were conducted in the temperature range 94–550 K in
vacuum < 1 × 10−4 Torr at 4–15 K/min heat rates. The trap filling was achieved by illuminating the
samples at 94 K using UVP model UVM-57 Handheld UV Lamp specified to produce 302 nm UV light.
The detailed description of our TSC measurement set-up is available in our earlier work [12].

Current-voltage (I-V) characterizations were performed using a Keithley (Cleveland, OR, USA) 237
high voltage source-measure unit. For the low temperature measurements, a vacuum cryo-chamber from
MMR Technologies (CA, USA) was used. Capacitance-voltage (C-V) measurements were performed
using either a Keithley (Cleveland, OR, USA) 590 CV analyzer or the DLTS measurement unit.

The DLTS measurements were carried out using a SULA (Ashland, OR, USA) DDS-12 modular
DLTS system. The DLTS system comprised of a pulse generator module for applying repetitive bias
pulses, a 1 MHz oscillator for capacitance measurements, a sensitive capacitance-meter involving
self-balancing bridge circuit, and a correlator/pre-amplifier module which automatically removes DC
background from the capacitance meter and amplifies the resultant signal change. The correlators
were based on a modified double boxcar signal averaging system. The sample was mounted in a
Janis (Woburn, MA, USA) VPF 800 LN2 cryostat for temperature variation, which was controlled by a
Lakeshore (Cleveland, OH, USA) LS335 temperature controller. The DDS-12 system allows the user
to collect four DLTS spectra simultaneously corresponding to four different rate windows in a single
temperature scan. The signals were digitized using a national instruments (NI, Austin, TX, USA)
digitizer card integrated with the DLTS system for on line processing using a personal computer (PC).
The entire system including the modules and the temperature controller is controlled using a dedicated
LabVIEW interface, which also allows the user to analyze the recorded data.

In order to evaluate the density of crystallographic defects, defect delineating chemical etching
in molten KOH was performed at ≈825 K for about 5 min. Threading edge, screw, and basal plane
dislocation densities (BPDs) were assessed via etch pit density (EPD) measurements using a Nomarski
optical microscope (Make and model). X-ray diffraction rocking curves were acquired using a double
crystal diffractometer (DSO-1), by Radicon Scientific Instruments Co. (Pune, India). We used CuKα

radiation and (0008) reflection in the rocking curve measurements. The EBIC measurements were
carried out at 29 kV accelerating voltage and 0 V bias voltage using a JEOL (Peabody, MA, USA) 35
SEM scanning electron microscope (SEM).
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A vacuum annealing apparatus was specially designed in our laboratory for the isochronal
annealing studies. The annealing set-up comprised of a furnace with a temperature control unit,
an oil-free mechanical pump, a turbo-molecular pump, vacuum gauge controllers, and turbo pump
controller. The samples were loaded in quartz ampoules and placed under vacuum on the order of
2 × 10−7 torr. Upon reaching the desired temperature, the sample under vacuum was lowered to
the hot zone of a single-zone tubular furnace. The samples were annealed for a duration of ≈30 min.
Before each annealing stage, the top and bottom nickel contact of the Schottky devices were completely
etched-off using concentrated nitric acid (HNO3). After annealing at each temperature, the samples
were cleaned by RCA cleaning procedure and Ni Schottky and Ohmic contacts were deposited for
subsequent I-V, C-V, and DLTS measurements.

Pulse height spectroscopy (PHS) was carried out using a spectrometer comprising of a pre-amplifier
(Cremat, Newton, MA, USA), CR-110 or Amptek (Bedford, MA, USA) A250 CoolFET) whose signals
were fed to an Ortec (Oak Ridge, TN, USA) 572 spectroscopy amplifier. The shaped signals were
digitized and binned to obtain pulse-height spectra using a Canberra (Yvelines, France) Multiport II
multichannel analyzer (MCA) unit, controlled by Genie 2000 (Canberra (Yvelines, France)) interface
software. Pulse-height spectra of 5486 keV alpha particles and 59.6 keV gamma rays were obtained
using a ≈1.0 μCi 241Am (alpha and X-γ ray) radiation source. The source and the detector were placed
inside an electromagnetic interference shielded aluminum box, which was constantly evacuated during
the data acquisition using a vacuum pump, in order to minimize scattering of alpha particles with
air molecules.

The detectors fabricated in our laboratory at UofSC using n-type 4H-SiC epitaxial layers were also
tested and evaluated at Los Alamos National Laboratory (LANL, Los Alamos, NM, USA) for detecting
low energy X-rays and compared to commercial-off-the-self (COTS) SiC UV photodiode detectors.
The measurements were performed at 20-250 V bias voltages using U3C and X8A beam lines [13] at
the National Synchrotron Light Sources (NSLS) at Brookhaven National Laboratory (BNL, New York,
NY, USA). This beam line provides monochromatic photon beams ranging from 50 to 6500 eV with
intensities as high as 1012 photons/second.

3. Results

The following results were obtained using various 4H-SiC epitaxial layer detectors fabricated
at UofSC. The wafers were categorized based on their performance as radiation detectors and are
tabulated below in Table 1.

Table 1. Categorization of 4H-SiC wafers used in this study.

Conductivity Thickness (μm) Quality Designation

Semi-insulating 50 Good SI-M50
n-typen 50 Good n-M50
n-typen 50 Superior n-S50
n-typen 20 Superior n-S20

3.1. Electrical Measurements on SI and n-Type Epitaxial Layers

Figure 2 represents the I-V characteristics for semi-insulating 4H-SiC epitaxial (SI-M50) samples [14].
It can be observed from the graphs that the I-V characteristics are asymmetric with respect to the polarity
of the applied bias. Currents higher than 10 μA at room temperature were observed for positive bias as
low as 20 V on the Ni/SI-SiC surface. As a result, a positive bias will be referred to as the forward bias
henceforth. The asymmetry of the I-V curves are thought to be due to the different potential distribution
at the Ni/SI-SiC and SI-SiC/n+SiC interfaces [14]. It could also be observed from Figure 2 that each
I-V curve at a given temperature in the forward bias region consists of two branches corresponding
to ramping the bias voltage up and down showing a hysteresis. The difference is pronounced for
temperatures below 600 K. Further, the reverse I-V characteristics show step like features. Step 1
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with VS1 ≈ −70V was observed at temperatures above 200 K and step 2 with VS2 ≈ −1V occurred at
temperatures above 350 K. The steps in the I-V characteristics normally correspond to the ultimate
filling of trap centers by injected carriers [15,16]. The voltage Vs at which the step onsets, is given by,

Vs =
qL2

2εSiC
× pt,0 (1)

The concentration of trap centers with activation energy Et, unoccupied by the injected carriers,
(pt,0) is given by Nt

g exp
[Et−F0

kBT

]
. Here, kB is the Boltzmann’s constant, L is the thickness of the epitaxial

layer, q is the electronic charge, εSiC is the permittivity of the material, F0 is the Fermi energy, Nt is the
trap concentration, and g is the degeneracy factor. Using Equation (1) for the step voltages VS1 = −70 V
and VS2 = −1 V, the trap densities for the centers unoccupied by the injection carriers was calculated to
be 2× 1014 cm−3 and 3× 1012 cm−3, respectively. The former trap concentration was assumed to be the
total trap concentration considering traps corresponding to step 1 were emptied at V = 0.

 
Figure 2. Forward (a) and reverse (b) I-V characteristics obtained for SI 4H-SiC sample (SI-M50) with 1
mm diameter Ni contact at various temperatures.

From a similar study on a n-type (n-M50) sample, the variation of barrier height as a function of
temperature was investigated [17]. It was observed that Ni on 4H-SiC epitaxial layer formed a typical
Schottky junction. Unlike the n-SI50 samples, no step like features were noticed in the reverse bias
characteristics of these samples. Using the activation energy method described in [16], the electrically
active area A and the effective Richardson constant A∗∗ was calculated. The expression of a forward
current IF as a function of forward bias voltage VF, in a Schottky junction can be expressed as in
Equation (2).

ln
( IF

T2

)
= ln(AA∗∗) − q(φB −VF)/kBT (2)

where, T is the absolute temperature, q is the electronic charge, and φB is the Schottky barrier height.
Figure 3 shows the plot of IF

T2 as a function of inverse of absolute temperature (1000/T). A linear fit to the
curve gives the the activation energy q(φB −VF) and the product AA∗∗ from the slope and intercepts,
respectively. The studies were conducted in the temperature range 325–500 K with VF = 0.8 V. Using a
geometrical area of 0.08 cm2, the effective Richardson constant was found to be 0.074 Amp/K2.cm2 which
is three orders of magnitude lower than the theoretically predicted value of 146 Amp/K2.cm2. Moreover,
if the theoretical value of A∗∗ is considered then the effective geometrical area of the detector turns out
to be 0.008 cm2 which is an order of magnitude less than the actual geometrical area. The reason behind
obtaining a lower value of A∗∗ is thought to be due to using the geometrical area in the calculations,
instead of the effective electrically active area. It is a well known fact that the measured currents in an
I-V measurement correspond to the currents flowing through the patches with lower surface barrier
height only [18,19].

The effect can be more pronounced in Schottky contacts with large spatial variation of barrier
heights. As a result, the resulting effective area through which any current could flow is lower than the
actual geometric contact area.
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Figure 3. Activation energy plot for a 50 μm n-type 4H-SiC epitaxial layer (n-M50) SBD with 3.2 mm
diameter Ni contact. The solid red line shows the linear fit to the experimental data.

Figure 4 shows the I-V characteristics obtained for a 50 μm n-type Ni/4H-SiC (n-S50) epitaxial layer
detector [20]. Like the n-M50 samples, these samples also showed clearly the formation of Schottky
type junction. Currents as low as 0.2 nA for −100 V was obtained and the Schottky junction was
observed to be conducting for bias voltages below +1.0 V. Hence a positive bias on the Ni/n-4H-SiC
interface constitutes a forward biased Schottky junction. These reverse biased I-V curves, in contrast to
the SI epitaxial layers, did not exhibit any step like regions either, indicating the low concentration of
those trap centers responsible for the step like structures in the SI samples. The diode ideality factor
and Schottky barrier height were calculated from the forward I-V characteristics using a thermionic
emission model [19]. According to the model, the current (I) for an asymmetric junction (Schottky in
this case) is related to the applied bias Va across the junction, in the following manner

ln(I) ∼
(
β

n

)
ln(Va) + ln(Is) (3)

where, Is is the saturation current, n is the diode ideality factor, and β = q/kBT, q being the electronic
charge and T the absolute temperature. The saturation current, according to the model, is given by

Is = A∗∗AT2 exp(−βφB) (4)

where, A∗∗ is the effective Richardson constant (146 Acm−2K−2 for 4H-SiC), A is the area of the diode,
φB is the Schottky barrier potential. Hence, a semi-logarithmic plot of the diode current as a function
of the bias voltage results in a straight line. As can be seen from Equation (3), the slope of the straight
line can be used to calculate the ideality factor and the intercepts give the reverse saturation current.
The diode ideality factor and the barrier height thus calculated were 1.4 and 1.3 eV, respectively. It can
be noted that the barrier height calculated in the above fashion depends on the spatial homogeneity of
the barrier heights. The locations with lower barrier heights will allow more currents compared to the
regions with higher barrier heights [19]. The departure from the theoretical diode ideality factor of
unity suggests that these Schottky contacts do have spatial non-uniformity of surface barrier height.

The SI 4H-SiC layers (SI-M50) showed a very low capacitance of ≈2 pF which hardly varied with
applied bias, confirming its semi-insulating (SI) nature. The n-type epitaxial layers on the other hand
showed high sensitivity of depletion capacitance with any change in the applied reverse bias. Figure 5
shows the variation of junction capacitance (C) as a function of the reverse bias voltage for the n-type
4H-SiC epitaxial (n-S50) samples. A straight line fit to the plot of 1/C2 as a function of reverse bias
voltage gives the built-in potential and the effective doping concentration. The surface barrier height
can also be calculated from the C-V measurements using the equations below.

φB(C-V) = Vbi + Vn (5)
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where Vn is the potential difference between the Fermi level energy and the bottom of the conduction
band in the neutral region of the semiconductor and is given by

Vn = kBTln
NC
ND

(6)

where NC is the effective density of states in the conduction band of 4H-SiC and is taken equal to
1.6× 1019 cm−3 [15]. The effective doping concentration and the built-in potential was calculated to be
1.1× 1015 cm−3 and 1.4 V, respectively. The φB(C-V) was calculated to be 1.47 eV using Equations (5)
and (6) which is slightly higher compared to that calculated from the I-V measurements (1.3 eV).
The difference can be attributed to the difference in the underlying mechanism of the two measurements.
As has been mentioned earlier, the current flow in the I-V measurements is mostly in the low barrier
height regions and hence the barrier height reflects those regions only, whereas the C-V measurements
gives the average value of the barrier height for the entire surface area of the Schottky contact. More
work is needed to further understand the defects in the material and devise preparation approaches
such as surface passivation and edge termination for mitigating these effects [21,22].

 

Figure 4. Forward and reverse I-V characteristics obtained for 50 μm n-type 4H-SiC epitaxial layer
(n-S50) SBD with 3.8 mm diameter Ni contact.

 
Figure 5. Plot of 1/C2 as a function of reverse bias voltage recorded at room temperature for a 50 μm
n-type Ni/4H-SiC (n-S50) SBD. The original C-V plot is shown in the inset.

3.2. Quality Evaluation of Epitaxial Layers

The performance of a device obviously depends on the single crystallinity of the epitaxial layer.
XRD rocking curve measurement gives very accurate information on the orientation of crystallographic
planes. Preferential or defect delineating etching helps in exposing the sites around defects like
dislocations, stacking faults, precipitates, and point defects. The width (FWHM) of the XRD rocking
curve peak is a measure of the crystalline quality. The lower the FWHM, the higher the crystalline
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quality [23]. Molten KOH is well-known for its preferential etching on the SiC surface at defect sites [24].
Quality of the semi-insulating 4H-SiC epitaxial layers, used for detector fabrication in this work, was
assessed using defect delineating chemical etching in molten KOH followed by XRD rocking curve
measurements at the exposed defect sites. For the reflection geometry used in our studies, FWHM of
the rocking curve can be calculated [24,25] using the following equation

FWHM =
2reλ2

πV sin 2θB

1√
γ
|C|
√

FhklFh k l (7)

where re is the classical electron radius, λ is the X-ray wavelength, V is the volume of the unit cell,
θB is the Bragg angle, γ = cos(ψh)/ cos(ψ0) is the asymmetric ratio, where ψh and ψ0 are the angles
between the normal to the crystal surface directed inside the crystal and the reflected and incident
directions of X-ray waves, respectively, C is the polarization factor (C = 1 for σ polarization and
C = cos 2θB for π polarization), and Fhkl is the structure factor with the modulus for (000l) reflection in
4H-SiC (back-reflection geometry) given by equation below [24].

|F000l| = 4
√

f 2
Si + f 2

C + 2 fSi fC cos(3πl/8) (8)

where fC and fSi are the atomic scattering factors of C and Si atoms, respectively. The scattering factors
were calculated using the nine-parameter equation given below [25–27].

f = c +
4∑

i=1

ai exp
[
−bi sin2(θ/λ)

]
(9)

where ai, bi, and c are the atom-specific Cromer–Mann coefficients, which can be found in [26–28]. The
FWHM of the (0008) plane reflection was calculated using Equations (7)–(9) and was found to be less
than 2.7 arc sec. Figure 6 shows the experimentally obtained rocking curve for (0008) reflection for a
semi-insulating 50 μm thick 4H-SiC epitaxial layer [17]. The FWHM of the rocking curve peak was
found to be ≈3.6 arc sec, revealing high quality of our epitaxial layer. Structural defect densities were
also estimated using a Nomarski microscope. An etch pit density (EPD) of threading screw dislocations
(TSDs) was found to be ≈1.7×103 cm−2. The concentration of the threading edge dislocations (TEDs)
was calculated to be ≈1 × 104 cm−2 and basal plane dislocation (BPD) density was found to be ≈70 cm−2.

Figure 6. Rocking curve ((0008) reflection) of the 4H-SiC semi-insulating epitaxial layer (SI-M50) used
for detector fabrication.

3.3. Radiation Detection Measurements

Most of the following radiation detection measurements were undertaken in the spectrometer
configuration shown in Figure 7. The details of the components are described in Section 2.
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Figure 7. Schematic of the radiation detection set-up.

3.3.1. Electron-Hole Pair Creation Energy Measurements

Electron-hole pair (ehp) creation energy, henceforth designated by ε, determines the energy
resolution of a radiation detector as the energy resolution is directly linked to the number of electron-hole
pairs created for a single incoming radiation event. The higher the number of ehp, the higher the
resolution. A method of iterative determination of the ε value which involves an absolute calibration
using a precision pulser to match the alpha peak energy (5486 keV) observed using a high-resolution
4H-SiC n-type epitaxial Schottky detector has been reported in our earlier publication [29]. The alpha
particle spectrometer was calibrated electronically by injecting a pulser signal of known pulse height,
Vpulser (mV), from a precision pulser through a calibrated feed-through capacitor Ctest, to the preamplifier
input. The peak position of the shaped pulses was recorded in a multi-channel analyzer for a set
of known pulse-height inputs. The SiC equivalent of the MCA peak positions, Epulser in keV were
calculated using the equation given below:

Epulser =
Vpulser × ε×Ctest

q
(10)

where q is the electronic charge. A linear regression of the SiC equivalent peak position as a function of
MCA channel number was used to calculate the calibration parameters. The detectors used for this
study were fabricated on a 20 μm n-type 4H-SiC epilayer. The ε value we obtained using the given
procedure was 7.28 eV. The value thus calculated differs from the widely accepted value of 7.7 eV as
reported earlier [30]. Rogalla et al. calculated an ε value of 8.4 eV for alpha particles in semi-insulating
4H-SiC [31]. An ε value of 8.6 eV for alpha particles in epitaxial n-type 4H-SiC were reported by
Lebedev et al. [32]. Ivanov et al. [33] have reported ε = 7.71 eV for alpha particles in epitaxial n-type
4H-SiC. An ε value of 7.8 eV has been reported by Bertuccio and Casiraghi for 59.5 keV gamma rays [34].

3.3.2. Minority Carrier Diffusion Length Measurements

Minority carrier diffusion length is the average distance a minority carrier traverses before it
recombines. Higher minority carrier diffusion length obviously enhances the detection properties
by reducing the effect of ballistic deficit [35]. The minority carrier diffusion length can be indirectly
calculated by observing the variation of charge collection efficiency of detectors for ionizing radiations
like alpha particles with reverse bias voltage. Charge collection efficiency (CCE) is defined as the ratio
of charge collected by the collecting electrode at a particular bias to the maximum collected charge,
assuming all the charge carriers have been received by the collecting electrode. The collected charge
is generally calculated by integrating the current signal received at the input of a charge-sensitive
pre-amplifier. Alternatively, the CCE can also be calculated from alpha spectroscopic measurements.
The MCA peak position Ep due to a monoenergetic alpha source can be predicted in a properly calibrated
alpha spectrometer, assuming that all the charge carriers created by that particular energy have been
received by the collecting electrode. The CCE can then be determined for any MCA peak at Eα by
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calculating the ratio Eα/Ep. Figure 8 shows the variation of observed charge collection efficiency
(CCEobs) of a n-type Ni/4H-SiC SBD as a function of reverse operating bias voltage [36,37]. By noting that
the movement of the charge carriers in rectifying junctions can be due to diffusion as well as drifting,
the contribution of each mechanism to CCE can be calculated using a proper model. The contribution
of the drift CCEdepletion and diffusion CCEdi f f usion related charge collection to the CCEobs was calculated
using a drift-diffusion model [38] summarized below in Equation (11).

CCEtheory =
1

Ep

∫ d

0

(
dE
dx

)
dx +

1
Ep

∫ xr

d

[(
dE
dx

)
× exp

{
− (x− d)

Ld

}]
dx (11)

= CCEdepletion + CCEdi f f usion

where d is the depletion width at the particular bias, dE
dx is the electronic stopping power of the alpha

particles calculated using SRIM [39], xr is the projected range of the alpha particles with energy Ep. We
fitted the CCEtheory values to the CCEobs values considering Ld, the minority carrier diffusion length,
as a free parameter. The Ld value corresponding to the best fit was returned as the average minority
carrier diffusion length. For the present SBD, the average value of Ld was found to be ≈18.6 μm.
From Figure 8 it was also observed that the CCEdi f f usion values dominate considerably over that of
CCEdepletion up to a reverse bias of −30 V. At even higher bias voltages the depletion width becomes
equal or more than the projected range of alpha particles (≈18 μm in SiC for 5486 keV alpha particle)
and hence charge collection was mainly due to the drifting of charge carriers within the depletion
width. Hence, above bias voltage of −70 V, the CCEdepletion matched the CCEobs values.

Figure 8. Variation of CCEobs and CCEtheory with reverse bias voltage for an n-type Ni/4H-SiC (n-S20)
SBD. The contributions of CCEdepletion and CCEdi f f usion to the total CCEobs are also plotted. The solid
line shows the variation of depletion width with bias.

3.3.3. Alpha Particle Pulse-Height Spectroscopy (PHS)

The n-type 4H-SiC epitaxial layer detectors were put to test as an alpha particle detector for
precise energy measurements. A 241Am alpha particle source was used as the test source. Figure 9
shows a typical pulse-height spectrum obtained from a n-type 4H-SiC SBD [40]. As is evident from
the Figure 9, the detector clearly resolved the three primary alpha particles emitted by a 241Am alpha
source. The percentage energy resolution (in terms of full width at half maxima or FWHM) for the
5486 keV line was calculated to be 0.29% with a ≈100% charge collection efficiency. The observed
alpha energy resolution is so far the best-reported value to date in the literature. At this point, it is
also worth discussing the evolution of 4H-SiC epitaxial layers as alpha particle detectors. The idea to
use 4H-SiC was pioneered by Babcock and Chang [1]. Ruddy et al. [41] reported a percentage energy
resolution of 5.8% and 6.6% for a deposited energy of 294 and 260 keV alpha particles, respectively.
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It can be noted that the authors used a collimated 238Pu source and circular diode contacts of 200
and 400 μm. Later on, Ruddy et al. also reported [42] an energy resolution of 5.7% for a deposited
energy of 89.5 keV alpha particles from a 100 μm collimated 148Gd source in similar detectors with
comparatively larger Schottky contact diameter of 2.5, 3.5, 4.5, 6.0, and 10 mm thick 4H-SiC epitaxial
layers. In another work [8], Ruddy et al. reported an energy resolution close to 46 keV (≈0.8%) for
alpha particles from a 238Pu source and 41.5 keV (≈1.3%) for alpha particles from a 148Gd source for
devices with an aluminum guard ring. Ivanov et al. [43] reported an energy resolution of 20 keV
(≈0.4%) in the energy range 5.4–5.5 MeV. In yet another work, Ruddy et al. [44] reported an energy
resolution of 20.6 keV (≈0.4%) for 238Pu alpha particles. In our earlier work [20] we reported an energy
resolution of 2.7% for 5486 keV alpha particles in 50 μm thick n-type Ni/4H-SiC detectors. The energy
resolution mentioned in the above works were found to be primarily dependent on the defect type
and concentrations within the 4H-SiC epilayers. The nature of defects, which controls the detector
properties, will be described in detail in a later section.

Figure 9. A pulse-height spectrum obtained for a 20 μm n-type 4H-SiC (n-S20) SBD and 241Am alpha source.

3.3.4. Low Energy Gamma Spectroscopy

Absolute measurement of photo-responsivity and probing of physical construction of photonic
sensors can be very effectively done using synchrotron light sources. N-type 4H-SiC epitaxial layer
detectors fabricated at UofSC were studied at NSLS at BNL for detection of low energy X-rays.
The results were compared to a commercial off-the-shelf (COTS) SiC UV photodiode by IFW optronics
GmbH (Jena, Germany), model JEC4 which was known to be the best commercially available for
such applications [45]. An X-ray spectrometer for such a low energy spectral range is not available
commercially. Figure 10 shows the responsivity of one of our detectors and a IFW JEC4 SiC UV
photodiode to soft X-ray energy ranges biased at 250 and 120 V, respectively [17]. The following results
were derived using a statistical analysis of these data based on energy-dependent X-ray attenuation
lengths [46].

 

Figure 10. Measured responsivity of a 4H-SiC n-type epitaxial device biased to 250 V and an IFW JEC4
photodiode biased to 120 V.
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Responsivity measurements were carried out using the U3C [45] and X8A [46] lines by recording
successive measures of photocurrent in response to a high flux, mono-energetic beam of photons in a
well-calibrated silicon sensor (with known responsivity) and in the sensor of interest (Figure 11a). Dead
layers and a limited active volume thickness led to responsivity that varies greatly with photon energy.
Further, edges were also apparent in the responsivity curve, arising from discrete atomic transitions.
Edges associated with silicon and carbon is clearly observed in the data, providing a quantitative
measure of the composition and dimension of the active and dead layers [46]. The general feature of a
steep decrease starting at 2–3 keV provides information on active layer thicknesses, which is deduced
to be 21 μm in our detector compared to roughly 6 μm for the JEC4 diode [47]. Due to the higher active
layer thickness our sensor chip showed significant improvement of responsivity in the few keV range
compared to COTS SiC UV photodiode. Our detector has shown much higher response in the low
energy part of the spectra as well, which could be attributed to a much thinner dead/blocking layer,
deduced from the responsivity curve to result solely from the 10 nm thick nickel layer (which leads to
the pronounced edge at 70 eV). In comparison, the JEC4 diode has been found to include a significant
oxidation and inactive SiC layer on the order of 100 nm each, which limits responsivity at low photon
energies [47]. It should be noted that the JEC4 diode is intended for UV detection, for which it is well
suited. The significant dead layers are likely due to passivation, which may be preferred over reducing
the thickness of dead layers on the active face of the sensor.

 
(a) 

 
(b) 

Figure 11. (a) Responsivity of the detectors on 4H-SiC n-type epitaxial layer at two different locations
and (b) surface scan profiles along line L obtained to assess the detector’s uniformity.

Our detectors also exhibited very good spatial uniformity in measured responsivity. Figure 11b
shows responsivity at two different locations and line scan profiles for two different X-ray energies.
Note that the decrease of the detector’s current at about 0 mm (Figure 11b) is due to the crossing of the
location of wire bonding and not due to the detector’s imperfection. The SiC detectors were connected
to low noise front end electronics developed in-house for pulse-height spectroscopy (PHS). Pulse height
spectra measurements showed high resolution of our 4H-SiC detectors in detecting 59.6 keV gamma
rays from 241Am. Figure 12 shows a pulse height spectrum recorded using an 241Am radiation source
with the detector biased at 250 V, with an FWHM of 1.2 keV (2.1%) at 59.5 keV, which is comparable to
the resolution achieved using high quality CdZnTe detectors [48,49].

3.4. Electronic Noise Measurements

The energy resolution of nuclear energy spectrometers is dependent on the noise of the detector
and associated electronic modules in the spectrometer and the pre-amplifier in particular. Noise is
defined as any statistical fluctuation in currents measured in the detector or associated electronics
which constitute a signal. The most appropriate way to monitor the noise is to capture the pulses
from a standard pulser along with the pulses produced by a detector due to the incoming radiation.
The pulse-height spectrum then reveals a peak due to the pulser with the actual radiation peaks.
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The width (FWHM) of the pulser peak then gives the idea of the overall noise of the spectrometer
(FWHMtotal).

Figure 12. 241Am spectrum of a 4H-SiC detector (8.0 mm2) at 300 K, 250 V bias, and 4 μs shaping time.

Figure 13 shows the results of a typical noise monitoring measurement [36,37]. The energy
resolution of the detector could be seen to improve with increase in bias voltage up to 100 V reverse bias
because of the increase in depletion width (active volume of the detector) and lowering in capacitance.
The energy resolution beyond 100 V was seen to deteriorate with increase in bias. The increase in
leakage current was ruled out as an explanation as it could be seen from the figure that the pulser noise
did not increase at all. A possible reason behind the deterioration of the resolution is incorporation of
the threading dislocation as the depletion width approaches towards the epilayer–substrate interface
with the increase in reverse bias. The epilayer–substrate interfacial region is prone to have a larger
threading type dislocation concentration, which propagates from the substrate to the epilayer [36].

 

Figure 13. Variation of 5.48 MeV alpha peak FWHM, pulser peak FWHM, and alpha peak percentage
resolution as a function of detector bias voltage.

For a superior quality n-S20 detector, the FWHMtotal was found to be 19.8 keV for 5486 keV alpha
particles. The contribution from the noise from the front-end electronics (FWHMelec), and the detector
leakage current (FWHMleakage), can be found from the width of the MCA pulser peak recorded with
the detector plugged in and biased. The collective broadening due to FWHMelec and FWHMleakage for
this detector was found to be 15.9 keV. The other contributions to the FWHMtotal are from the statistical
fluctuation in the number of ehps produced by ionizing radiation FWHMstat, and broadening due to
variation of energy due to the entrance window, the angle of incidence, self-absorption in the source,
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etc. (FWHMother). All these factors along with the intrinsic detector resolution FWHMdet are related to
the ultimate peak broadening through the relation given in Equation (12). FWHMstat and FWHMother
were calculated in this detector and found to be 5.3 and 0.44 keV, respectively [29]. The intrinsic
detector resolution was calculated from Equation (12) and found to be 10.5 keV.

FWHMtotal
2 = FWHMdet

2 + FWHMleakage
2 + FWHMstat

2 + FWHMelec
2 + FWHMother

2 (12)

The electronic noise has various sources such as detector leakage current and capacitance, and
input FET (field effect transistor in the pre-amplifier) noise. The contribution of the different sources to
the signal-to-noise ratio is dependent on the filtering or shaping operation and in particular the shaping
time (except the FET noise). A clear understanding of the electronic noise is thus very essential to
proper tuning of the spectrometer and a pioneering work in this area has been conducted by Bertuccio
and Pullia [50]. The electronic noise was expressed in terms of equivalent noise charge (ENC) and
plotted as a function of the shaping time τ of the shaping amplifier. The plots were then fitted to
Equation (13) below using a least square estimation method.

ENC2 =
(
aC2

totA1
)1
τ
+

[(
2πa f C2

tot +
b f

2π

)
A2

]
+ (bA3)τ (13)

where Ctot is the total input capacitance, A1, A2, and A3 are constants depending on the shaping
network response, a is the coefficient of white series noise contribution due to the thermal noise of
the FET channel, a f is the coefficient of the FET 1/ f noise, b f is the dielectric noise coefficient, and b
is the coefficient related to the sum of the white parallel noise due to the shot noise and the detector
leakage current.

Figure 14a,b shows the variation of ENC with shaping time without and with the detector (20 μm
n-type Ni/4H-SiC (n-S20) SBD) connected [37]. The contributions from the three different terms were
plotted separately. The minimum noise without the detector was observed to correspond to a shaping
time value between 1 and 2 μs. The same shifted to a higher range of shaping time (between 3 and
6 μs) when the detector was plugged in. It can also be seen that the white parallel noise increased
almost by a factor of five after connecting the detector and the pink noise marginally increased for
any given τ after connecting the detector. In contrast, the white series noise increased by an order of
magnitude when the detector was connected. The increase in white parallel noise can be attributed to
the increase in the leakage current (from the detector) and the increase in white series and parallel
noise is supposedly due to the increase in input capacitance when the detector is plugged in.

 
Figure 14. Variation of equivalent noise charge as a function of shaping time constant (a) without the
detector connected, (b) with the detector connected.

3.5. Defect Level Characterization

3.5.1. Morphological Defect Study using Electron Beam Induced Current (EBIC) Studies

The SI (SI-M50) and n-type 4H-SiC (n-M50) epitaxial layer samples have been studied for the
presence of morphological defects [51]. Figure 15 shows the morphological defects that were observed in
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the n-type epitaxial layer samples followed by KOH etching, optical microscopy, and EBIC studies [52].
While the n-type epitaxial layers showed features like comet tails, pits, hillocks, triangular defects,
and step bunching, the SI epitaxial layers showed the presence of carrot defects only. The hillocks
were proposed to originate from foreign impurities and silicon precipitates. Silicon can also have
pits if it evaporates during the epitaxial growth. Triangular defects indicate the inclusion of 3C-SiC
and Shockley-type stacking faults nucleating on micropipes and elementary threading screw and
edge dislocation [53]. The presence of these defects is believed to increase the leakage current upon
application of high electrical fields to the devices [54]. Pits and step bunching types of morphological
defects are not believed to influence the leakage current but can interfere with proper functioning
of the Schottky contacts in case the epilayer surface is not smooth enough due to their presence [54].
Figure 16 shows an EBIC image of an n-type 4H-SiC epitaxial layer. The typical signatures of threading
dislocation type defects could be seen as black spots [55,56]. The EBIC features were mapped on to
the morphological defect images and it was correlated that the dark spots are the signatures of the
comet tail morphological defects in the n-type epitaxial layers. The superior samples did not show any
presence of morphological defects.

 

Figure 15. Microscopic image of the morphological defects revealed after KOH etching in n-type
4H-SiC samples.

 

Figure 16. Electron beam induced current spectroscopy (EBIC) image of a n-type 4H-SiC epitaxial layer.

3.5.2. Thermally Stimulated Current (TSC) Measurements

Thermally stimulated current measurement is yet another sensitive technique to study defects in
semi-insulating (SI) as well as conducting samples. Figure 17 shows TSC spectra obtained from an
n-type 4H-SiC epitaxial layer reverse biased at two different voltages, 4 and 12 V [56]. The spectra were
acquired with a heating rate of 15 K/min. Four discernable peaks were observed in both the TSC spectra
and were numbered 1 to 4. Peak#1 has the most prominent presence with maximum temperature
Tm = 109 K and an activation energy ≈0.25 eV as estimated from the Arrhenius plot (not shown). This
peak can be associated with shallow acceptor-like levels situated at 0.25 eV from the valence band edge
and may be related to Al- and/or B-impurities as well as to their complexes with intrinsic defects [56].
It can be noticed that the intensity of the peak#1 showed voltage dependence, which implies that the
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deep level centers are distributed over a thickness of 4 μm in the epilayer as 4 μm is the depletion
width achieved at 12 V. The concentration of the associated defects was estimated to be ≈7 × 1013 cm−3,
assuming uniform distribution of deep level centers in the depletion region. Equation (14) was used to
calculate the trap concentrations, NT:

NT =
Q
A

√
2Nd

qεSiCε0(Vbi + Va)
(14)

where, Q is the total charge emitted by the given trap which in turn is determined by the area under the
corresponding peak, A is the contact area, Nd is the effective doping concentration, Vbi is the built-in
potential, Va is the applied bias voltage, q is the electronic charge, εSiC is the dielectric permittivity of
SiC, and ε0 is the dielectric permittivity of vacuum.

 
Figure 17. Thermally stimulated current (TSC) spectra obtained using an n-type 4H-SiC (n-M50)
epitaxial layer at two different reverse bias voltages: (a) 12 V and (b) 4 V.

It can be noted here that being a shallow defect level, the trap center corresponding to peak #1
is not expected to cause significant trapping/polarization even though its concentration is relatively
high. The intensity of peak#2 was also observed to increase with reverse bias voltage. However, it
depended on other conditions such as pumping time. Overnight pumping, since the exposure of the
TSC chamber and the sample to air, resulted in decrease of the intensity of peak#2 by a factor of two to
three. This suggests that peak#2 could have contributions from levels/dipoles produced by adsorption
of residues in the vacuum chamber (such as water) onto the surface of the sample. Additionally, peak#2
was always distorted by the negative spike, the origin of which could not be explained. The intensities
of peaks #3 and #4 do not show voltage dependence of the peak intensities as can be observed when
zoomed-in (inset in Figure 17). This is an indicative of the fact that the traps associated with peaks #3
and #4 are located mostly near the metal-semiconductor interface and not in the interior of the epitaxial
layer. The activation energies for peaks #3 and #4 could not be determined as the TSC signals were too
weak. However, the traps corresponding to peaks #3 and #4 could be identified using their maximum
temperatures and previously reported data in similar samples [12,14,56]. The peak#3 (Tm ≈226 K) can
be assigned to D-center, a boron (B) related defect, boron at C-site (BC) or boron at Si site (BSi), and
carbon vacancy VC [57], whereas peak#4 can be assigned to intrinsic defects such as IL2 center [58,59].

Figure 18 shows TSC spectra obtained for a semi-insulating 4H-SiC epitaxial layer (SI-M50) sample
at 0 V applied bias (higher bias resulted in large leakage currents for these samples) [14]. The thermally
stimulated current at 0 V is due to a thermoelectric effect caused by small temperature gradient between
the front and the back surface of the samples [60]. Five peaks of either polarity were observed and
named as A–E. The positive peaks represent hole traps and the negative peaks represent electron traps
as the polarity of the thermoelectric effect current is sensitive to the type of carrier. The Arrhenius
plots of the designated traps, except for E, are shown in Figure 19. The trap parameters, calculated
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from the Arrhenius plots, and their identity are tabulated in Table 2. Due to high stray currents at high
temperatures, peak E could not be used for Arrhenius plots.

 
Figure 18. TSC spectra obtained using a SI 4H-SiC (SI-M50) epitaxial layer for three different heating rates.

 

Figure 19. Arrhenius plots obtained from TSC spectra of a SI 4H-SiC (SI-M50) epitaxial layer at 0V
bias. voltage.

Table 2. Defect parameters acquired from TSC spectroscopy for a SI Ni/4H-SiC sample.

Peak # Tm (K)
Activation Energy

(eV)
Capture Cross-Section

(cm2)
Possible

Trap Identity

A 105–112 0.19 ≈10−18 Al, B, L-center [59,61]
B 128–137 ≈0.2 -
C 236–247 0.57 ≈2 × 10−16 Z1/2 [59,61,62]
D 280–290 0.82–0.87 ≈10−13 IL1 [58]
E ≈525 - - Intrinsic defects

3.5.3. Deep Level Transient Spectroscopy (DLTS) Measurements

Deep level capacitance transient spectroscopy is a very sensitive technique to study deep level
defects in semiconducting Schottky or p-n junction devices. Figure 20 shows a DLTS spectra obtained
for a 50 μm thick n-type Ni/4H-SiC (n-S50) epitaxial Schottky barrier detector in the temperature range
85–790 K [63]. Six well-resolved peaks were observed. All the peaks, except the deepest one (peak#6),
were identified using the existing literature. The Arrhenius plots are shown in Figure 21 and the
extracted trap parameters are tabulated in Table 3.
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Figure 20. A typical deep level transient spectroscopy (DLTS) spectra obtained using the 50 μm n-type
Ni/4H-SiC (n-S50) epitaxial Schottky barrier detector in a temperature range of (a) 80–140 K and (b)
80–800 K.

 
Figure 21. Arrhenius plots obtained for peaks #1–#6 corresponding to the DLTS spectra shown in
Figure 20.

Table 3. Defect parameters acquired from DLTS spectroscopy for a 50 μm n-type Ni/4H-SiC (n-S50)
epitaxial Schottky barrier detector.

Peak #
Capture Cross-Section

(cm2)
Activation Energy

(eV)
Trap Concentration

(cm−3)

Possible
Trap Identity

1 4.13 × 10−15 Ec – 0.13 1.3 × 1013 Ti(h) [62,64–67]
2 2.50 × 10−15 Ec – 0.17 3.6 × 1013 Ti(c) [62,64–67]
3 3.36 × 10−15 Ec – 0.67 1.7 × 1013 Z1/2 [66–69]
4 3.73 × 10−15 Ec – 1.04 2.1 × 1013 EH5 [70–73]
5 3.22 × 10−17 Ec – 1.30 7.9 × 1012 Ci1 [71]
6 1.53 × 10−11 Ec – 2.40 5.6 × 1012 Unidentified

Figure 22 shows DLTS spectra obtained from a 20 μm Ni/4H-SiC epitaxial (n-S20) SBD using a −2
to 0 V pulse with a pulse width of 1 ms on the temperature range 84 to 750 K. Figure 22a was recorded
using correlator delays of 100, 50, 20, and 10 ms and Figure 22b was recorded using 0.2, 0.1, 0.05, and
0.02 ms for a shorter temperature range. The initial spectra showed four peaks; however, after gaussian
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deconvolution a fifth peak labeled peak #4 was observed between peaks #3 and #5. The most dominant
peak is clearly peak #2.

(a) (b) 

Figure 22. DLTS spectra of the detector obtained using the highest (a) and lowest (b) sets of initial
delays over the temperature range of 84–750 K.

From the Arrhenius plot (not shown), the activation energy and capture cross-section of each peak
were obtained. The associated defect parameters are tabulated in Table 4.

Table 4. Defect parameters acquired from the DLTS spectra for a 20 μm n-type Ni/4H-SiC epitaxial
(n-S20) Schottky barrier detector.

Peak #
Capture Cross-Section

(cm2)
Activation Energy

(eV)
Trap Concentration

(cm−3)

Possible
Trap Identity

Peak #1 1.742 × 10−14 Ec − 0.170 2.05 × 1012 Ti(c)
Peak #2 3.970 × 10−15 Ec − 0.647 2.67 × 1012 Z1/2
Peak #3 1.721 × 10−14 Ec − 1.385 4.89 × 1011 Ci1
Peak #4 1.055 × 10−15 Ec − 1.316 6.39 × 1011 EH6
Peak #5 2.672 × 10−15 Ec − 1.537 1.21 × 1012 EH7

Peak #1 is well established to correlate with the transition of substitutional titanium (Ti) in the
cubic lattice site, Ti(c), from the +3 charge state to +2 [64] and is well known to appear in SiC as a side
effect of the growth process [61,64,66]. The upward bending of the left side tail of the peak for the lowest
two correlators suggest the presence of the Ti(h) defect at approximately Ec – 0.12 eV; however, its peak
was not observed in the temperature range used. Peak #2 is the Z1/2 center which appears in all 4H-SiC
samples and has been strongly correlated to carbon vacancies as established by several annealing
studies using DLTS and EPR [74–76]. Theoretical calculations and EPR measurements suggest that the
identity of the three levels could be the (−2/0) transition of the cubic and (−1/0) transition of both the
cubic and hexagonal site carbon vacancies [72,73,76,77]. Peak #3 is identified as Ci1 which is suspected
to originate from chlorine impurities introduced during the growth process to compensate for silicon
droplet formation [61,71]. Peaks #4 and #5 were labeled as EH6 and EH7 and are commonly grouped
together as the single peak EH6/7 due to their close proximity [14,51,52,56,66,75,78–81]. Its concentration
has a one to one correlation with Z1/2 suggesting its relation to the carbon vacancy. Further EPR
measurements suggest that EH6 is the +1 donor state and EH7 is the +2 state [77] and this is supported
by theoretical calculations as well [72,73,79]. In contrast to the n-S50 samples, the n-S20 sample did not
show the presence of Ti(h), EH5, and the unidentified defect situated at 2.4 eV below the conduction
band edge. However, n-S20 samples did show the presence of EH6 and EH7 defect levels which were
not encountered in the n-S50 samples.
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3.5.4. Isochronal Annealing Studies

To study the defect dynamics, i.e., transformation or disappearance of defects because of atomic
motion under the influence of temperature, isochronal annealing experiments were carried out on 50 μm
n-type Ni/4H-SiC (n-S50) SBDs [82]. As mentioned earlier in Section 2, the samples were annealed at a
particular temperature for 30 min followed by DLTS measurements. The annealing treatments were
carried out in the temperature range 100–800 ◦C. Figure 23 summarizes the DLTS results obtained after
each annealing stage. For the sake of simplicity, the defect levels with activation energy above room
temperature are shown in the figure. As is evident from the DLTS spectra, all the deep level defects
were very much stable up to an annealing temperature of 800 ◦C. The lesser apparent defects as have
been observed previously [82] are also summarized as follows. The capture cross-sections of the trap
centers Ti(c), Z1/2, and EH5 were reduced by an order of magnitude when the samples were annealed
at a temperature of 400 ◦C. The respective defect densities were observed to follow a similar trend
throughout the isochronal annealing studies.

Figure 23. DLTS spectra obtained in a temperature range 250–750 K: (a) as-fabricated and annealed at
100 and 200 ◦C; and (b) annealed at 400, 600, and 800 ◦C.

3.5.5. Correlation of Detector Performance with Deep Level Defects

Deep level capacitance transient spectroscopy was carried out in three n-S20 type samples.
The detector performance was also studied for alpha radiation. Figure 24 shows DLTS spectra in the
capacitance mode for these three samples named as AS1, AS2, and AS3. Figure 25 shows the alpha
pulse-height spectra for the same detectors. The energy resolution of the detectors could be seen to
vary although they were fabricated in one batch under a similar condition. The detector AS1 showed
the best resolution (0.29%), followed by AS2 (0.38%) and AS3 (0.96%) for 5486 keV alpha particles.
From the DLTS spectra it is evident that the best detector AS1 almost did not show Peak#1 which is
associated with the Z1/2 defect. The trap concentration related to the other peaks were also orders of
magnitude lower (except for Peak#3 which could not be properly identified) when compared to that in
AS2 and AS3 [40]. Between AS2 and AS3, AS2 exhibited better detector performance which is also
corroborated by the fact that the capture cross-sections of the Z1/2, Ci1(Peak#3), and EH6/7 (Peak#4)
defects were at least one order of magnitude lower compared to the detector AS3. The presence of the
Ci1 defect did not seem to interfere with the detector performance as the detector AS2 has much larger
concentration and cross-section of the Ci1 defect compared to the other two samples. On the other
hand, Z1/2, which was identified as carbon vacancies and situated at 0.6 eV below the conduction band
edge, evidently deteriorates the performance of detectors.
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Figure 24. Capacitance-DLTS spectra obtained in the temperature range 250–750 K for (a) AS2, (b) AS1,
and (c) AS3. The detectors were fabricated on n-S20 type epitaxial layers.

 

Figure 25. Pulse height spectra obtained using a 241Am point alpha source for detectors (a) AS1, (b)
AS2, and (c) AS3.

Hence, although the detectors were fabricated from superior quality wafers taken from the same
parent wafer and batch processed under exactly similar conditions, it can be seen that their performance
as radiation detectors varied significantly. The relative difference in performance was seen to be related
with the presence of defects suggesting inhomogeneous distribution of such defects in the parent wafer.

4. Discussion

I-V measurements on the SI epitaxial layers showed the formation of contacts with asymmetric
behavior with respect to the polarity of the applied bias. These samples also showed the influence of
trapping centers on the I-V patterns in the forms of steps. The n-type samples on the other hand formed
very effective Schottky contacts and did not show any influence of trapping centers on the I-V curves
obtained at room temperature. The typical barrier height of such Schottky contacts were found to be of
the order of 1.3 eV with diode ideality factors mostly greater than 1 indicating spatial non-uniformity of
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barrier height. Temperature dependent I-V characteristic measurements also revealed that the effective
area through which actual current flow takes place on the Ni/4H-SiC interface is at least an order of
magnitude less than the actual geometric contact area.

The semi-insulating samples showed a very little capacitance (≤2 pF) and hardly showed any
variation with bias voltages. The n-type epitaxial layer samples as a Schottky diode, showed a
comparatively high capacitance value of typically 800 pF at 0 V reverse bias. The effective doping
concentration was calculated to be of the order of 1× 1015 cm−3, from the C-V measurements. The typical
built-in potential was calculated to be 1.4 V. Surface barrier heights were also calculated from the C-V
measurements and were found to be in the order of 1.47 eV which is slightly higher compared to that
obtained from the I-V measurements. The reason behind this again is related to the spatial variation of
barrier height which influences the I-V measurements. C-V measurements on the other hand give the
average value of barrier height calculated from the capacitance involving the entire contact area.

The quality of the SI epitaxial layers was evaluated using preferential etching and XRD rocking
curve measurement techniques. The studies revealed the high quality of the epitaxial layers which
showed the width of the rocking curve peak to be as low as 3.6 arc sec corresponding to the (0008)
plane reflection. Theoretical calculations predicted the width of the rocking curve peak for a similar
plane to be 2.7 arc sec. However, the presence of structural defects like threading screw dislocations
(TSDs), threading edge dislocations (TEDs), and basal plane dislocations (BPDs) were confirmed using
KOH etching and optical spectroscopy.

The electrical measurements revealed that the n-type epitaxial layers, owing to their capability of
formation of Schottky diodes and less defect interference, are more suitable for detector fabrication.
Hence, detectors were fabricated on n-type epitaxial layers and tested for their performance. For the
radiation detection measurements mostly 20 and 50 μm superior quality n-type Ni/4H-SiC epitaxial
layer SBD were used. For the calibration of our nuclear spectrometer an estimation of the electron
hole-pair creation energy (EHP) was done using a method of absolute calibration. A value of ≈7.3 eV
electron hole-pair creation energy was calculated and used for the subsequent measurements. Using
alpha particle spectrometry, the charge collection efficiency was determined for these detectors for
different applied bias voltages using which the minority (hole) carrier diffusion length in these epitaxial
layers was found to be ≈18.6 μm.

These detectors readily detected alpha particles with high efficiency even without any applied
bias. Under optimized biasing and shaping conditions, an extremely high energy-resolution of ≈0.29%
was achieved for 5486 keV alpha particles, without using a collimated source. Careful electronic noise
analysis showed that the intrinsic detector resolution to be 10.5 keV for 5486 keV alpha particles. It was
also revealed from the noise analysis that the white series noise of the spectrometer increased when the
detector was plugged in and the optimized shaping time was found to shift towards 6 μs compared
to 2 μs when the detector was not plugged in. These detectors also showed a very high sensitivity
towards X-rays and low energy gamma rays. They also exhibited high spatial uniformity of X-ray
responsivity. Pulse height spectrum revealed an energy resolution of 2.1% for 59.5 keV peak from a
241Am source which is comparable to that normally obtained from CdZnTe (CZT) detectors.

The subsequent studies followed on investigating the defects that control the ultimate performance
of these devices. The 4H-SiC semi-insulating and good quality n-type epitaxial layers were studied
using KOH etching and optical microscopy. The n-type samples showed features like comet tails,
pits, hillocks, triangular defects, and step bunching, and the SI epitaxial layers showed the presence
of carrot defects only. Correlation with EBIC studies on the n-type samples showed the influence of
comet tail morphological defects on the current flow through the epilayers. The superior quality n-type
epitaxial layers did not show the presence of etch-pits. Other sensitive techniques like TSC and DLTS
measurements verified the presence of defects like Ti(h), Ti(c), Z1/2, EH5, Ci1, IL1, EH6, and EH7, with
a few unidentified ones. Of all the defects, Z1/2 defects, which are identified as carbon vacancies and
located at 0.67 eV below the conduction band edge, were seen to directly affect the detector properties
most. The best detector that was tested was found to have a nominal concentration of Z1/2 defects
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compared to the rest of the detectors. Isochronal annealing studies showed that all the visible defect
levels remained quite stable up to an annealing temperature of 800 ◦C and duration of 30 min.

5. Conclusions

The advent of 4H-SiC epitaxial layers and SI 4H-SiC single crystals as radiation detector materials
were thoroughly studied and results were presented in terms of investigations done in our laboratories
at UofSC. Our studies revealed the essential factors which regulate the performance of 4H-SiC epitaxial
layer based Schottky barrier detectors. We found that the key to the performance of these devices are
thin nickel contacts deposited on RCA cleaned surface which resulted in high surface barrier heights.
We also observed that different sister samples obtained from the same parent wafer behave differently
when compared in terms of barrier heights, ideality factors, and alpha detection resolution. It was
also established that the ultimate performance of these detectors was primarily controlled by the type,
concentration, and capture cross-section of the intrinsic point defects. Presence of one particular defect
related to carbon vacancies, the Z1/2 center, was identified as the primary factor behind poor resolution
of 4H-SiC epitaxial layer based SBDs.

6. Patents

Schottky barrier detection devices having a 4H-SiC n-type epitaxial layer, US 9,515,211 B2 (2016).
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Abstract: In this work, a 1200V/200A full-SiC half-bridge power module was fabricated for high-power
high-frequency application, and the characteristics of gate-source voltage (vgs) at turn-on transient
under different output power was investigated via experiments, modeling, and simulation. Also,
the comparison of the vgs characteristics between the upper-side and lower-side was conducted.
From experiments, the vgs characteristics show negative spike issue and it becomes severe under
higher output power conditions. On the other hand, the upper-side and lower-side show different
characteristics, namely, the vgs spike of upper-side is superimposed by a 83.3 MHz high frequency
oscillation during the process of vgs being pulled down, while the vgs spike of lower-side contains no
oscillation. The mechanisms behind the influence of output power on the vgs spike characteristics and
their difference between the upper-side and lower-side were studied via modeling and simulation.
Equivalent RLC (resistance-inductance-capacitance) circuit models were proposed and established
for the gate driver loops of the upper-side and lower-side based on the internal structure of the
power module. With the help of the proposed models, vgs characteristics of the upper-side and
lower-side were simulated and compared with the experimental results. The trend of changes in the
vgs pulling-down and oscillation amplitude along with the increasing output power from simulation
are consistent with that of the experimental results. In addition, different conditions of gate resistance
for the SiC power module are compared. Through the comparison between the experiments and
simulations, the validity of the proposed equivalent RLC circuit model and the rationality of the
analysis about the mechanisms behind the vgs characteristics at turn-on transient for SiC half-bridge
power module are confirmed.

Keywords: silicon carbide; power module; negative gate-source voltage spike

1. Introduction

Compared with the counterpart of silicon devices, SiC power semiconductor devices can operate
at a higher frequency because the switching time of Si-IGBT (silicon based insulated gate bipolar
transistor) ranges from 50 ns to 200 ns while it decreases to 10–20 ns for SiC devices [1–4]. Combined
with the parasitic parameters of SiC devices and/or modules, the higher switching frequency and
higher allowable negative gate-source voltage as well as the lower threshold voltage for SiC devices can
also raise some issues, such as voltage overshoot [5], power loss [6], EMI (electromagnetic interference)
emission [7–10], shoot-through or cross-talk fault [11–16], and switching oscillation [17–22]. These
problems have brought great challenges for adopting SiC devices and/or modules into the mainstream
power conversion application with high frequency.
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The switching transient issues for a half-bridge power module has been investigated by many
researchers. For example, reference [23] analyzed the switching resonance phenomenon that occurred
during the process of fully turn-on and turn-off. Reference [24] investigated the influence of parasitic
element of a discrete SiC MOSFET device on the switching performance, especially on drain-source
voltage (vDS) characteristics at turn-on transient. Reference [25,26] investigated the effects of increasing
load current/output power on Miller plateau voltage and turn-off transient. It is concluded that the
output power has great influence on the characteristics of drain current (iDS), drain-source voltage
(vDS), and gate-source voltage (vgs) at turn-off transients.

For the vgs characteristics at switching transient, reference [27] investigated the negative gate-source
voltage (vgs) spike issue of the upper-side switch and viewed this negative voltage spike as a crosstalk
issue. The peers only studied the interaction between the upper-side and lower-side switches, and they
put efforts in designing gate driver circuits to alleviate the negative vgs spike issues [28,29]. However,
the influence of output power on the vgs characteristics at turn-on transients, and the difference between
the vgs characteristics for the upper-side and lower-side switches is not fully studied.

In order to study the influences of output power on the turn-on vgs characteristics for high-power
high-frequency application, a 1200V/200A full-SiC high-power module and an inductive load
double-pulse test rig were fabricated in this work. The amplitudes of vgs spike and oscillation
under different output power conditions were investigated. By building up two different equivalent
RLC circuit models of the gate loop path for the upper-side and lower-side, the characteristics of the
vgs spike at turn-on transient were compared between upper-side and lower-side; the mechanisms
behind these different characteristics were also analyzed with the model.

The paper is organized as follows. Section 2 introduces the experiment setup which includes
the developed high-frequency full-SiC power module and a clamped inductive load double pulse
test rig. Typical turn-on switching process for a SiC power module is also discussed in this section.
Section 3 shows the experimental results of the turn-on vgs characteristics under different output power
conditions for both upper-side and lower-side switches. Furthermore, in Section 4, equivalent RLC
circuit models of the gate loop path is established for the upper-side and lower-side to analyze the
negative vgs spike and oscillation issues in different output power cases. The simulation results are
compared to the experimental results. Finally, Section 5 concludes the article.

2. Experiment background

2.1. Introduction of the Developed SiC Power Module

The structure design of the 1200V/200A full-SiC power module with standard package outline is
shown in Figure 1a. The diameter of gate wire is 8 mil while other wires inside power module are
14 mil. The footprint of DBC is 34 mm × 25 mm, and the thickness of upper copper, AlN ceramic,
and lower copper are 0.3 mm, 0.63 mm, and 0.3 mm, respectively.

The power module has a half-bridge structure topology as shown in Figure 1b, there are four
SiC-MOSFET dies (CPM2-1200-0025B, Cree, Inc., Durham, NC, USA) in parallel connection and four
SiC-SBD dies (CPW5-1200-Z050B, Cree, Inc., Durham, NC, USA) anti-paralleled with SiC-MOSFETs
within each leg of power module.

This high-power high-frequency SiC power module is developed for the boost converter for
hybrid electric vehicles. With an increased switching frequency, the volume of inductor in the boost
converter can be reduced, which is desirable for downsizing the power control unit for hybrid electric
vehicles. In order to acquire an optimized switching performance in high-power high-frequency
application, the design of the power module is optimized from two aspects: One is the symmetry of
the structure, the other is the common source inductance.
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(a) (b) 

Figure 1. The structure design of the developed 1200V/200A full-SiC power module: (a) Design
structure; (b) circuit topology.

For the symmetry design, the two parallel-connected DBCs (direct bonding copper) for both
upper-side and lower-side are symmetrical, the two parallel-connected pair of SiC-MOSFET and
anti-parallel SiC-SBDs for both upper-side and lower-side are also symmetrical. The symmetry of
the gate loops between the parallel chips is realized by placing the gate and source routings of the
lower-side near the central line of the module as shown in Figure 2a. When compared to some
commercial power module (Figure 2b) where the gate and source routings of the lower-side are placed
to one side of the power module, our design has an enhanced symmetry for the gate-source routings of
the parallel-connected chips. On the other hand, the parasitic inductance of the gate-source loop of our
design is also reduced.

(a) (b) 

Figure 2. Comparison of common source paths inside the developed SiC power module with the
commercial one. (a) Developed module in this work (design structure), (b) commercial module
(physical structure).

The common source inductance is the parasitic inductance of the common source path of drain
routing and gate driver routing inside the power module. Due to its negative feedback effect,
a large common source inductance can suppress the change of vgs and slow down the drain current
slew rate, which results in a significant increase of switching loss and a decrease of switching
frequency [6,24,30–33]. This means that reducing common source inductance must be considered to
speed up the switching of the power module.

In order to minimize the common source inductance, the gate-source routing and drain-source
routing are separated in our design, as shown in Figure 2a, where the red lines and green lines stand for
the gate driver routing inside the power module for upper-side and lower-side, respectively. The drain
routing inside the power module for upper-side starts from DC+ terminal, then goes through MOSFET
chips, and crosses SBD chips by wire and copper bridge, and finally goes to AC terminal. For lower-side,
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the drain routing starts from AC terminal, then goes through MOSFET chips, and crosses SBD chips
by wire, and finally goes to DC- terminal (see Figure 2a). There is no common path between the
gate-source and drain-source routings inside our power module except the power chips themselves,
this means that the common source inductance is minimized in our power module. Thus, switching
power loss can be reduced and switching speed can be increased.

2.2. Introduction of Double Pulse Testing Platform

The clamped inductive double-pulse test rig is shown in Figure 3a. The DUT is the developed
1200V/200A full-SiC power module. The electrolytic capacitor of FG810K901-1 from VDTCAP
(Shenzhen, China) is used as the DC bus capacitor. Two capacitors from KEMET (Fort Lauderdale, FL,
USA) is used as decoupling capacitor. Two serial-connected self-fabricated inductors are used as load
inductor with a total inductance of 160 μH. The voltage and current signals are acquired by a Teledyne
Lecroy HDO6104 1GHz high definition oscilloscope (Teledyne LeCroy, Chestnut Ridge, New York,
USA). A Rogowski current waveform transducer CWT miniHF 1B (Power Electronic Measurements Ltd
(PEM), Nottingham, UK) with bandwidth 30 MHz is utilized to measure the drain current of the DUT.
A passive voltage probe PP026-2 with bandwidth of 500 MHz and a high voltage differential probe
HVD3106 with the bandwidth of 120 MHz from Teledyne Lecroy are used to obtain the waveforms of
vgs and vDS of DUT respectively.

 
(a) (b) 

Figure 3. The clamped inductive load double pulse testing circuit platform: (a) Physical picture,
(b) schematic diagram of circuit.

The values of the components in the testing rig are listed in Table 1. Figure 3b shows the
schematic diagram of the testing circuit. The output resistance of the gate driver circuit, RS, is 0.6 Ω.
The gate-source voltage is −2.3 V and 17.5 V for turning off and turning on switches, respectively.

Table 1. The circuit parameters of components of the testing rig.

Components Names Value

DC-bus capacitor C1 1000 μF
Decoupling capacitor C2 3 μF
Decoupling capacitor C3 3 μF

Load inductor Lload 160 μH
External gate resistor Rgext 2.4 Ω

2.3. Turn-on Switching Process of SiC Power Module

The typical turn-on switching transient of SiC power module can be divided by four intervals as
shown in Figure 4.
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Figure 4. Typical diagram of turn-on switching transient for SiC power module.

• Interval 1: From t0 to t1

The yellow region from t0 to t1 is the turn-on delay interval, τD (on). In this interval the gate
voltage charges up the input capacitance of SiC-MOSFETs, the iDS keeps the off-state value until the vgs

reaches the threshold voltage, the vDS reduces 10% ×VDD when approaching the end of this period.

• Interval 2: From t1 to t2

The green region from t1 to t2 is the turn-on interval 1, τ1 (on). In this interval, the gate voltage
continues to charge up the input capacitor of SiC-MOSFETs, the vDS continues to reduce while the iDS
rose to Io at the end of this period.

• Interval 3: From t2 to t3

The red region from t2 to t3 is the turn-on interval 2, τ2 (on). During the τ2 (on), the gate voltage
continues to charge up the input capacitor of SiC-MOSFETs, the iDS continues to change, and the vDS
reduces to VDS(on) with a higher dvDS/dt in this period. The anti-parallel SiC-SBDs begin to regain
reverse blocking capability, the rise in voltage across the anti-parallel SiC-SBD causes the SiC-MOSFET
voltage to fall rapidly.

• Interval 4: From t3 to t4

The gray region from t3 to t4 is used to indicate that the power module is fully turned on, and the
time t4 is at any moment after t3 during turn-on interval. During the fully turn-on interval, all vgs, vDS,
iDS characteristics are kept in oscillation state with their respective frequencies which are determined
by the parasitic parameters in the circuit. Due to the different parasitic parameters in drain circuit and
gate driver loop, the oscillation frequency of vgs was different from that of vDS and iDS.

During the period from t1 to t3, the increasing drain current iDS makes vDS fall. When iDS is less
than IO the freewheeling diodes are forced to conduct current. If the slew rate of vDS is too high before
iDS rising to Io, the vDS will be limited to a voltage platform. This means the slew rate of vDS is not too
high in this sub-interval of τ1 (on). When iDS is increased to be higher than IO, the rise in blocking
voltage across the anti-parallel SiC-SBD causes the SiC-MOSFET voltage to fall rapidly. This means
the slew rate of vDS will be higher in this sub-interval of τ2 (on). Considering the coupling effect of
gate-drain capacitor Cgd of SiC-MOSFETs inside the power module, the waveform of vgs is affected by
the dvDS/dt of drain loop in this period. Meanwhile, the dvDS/dt of drain circuit has greater impacts
on the waveform of vgs of gate driver loop during turn-on interval τ2 (on) rather than τ1 (on). It will be
discussed in the following section.

3. Experimental Results and Comparison

In order to confirm whether our design can reduce the switching time of the power module,
our module and one commercial SiC power module (Figure 2b) were tested based on the built double
pulse test platform and gate driver circuit. Their transient waveforms are compared in Figure 5.
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(a) (b) 

Figure 5. Comparison of transient waveforms between the module developed in this work and one
commercial SiC power module (VDD = 400 V, IO = 200 A). (a) Developed SiC power module in this
work; (b) commercial SiC power module.

As shown in Figure 5, with the same gate driver and double pulse testing platform, the turn-on
process of the developed SiC power module was faster than that of the commercial SiC power module.
The turn-on times of these two SiC power modules are listed in Table 2. The total turn-on time of the
developed module was 110 ns for the upper-side and 117.6 ns for the lower-side. When compared to
that of the commercial module, the turn-on time was reduced by 56.4% and 52.0% for the upper-side
and lower-side, respectively. Thus, the developed power module is suitable for high frequency
application. However, when the turn-on process of the developed power module was speeded up,
a severe oscillation and negative voltage spike was observed from the vgs waveforms during the
turn-on transient even though the common source inductance was minimized. Therefore, to optimize
the high-power high-frequency SiC power module, it is necessary to study the vgs characteristic and
find proper designs to address the oscillation and negative voltage spike issues.

Table 2. Comparison of turn-on time for SiC power module.

SiC Module Commercial Module Developed Module

Tdon (ns) Tr (ns) Ttotal (ns) Tdon (ns) Tr (ns) Ttotal (ns)

Upper-side 122.8 129.6 252.4 61.2 48.8 110.0
Lower-side 112.0 133.2 245.2 64.8 52.8 117.6

First of all, the factors that take effects on the vgs characteristic will be discussed in the following.
It is well known that the increased VDD and IO affects the slew rate of vDS. Due to the coupling effects of
the drain-gate capacitors, the vgs characteristic will change along with the rise of VDD and IO. In order to
investigate thoroughly the influences of VDD and IO (i.e., output power) on vgs characteristics at turn-on
transient for the developed high frequency SiC power module, and clarify the difference between the
vgs characteristics of upper-side and lower-side of the SiC power module, some experiments were
conducted. The conditions of these experiments are listed in Table 3. As shown in Table 3, the output
power of SiC power module in experiment is increased gradually from case_1 to case_3.

61



Micromachines 2020, 11, 5

Table 3. VDD and IO parameters for the three cases.

No. VDD (V) IO (A)

Case_1 200 100
Case_2 400 100
Case_3 400 200

In the experiment of case_1, the switching waveforms of vgs were almost normal for both
upper-side and lower-side though there was minor difference between them as shown in Figure 6.
The vgs of upper-side was pulled down by 12.76 V during the τ2(on) interval (as shown in Figure 4)
while the lower-side’s was pulled down by 8.8 V during the τ1(on) interval. The vgs spikes for both
sides were kept positive during the turn-on transient, negative vgs spike was absent from the waveforms
for both upper-side and lower-side of the SiC power module.
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Figure 6. Turn-on transient waveform of case_1.

As output power of the power module rose, the vgs spike started to show different characteristics
between the upper-side and lower-side. As shown in Figure 7, the vgs spike of the upper-side was pulled
down to an excessively negative voltage (−9.94 V) and accompanied by a significant oscillation with
83.3 MHz frequency during the τ2 (on) interval. On the other hand, the vgs spike of the lower-side was
only pulled down to a negative voltage slightly, and no oscillation was observed from the waveform.
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Figure 7. Turn-on transient waveform of case_2.

As we all know, the oscillation is typically a high frequency signal which put stringent requirements
on the bandwidth of probes and the contact quality. In our testing experiment, the bandwidth of the
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voltage probe was 500 MHz, which is five times the oscillation frequency (83.3 MHz); it is also far
greater than the minimum bandwidth requirement for fetching this kind of waveform. In order to
eliminate the suspicion that the oscillation was a false waveform, we re-examined and adjusted the
connection and contact between the oscilloscope probe and the test point, finding out that oscillation
still exists.

For the experiment of case_3, the transient waveforms are shown in Figure 8. The vgs spike of the
upper-side oscillated more seriously than case_1 and case_2. Both the excessively positive and negative
voltage spikes were observed from vgs characteristics of the upper-side, which resulted from the serious
oscillation. On the other hand, the vgs of the lower-side was pulled down to a lower negative voltage
(−13.7 V), and no oscillation was observed from the waveform.
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Figure 8. Turn-on transient waveform of case_3.

From the experimental results, it is found that the increase of output power of the SiC power
module amplifies the difference of vgs characteristics between upper-side and lower-side. When the
output power is relatively low, such as that in case_1, no negative vgs spike appeared; the characteristics
of vgs in upper-side are almost the same as that of lower-side. As the output power rises, the negative
voltage spike issue of vgs becomes more serious. On the other hand, the difference between the vgs

characteristics of the upper-side and lower-side appears. Firstly, the pulling down process of vgs

for the upper-side is occurred in the τ2(on) interval or the whole period of vDS falling, while that of
the lower-side always appears in τ1(on) interval. Secondly, the process of vgs pulling down for the
upper-side is superimposed by a high frequency oscillation while the lower-side’s is absent from
oscillation. Thirdly, the oscillation becomes more serious in upper-side and the negative vgs spike
becomes lower in lower-side with an increasing output power (from case_1 to case_3).

The turn-on transient waveforms of vgs under different output power conditions are compared
in Figure 9, where Figure 9a shows the results of the upper-side and Figure 9b shows the results of
the lower-side. The detailed information related to the vgs pulling down process are extracted from
Figure 9 and summarized in Table 4, such as amplitude of oscillation, voltage of vgs starts to pull down,
the lowest vgs spike and the pull-down amplitude.
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Figure 9. Comparison of turn-on transient waveform of vgs under different output power conditions:
(a) Turn-on vgs of the upper-side; (b) turn-on vgs of the lower-side.

Table 4. Comparison of trainset waveform of vgs at turn-on transient.

Case No. Location
vgs Value starts to

Pull-Down (V)
Amplitude of

Oscillation
Lowest vgs
Spike (V)

Pull-Down
Amplitude (V)

Case_1 Upper-side 14.48 no 1.72 12.76
Case_2 Upper-side 22.80 medium −9.94 32.74
Case_3 Upper-side 20.44 serious −7.76 28.20
Case_1 Lower-side 10.32 no 1.52 8.80
Case_2 Lower-side 10.80 no −4.28 15.08
Case_3 Lower-side 14.96 no −13.70 28.66

As shown in Table 4, with an increased output power, the lowest vgs spike continues to decrease,
and the amplitude of the vgs pulling down rises significantly for the lower-side. On the other hand,
for the upper-side, the pulling down amplitude of vgs in case_3 is smaller than that of case_2. This is
because the oscillation of vgs in case_3 is more serious than that of case_2 and the highest vgs spike is
up to 29.0 V. These differences of the vgs characteristics between the upper-side and the lower-side is
probably attributed to the different dvDS/dt of drain loop for the upper-side and lower-side.

As analyzed in reference [26], the parameters such as gate resistance, gate loop inductance, input
capacitance Ciss, and positive gate-source voltage Vgs take effects on the vgs characteristics. In our
experiment, the gate driver and testing circuit are the same. This means that the different characteristics
of vgs spike between the upper-side and lower-side could be correlated to the different gate-source paths
and coupling effects of the dvDS/dt from drain loop to the gate driver loop in the SiC power module.

Meanwhile, we must notice the load current and bus voltage (output power) will influence the
switching performance [25]. In other words, even for the same power device, coupling effects between
drain loop and gate driver loop by dvDS/dt could be different under different operation conditions.
Namely, the different slew rate of vDS during the turn-on transient could bring different extent of
coupling influence.

From the experimental results in Figures 6–8, the slew rates of vDS at turn-on switching transient
can be extracted. The experimental results of dvDS/dt are summarized in Table 5. It is shown that
the slew rate of vDS of the upper-side is slightly larger than that of the lower-side, which means the
coupling effect of drain loop to gate loop in the upper-side is more significant than that of the lower-side
during turn-on transient.
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Table 5. Comparison of dvDS/dt between upper and lower sides.

Conditions Upper-Side Lower-Side

Case No. dvDS/dt (V/ns) iD→G (A) dvDS/dt (V/ns) iD→G (A)

Case_1 3.92 0.47 2.91 0.35
Case_2 14.25 1.71 6.24 0.75
Case_3 15.4 1.85 11.13 1.34

4. Modeling and Simulation

4.1. Equivalent Model of Gate-Source Path of SiC Power Module

The equivalent circuit model of the gate loop is obtained based on the analysis of the actual
physical structure of the power module and the output stage of the gate driver circuit. For the standard
package outline of the half-bridge module, the internal structure of the upper-side is different from that
of the lower-side. The routings of drain circuit and gate circuit inside the power module are shown in
Figure 10a,b, respectively. Since all the gate input terminals are placed to the outer edge area of the
upper-side of the power module, the gate routings of the lower-side must pass through the upper-side
before connecting to the power chips of the lower-side.

  
(a) (b) 

Figure 10. Circuit routings inside the power module (red lines for upper-side; green line for lower-side).
(a) Drain circuit routings, (b) gate loop routings.

Compared with gate-source path of the upper-side, the gate-source path of the lower-side is much
longer, the input signal must pass through the whole power module before connecting to the power
chips (see Figure 2a, Figure 10). As a result, the location of the lumped parasitic inductance of the
gate loop in upper-side is different from that of lower-side in our equivalent circuit models at turn-on
transient. That is to say, the topology of the equivalent circuit model of the gate driver loop is different
between upper-side and lower-side for the developed half-bridge module.

In the previous analysis of the experimental results, we found that the output power of power
module affects the characteristics of vgs. As the common source inductance is minimized in our design,
the effect of common source inductance on turn-on transient can be ignored. We put emphasis on the
coupling effect of drain circuit to gate driver loop, and it will be discussed in the following.

Based on the internal structure of the power module in Figure 10, the equivalent RLC circuit
models of the gate driver loop in turn-on transient for the upper-side and lower-side are established

65



Micromachines 2020, 11, 5

and shown in Figure 11a, b, respectively. The coupling effect is equivalent to a short-time current source.
As this short-time current source is an external factor for the gate driver loop, it is parallel-connected
to the equivalent circuit in the model. With the help of the models, vgs characteristics at the turn-on
transient can be simulated.

  
(a) (b) 

Figure 11. The equivalent circuit models of gate loop path at turn-on transient: (a) Upper-side,
(b) lower-side.

In Figure 11, Lg stands for the total stray inductance of gate driver loop, it includes the gate-source
routings inside module, Lgs, and the stray inductance of output paths of gate driver circuit, Ls, which
can be expressed by Equation (1),

Lg = Lgs + LS (1)

The Rdriver is the resistance of the whole gate driver loop, it includes the stray resistance of
gate-source routings, Rgs, the external gate resistance Rgext and internal resistance of SiC-MOSFET,
Rgint, and the output resistance of gate driver circuit, Rs, which can be expressed by Equation (2),

Rdriver = Rgs + Rgext + Rgint + RS (2)

The Cdriver is the parasitic capacitance of the total routings of the gate driver loop. The parasitic
parameters can be extracted by Q3D software and they are listed in Table 6.

Table 6. Parasitic parameters extracted by Q3D software.

Routings Symbol Upper-Side Lower-Side

Inductance of gate-source routings (nH) Lgs 31.50 61.49
Inductance of output path of gate driver circuit (nH) Ls 5.00 5.00

Resistance of gate-source routings (Ω) Rgs 0.15 0.31
Resistance of output paths of gate driver circuit (Ω) RS 0.60 0.60

Internal resistance of power chips (Ω) Rgint 1.00 1.00
Capacitance of gate driver loop (pF) Cdriver 1.00 1.00

The value of the equivalent current source stands for the extent of this influence, which is
designated as iD→G. The higher the slew rate of vDS, the higher the iD→G. The iD→G is given by
Equation (3),

iD→G = Cgd
dvDS

dt
(3)

The value of iD→G is determined by Cgd and dvDS
dt . The capacitance Cgd of power chips increases

sharply as the voltage vDS decreases at the turn-on transient, and the value of iD→G is also increased.
Therefore, the coupling effect between the drain loop and gate driver loop is enhanced significantly
due to the sharply rising Cgd at turn-on transient.
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If the increase in output power is equivalent to a rise of dvDS
dt , iD→G is getting higher at an increased

output power. Thus, the current iD→G can reflect the extent of influence of output power on gate driver
loop in our equivalent circuit model. The equivalent current iD→G at the turn-on transient for the
experiment can be calculated by Equation (3) and they are summarized in Table 5.

Based on the RLC circuit model, the extracted parameters of the power module and gate driver
circuit, as well as the calculated iD→G from the experimental results, the generation mechanism of
the characteristics of vgs voltage spike for full-SiC power module at turn-on transient can be studied
quantitatively by LTspice software. The respective values of iD→G for case_1, case_2, and case_3 in
simulation are the same with those in experiment (Table 5), while the values of the parasitic parameters
used in simulation are from Table 6.

For the upper-side, Vgs is set to 15 V, the current source iD→G starts to output pulse at time of
5 ns and it lasts a time interval of 7 ns in the simulation, the value of iD→G is as listed in Table 5.
The simulation results for the three cases as studied by the experiments in Section 3 are shown in
Figure 12.
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Figure 12. Simulation results of v′gs voltage spike for upper-side.

As the output power increases, the iD→G rises from 0.47 A to 1.85 A accordingly, the gate-source
voltage minus the DC voltage bias (v′gs) is pulled down to a lower value. At the meantime, the gate
source voltage is accompanied with a high frequency oscillation. The oscillation frequency is 83.3 MHz,
which is the same as that of the experimental results. The oscillation frequency doesn’t vary with the
iD→G values as it is only related to the parasitic parameters of both the gate driver circuit and gate-source
routings inside the power module. When the equivalent current source starts to output pulse the v′gs

tumbles, and the v′gs rebounds immediately when the current source output is terminated.
For the lower-side, the Vgs is set to 15 V, the equivalent current source of iD→G starts to output

pulse at time of 6 ns and it lasts a time interval of 5 ns in the simulation. The simulation results for the
three cases as studied by the experiments in Section 3 are shown in Figure 13. As the output power
increases, the iD→G rises from 0.35 A to 1.34 A accordingly, v′gs is pulled down to a lower value. There
is no high frequency oscillation observed.
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Figure 13. Simulation results of v′gs voltage spike for lower-side.
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The characteristics of v′gs pulling down in simulation are compared with the experimental results
(as shown in Figure 9). The amplitude of vgs pulling-down and oscillation for the upper-side and
lower-side in different cases are listed in Table 7. For the characteristics of high frequency oscillation,
the simulation is in good agreement with the experimental results. For the characteristics of the pulling
down amplitude of vgs spike, the simulation is almost in agreement with the experimental results
except the upper-side.

Table 7. Comparison of characteristics for simulation and experimental results at turn-on transient.

Characteristics of
vgs Pulling Down

Pulling Down Amplitude of vgs Amplitude of High Frequency Oscillation

Experiment Simulation Experiment Simulation

Case_1_upper-side 12.76 6.32 tiny tiny
Case_2_upper-side 32.74 23.14 moderate moderate
Case_3_upper-side 28.20 25.24 serious serious
Case_1_lower-side 8.80 2.80 no no
Case_2_lower-side 15.08 4.27 no no
Case_3_lower-side 28.66 6.62 no no

The pulling down amplitude of vgs spike of the lower-side increases as the output power rises in
both simulation and experiment, but the pulling down amplitude of vgs of the upper-side in simulation
is different from the experiment. In simulation, the pulling down amplitude of vgs rises as output
increases, but in experimental results the largest pulling down amplitude of vgs occurred in case_2
rather than case_3. This abnormal phenomenon in the experiment is mainly attributed to the high
frequency oscillation on the pulling down waveform of vgs. As shown in Figure 9a, there is an
excessively positive voltage spike of 29.0 V in case_3 during the high frequency oscillation process,
while the high frequency oscillation doesn’t bring the voltage spike back to a lower point as that in
case_2.

Overall, the characteristics of vgs spike in simulation almost coincide with that of the experiment
results. This proves the rationality of our modeling and analysis about the generation mechanism of
vgs voltage spike characteristics for SiC power module.

As depicted previously, the negative vgs voltage spike is correlated to the slew rate of vDS and the
resistance of the gate driver loop. On one hand, the increased gate resistance can reduce dvDS/dt, and
decrease the coupling between the drain loop and gate driver loop due to a lower iD→G at a slower slew
rate of vDS. On the other hand, the larger the gate resistance of the gate driver loop, the smaller the gate
current and voltage spike, and less serious the oscillation at turn-on switching transient. Although
the coupling effects are different between the upper-side and lower-side, both the negative vgs spike
and high frequency oscillation could shrink as the resistance of the gate driver circuit rises. Another
experiment and simulation with a higher external gate resistance are carried out to further verify our
RLC circuit model and analysis.

4.2. Verification for the Proposed RLC Circuit Model and Analysis

A resistor of 5 Ω instead of the previous external gate resistor of 2.4 Ω is used in the new
experiment. The case_3 is selected for the case study as the output power is highest and the negative
spike/oscillation is the most significant in this case. The experimental results are shown in Figure 14.
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Figure 14. Transient waveform at the condition for output power of case_3 and the external gate resistor
equal to 5 Ω: (a) Upper-side, (b) lower-side.

There is neither voltage pulling down nor high frequency oscillation observed for the upper-side
(Figure 14a), but a pulling down effect and a spike of vgs is observed for the lower-side (Figure 14b).
When the external gate resistance is increased from 2.4 Ω to 5 Ω, the negative spike of vgs in lower-side
is decreased from −13.7 V (in Figure 8 and Table 4) to −2.5 V (Figure 14b). Accordingly, the amplitude
of vgs pulling down is reduced from 28.66 V (in Figure 8 and Table 4) to 10.28 V (Figure 14b).

The experimental results show that the relatively larger external gate resistor can damp the high
frequency oscillation in the upper-side and weaken the amplitude of pulling down of vgs at turn-on
transient in SiC power module.

The slew rate of vDS at the turn-on transient are extracted from the experiments and listed in
Table 8. The introduced extra current of iD→G is calculated with Equation (3) and listed in Table 8
as well.

Table 8. Comparison of dvDS/dt between the cases with external gate resistance of 5 Ω and 2.4 Ω.

Conditions Upper-Side Lower-Side

Rgext dvDS/dt (V/ns) iD→G (A) dvDS/dt (V/ns) iD→G (A)

2.4 Ω 15.4 1.85 11.13 1.34
5 Ω 3.75 0.45 2.78 0.33

Compared with that of 2.4 Ω, the slew rate of vDS in the condition of gate resistor of 5 Ω reduces
significantly; accordingly, the equivalent current iD→G from drain loop to gate driver loop due to the
coupling effect at the turn-on transient also decreases dramatically.

With the proposed equivalent RLC circuit models shown in Figure 11 and Equations (1)–(3),
simulation study with an external gate resistor of 5 Ω is carried out. In this simulation all the parameters
are the same as that of the previous simulation except the gate resistance. The simulation results under
different external gate resistance conditions are compared in Figure 15. For the upper-side, the high
frequency oscillation is alleviated by the higher gate resistance (5 Ω vs. 2.4 Ω), and the amplitude of
vgs tumbling is reduced from 25.24 V to 6.92 V (72.5% lower). For the lower-side, the amplitude of vgs

tumbling is reduced by ~50% from 6.62 V to 3.25 V.
The characteristics from simulation results (in Figure 15) are extracted and compared with those

from the experimental results in Figure 8, 14. The compared characteristics contains the amplitude of
vgs pulling down and oscillation. The comparison results are listed in Table 9.
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Figure 15. Simulation results of vgs voltage spike for Rgext = 5 Ω and Rgext = 2.4 Ω: (a) Upper-side,
(b) lower-side.

Table 9. Comparison of vgs characteristics between experiment and simulation.

Characteristics of
vgs Pulling Down

Pulling Down Amplitude of vgs (V) Amplitude of High Frequency Oscillation

Experiment Simulation Experiment Simulation

Rgext = 2.4
Ω_upper-side 28.20 25.24 serious serious

Rgext = 5
Ω_upper-side 0 6.92 no no

Rgext = 2.4
Ω_upper-side 28.66 6.62 no no

Rgext = 5
Ω_upper-side 10.28 3.25 no no

As the gate resistance rises, the characteristics of high frequency oscillation in the upper-side
disappears for both experiment and simulation, the amplitude of the pulling down of vgs in the
upper-side is lowered significantly for both experiment and simulation. The pulling down amplitude in
the experiment reduces from 28.20 V to zero while it decreases from 25.24 V to 6.92 V in the simulation.
The amplitude of the pulling down of vgs in the lower-side is also reduced significantly for both
experiment and simulation, which reduces from 28.66 V to 10.28 V in the experiment and decreases
from 6.62 V to 3.25 V in the simulation.

The specific amplitudes of the pulling down of vgs between the simulation and experiment are
different, the error could come from the read of dvDS/dt and the parameter extraction by Q3D software.
As shown in Table 9, the trend of changes in the amplitude of vgs pulling down and oscillation along
with the increase of output power in simulation generally agrees with those of the experimental results.
This further confirms the validity of the proposed equivalent RLC circuit model and the rationality
of the analysis about the mechanisms behind the vgs characteristics at turn-on transient for the SiC
half-bridge power module.

As guided by the proposed model, the gate driver design must be considered together with
the power module design for obtaining an optimized switching performance for the high-power
high-frequency SiC power module. For a fabricated power module, we can set the parameters in the
model related to the gate driver circuit, such as the LS in Equation (1), the Rgext and RS in Equation (2).
Then the vgs characteristic can be simulated and optimized by tuning the parameters. Thus, a proper
design of the gate driver circuit matched with the power module design and output power level can
be obtained in a short design cycle.
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5. Conclusions

In this paper, a 1200V/200A full-SiC half-bridge power module was fabricated for high-power
high-frequency application. The power module is designed with a symmetrical structure and minimized
common source inductance to pursue a faster switching. However, severe oscillation and negative
voltage spike issues are observed from the vgs waveforms during the turn-on transient, especially at
higher output power level.

The characteristics of vgs at turn-on transient under different output power were investigated and
their comparison between the upper-side and lower-side was conducted. From experiments, the vgs

characteristics show negative spike issue and it becomes severe under higher output power conditions.
On the other hand, the upper-side and lower-side show different characteristics, namely, the vgs spike
of upper-side is superimposed by a 83.3 MHz high frequency oscillation during the process of vgs

being pulled down, while the vgs spike of lower-side contains no oscillation.
The mechanisms behind the influence of output power on the vgs characteristics and the difference

of vgs characteristics between upper-side and lower-side were studied via modeling and simulation.
Equivalent RLC circuit models were proposed and established for the gate driver loop based on the
internal structure of the power module. In the models, the coupling effects between drain circuit and
gate driver loop is considered and equalized by a current source (iD→G). The value of the equivalent
current source is determined by gate-drain capacitance Cgd and dvDS/dt. As the increase of output
power will contribute to a higher dvDS/dt, iD→G in the model is increased, i.e., the coupling effect
between the drain circuit and gate driver loop is enhanced. Thus, the negative vgs spike issue becomes
severe in higher output power conditions. On the other hand, when comparing the upper-side and
lower-side, the models are different for them as the gate-source path routings are different. Thus,
they show different vgs characteristics. And, the higher output power (higher iD→G) will enhance
the difference.

With the help of the proposed models, vgs characteristics of the upper-side and lower-side were
simulated and compared with the experimental results. The pulling down amplitude of vgs spike
in the lower-side increases as the output power rises in both simulation and experiment, as well
as the amplitude of the oscillation in the upper-side. Therefore, the trend of changes in the vgs

characteristics along with the increasing output power from simulation are consistent with that of the
experimental results.

In addition, different conditions of gate resistance for the SiC power module are compared.
A higher gate resistance can reduce dvDS/dt, thus the vgs spike issue and oscillation can be alleviated.
Based on the proposed models, the trend of changes in the vgs characteristics along with the increasing
gate resistance can be simulated, and the results are shown to be consistent with that of the experimental
results. This further confirms the validity of the proposed equivalent RLC circuit model and the
rationality of the analysis about the mechanisms behind the vgs characteristics at turn-on transient
for the SiC half-bridge power module. Based on the model, a proper design of the gate driver circuit
matched with the power module design and output power level can be obtained in a short design cycle.
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Abstract: Compared with the most commonly used silicon and germanium, which need to work at
cryogenic or low temperatures to decrease their noise levels, wide-bandgap compound semiconductors
such as silicon carbide allow the operation of radiation detectors at room temperature, with high
performance, and without the use of any bulky and expensive cooling equipment. In this work,
we investigated the electrical and spectroscopic performance of an innovative position-sensitive
semiconductor radiation detector in epitaxial 4H-SiC. The full depletion of the epitaxial layer (124 μm,
5.2 × 1013 cm−3) was reached by biasing the detector up to 600 V. For comparison, two different
microstrip detectors were fully characterized from −20 ◦C to +107 ◦C. The obtained results show that
our prototype detector is suitable for high resolution X-ray spectroscopy with imaging capability in a
wide range of operating temperatures.

Keywords: silicon carbide; semiconductor radiation detector; microstrip detector

1. Introduction

The concept of using compound semiconductors as radiation detectors was introduced in 1945
by Van Heerden [1,2], who was the first to be able to detect alpha and gamma rays with solid-state
radiation counters. His pioneering results gave rise to a new class of radiation detectors, which is now
commonly known as semiconductor detectors. Compared to gas detectors, semiconductor detectors
require much lower average energies for the creation of electron-hole pairs (30 eV for gas [3], 3.7 eV
for Si [4], 7.8 eV for 4H-SiC [5]), which bring higher energy resolution in radiation spectroscopy [6,7].
Since the 1960s, the most commonly used semiconductor materials have been high-purity silicon
(Si) and germanium (Ge), the main limitation of which is that they must operate at liquid nitrogen
temperature. Since the 1990s, intense research activity has been carried out on other semiconductors
for manufacturing detectors able to operate at room temperature, such as gallium arsenide (GaAs),
cadmium telluride (CdTe), and cadmium zinc telluride (CdZnTe) [8–12]. In the last two decades, silicon
carbide (SiC) has obtained increasing interest in the field of radiation detectors due to the achievement
of a high purity level in the crystal structure and considerable thickness (>100 μm) in the epitaxial layer.
This finally achieved recognition for semiconductor detectors as a real alternative to Si-based radiation
detectors, which present possibilities but also limitations at and above room temperature, as well as in
high-radiation environments [13,14]. There are certain properties that make SiC especially suitable for
the realization of ionizing radiation detectors. Thanks to the wide energy bandgap of the polytype
4H-SiC (3.26 eV), which is three times higher than that of Si (1.12 eV), electronic devices fabricated
in such material can operate at extremely high temperatures without suffering from negative effects,
due to thermally generated charge carriers [15]. Silicon carbide radiation detectors benefit from this
property because the wide energy bandgap allows the achievement of very low leakage currents, i.e.,
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very low noise levels, even at the high electric fields applied during their operation. Moreover, the high
thermal conductivity of 4H-SiC (3.8 W/cm◦C) enables SiC devices to dissipate large amounts of excess
generated heat, which would cause a temperature increase, responsible for degradation of the device’s
performance. High thermal conductivity is useful for increasing the radiation hardness of the detector,
as well as for controlling the operating temperature when the front-end electronics are close to, or in
contact with, the detector [16]. Furthermore, SiC can withstand an internal electric field over eight to
ten times greater than GaAs or Si (2 MV/cm for 4H-SiC vs. 0.4 MV/cm for GaAs or 0.3 MV/cm for Si)
without undergoing avalanche breakdown. This property enables the fabrication of very high-voltage
devices [17]. In the case of X-ray detection and spectroscopy, the high breakdown field of 4H-SiC allows,
in principle, the detector to work always in the regime of saturated-electron and hole-drift velocities,
independently of the detector’s active region width. When this operation condition is coupled with
epitaxial material of high crystalline quality, a full and fast charge collection can be expected [16],
as well as a high sensitivity, as already demonstrated [18]. Such properties allow SiC-based devices
to be operated without any costly, bulky, and power-consuming cooling systems, as in the case of
Si- or Ge-based devices, while maintaining an excellent signal-to-noise ratio over a wide range of
temperatures. This leads to notable advantages in terms of the lower cost, more compact size, lighter
weight, lower power consumption, and higher performance of SiC detectors. Further explanation of
the electrical properties of SiC in connection with the ionizing detector performance benefits can be
found in [16].

Microstrip detectors find application where the position of the radiation interaction is necessary
information for the physical process to be studied. The advantage of using microstrips with respect
to other position-sensitive detectors, such as pixel detectors, is a lower number of readout channels.
Several microstrip detectors have been developed in Si for high-energy physics, or in Ge, CdTe and
GaAs for X-ray spectroscopy [19–22]. In this work, we investigated the electrical and spectroscopic
performance of two innovative position-sensitive radiation detectors in epitaxial 4H-SiC, using
microstrip geometry. The detectors were characterized in detail at different temperatures and applied
bias voltages. The obtained results are presented and discussed in the following sections.

2. Materials and Methods

Two different designs of silicon carbide microstrip detectors have been realized on top of two-inch
high-purity epitaxial 4H-SiC wafer produced by LPE Epitaxial Technology Center [23]. Each detector
consists of 32 strips with a length of 2 mm, a width of either 25 μm (SM1) or 50 μm (SM3), and a pitch of
either 55 μm (SM1) or 100 μm (SM3)—see Figure 1. Each of these strips can be read out independently
by a front-end electronics channel, and therefore behaves as a separate detector. A cross-sectional view
of the 4H-SiC microstrip structure is shown in Figure 2. The SiC epitaxial layer, which is the active
region of the detector, has a maximum thickness of 124 μm, as experimentally measured (Figure 3).

The application of a reverse bias at the common back electrode (ohmic contact) creates a depletion
region, xd, depending on the applied bias, VR, and the residual doping (donor) concentration, ND,
within the material, according to

xd =

√
2ε0εr

qND

(
ψbi −VR − kT

q

)
(1)

where ψbi is the built-in potential and the term kT
q arises from the contribution of the majority-carrier

distribution tail [24].
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Figure 1. Photographs of the two microstrip detectors used in this work, together with a detail of their
peripheral regions with bonding pads.

Figure 2. Cross-sectional view of the 4H-SiC microstrip structure.

The residual doping concentration depends on the homogeneity of the epitaxial layer. The donor
concentration profile, ND(x), was determined as a function of the depleted layer width from
capacitance-voltage measurements, as described in Section 3.

3. Results

3.1. Electrical Characterization

3.1.1. Capacitance–Voltage Characterization

Capacitance–voltage (C–V) measurements were carried out up to 600 V at 25 ◦C, in order to
determine the donor-concentration profile of the epitaxial layer (Figure 3a). The detector was placed in a
test fixture Agilent 16065A connected to an Agilent 4284A Precision LCR Meter (Santa Clara, CA, USA).
A Keithley 2410 voltage source (Cleveland, OH, USA), operating in the four-wire connection mode,
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was used to bias the device and measure the applied voltage. The measurement was performed with
a 100 mV AC signal at 100 kHz. The donor-concentration profile as a function of the depleted layer
width was determined from the slope of a 1/C2–V curve, according to [24], see Figure 3a. Please note
that the C–V measurements were performed using a 4H-SiC Schottky diode with area A = 5 mm2,
produced from the same wafer. A full depletion of 124 μm was reached, polarizing the detector up to
600 V (Figure 3b). A mean value of <ND> = (5.20 ± 0.06) × 1013 cm−3 was determined (Figure 4).

 

μ

μ

Figure 3. (a) Capacitance–voltage (C–V) and 1/C2–V per unit area characteristics. From the fit curve,
the mean value of the donor concentration is expected to be (5.56 ± 0.05) × 1013 cm−3; (b) depleted
layer and mean electric field as a function of applied voltage, as derived from C–V measurements.
The theoretical result is obtained using 5.56 × 1013 cm−3 as the mean value of the doping concentration.

μ

Figure 4. Donor concentration profile as a function of the depleted layer width. The full depletion of
124 μm was reached at 600 V. A mean value of <ND> = 5.2 × 1013 cm−3 was determined.

3.1.2. Statistical Leakage–Current Distribution

Current–voltage (I–V) measurements were carried out on each of the 32 strips of two different
SiC detectors, SM1 and SM3, at room temperature (Figure 5). The two detectors were biased at 100 V
and 200 V from the back ohmic contact using a Keithley 2410 source meter, whereas the current of
each strip was measured connecting a Keithley 6430 electrometer to the front, rectifying the Schottky
contact. The guard electrode surrounding the microstrips was kept to ground to collect the parasitic
current generated at the device’s chip edges. Figure 5 shows the current and current density values for
each of the 32 strips of the two different microstrip detectors as measured at 25 ◦C and 200 V. Such bias
voltage generates an inner electric field of about 30 kV/cm. Ultra-low current mean values of 2.2 fA
and 7.6 fA were measured for the two microstrips under test, corresponding to current densities of
4.4 pA/cm2 and 15.2 pA/cm2.
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Figure 5. Current and current density measured at 25 ◦C and 200 V on the 32 strips of the two microstrip
detectors, SM1 and SM3. Current values of few fA (current densities of low pA/cm2) were measured on
all strips.

3.1.3. Temperature Dependence

The temperature dependence of the strip current as a function of reverse-bias voltage is shown
in Figure 6. From now on, only results obtained with the detector SM1 are presented. In order to
perform this measurement, the device was attached to a Teflon circuit board using a silver conductive
glue. Electrical contacts were established using 25 μm gold wire-bonding connections. Measurements
were acquired, biasing up to 200 V the back contact with the Keithley 2410 source meter and reading
the currents from the Keithley 6430 electrometer. Tests were carried out inside an environmental
chamber, setting the temperature at 27 ◦C, 47 ◦C, 67 ◦C, 87 ◦C, and 107 ◦C, and monitoring it by means
of a thermocouple placed near to the device. During each measurement, the temperature changes
were monitored within ±0.1 ◦C. The current density was calculated considering a strip active area of
5 × 10−4 cm−2.

Figure 6. Current and current density dependence from temperature in the range 27 to 107 ◦C.

Such a thermally activated process is described by the Arrhenius plot that, according to the
emission theory, is expressed by

I = I0 · exp
[(
−EA

kT

)
·
(
1− T

T0

)]
(2)

where I0 is the saturation current, T0 is the room temperature, and EA is the activation energy [5,25].
Figure 7 shows the Arrhenius plots of the leakage current as a function of 1000/T at four different

reverse voltages, i.e., 50 V, 100 V, 150 V, and 200 V. The activation energy is given by the slope of linear
fit of data. Values from 0.57 eV to 0.65 eV were calculated in the voltage range 50 V to 200 V. According
to the literature, these values refer to major deep levels (Z1/2 center) within the bandgap [26–28].
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Figure 7. Arrhenius plots of the leakage current (and current density) versus the reverse of temperature
at four different voltages. The activation energy values are from 0.57 eV to 0.65 eV in the voltage range
50 to 200 V.

3.1.4. Interstrip Resistance Measurements

Current–voltage measurements shown in previous sections refer to the characterization of single
strips, considering that the measured current arrived only from the back contact of the device,
and possible latent currents from adjacent strips were negligible. In order to determine the bias limit
condition so that two adjacent strips can be considered isolated, we measured the interstrip resistance.

Interstrip resistance measurements were carried out by measuring the current between two
consecutive strips, keeping the back contact at 100 V and the guard at 0 V. One of the two strips
(microstrip 2 in Figure 8) is biased from −5 V to +5 V while the current of the other strip (microstrip 1
in Figure 8), kept at 0 V, is measured by an electrometer. We repeated the test on three couples of strips.
The negative slope shown in Figure 8 is due to the application of the bias voltage to microstrip 2 while
measuring the current at microstrip 1. The mean value of resistance between two adjacent strips of
SM1 resulted in 5.3 TΩ.

Ω

Figure 8. Mean value of resistance between two adjacent strips.

3.2. X-Ray Spectroscopy

3.2.1. Room Temperature

The detector was irradiated with a 397 kBq 241Am source placed at a few cm from the detector
surface. Figure 9a shows a 241Am spectrum acquired using a SiC microstrip detector at 21 ◦C. The
spectrum was acquired at 200 V reverse-bias condition using 12.8 μs peaking time in the triangular
signal processing. The pulser line width is 214 eV full width at half maximum (FWHM) corresponding
to an equivalent noise charge of 11.6 electrons root mean square (rms). Figure 9b shows a detail of
the same measurement up to 28 keV. Several X-ray lines from Mn, Cu, Np, and Ag can be clearly
distinguished with a very good resolution, i.e., enough to separate the K and L lines of neighboring
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elements. Conventionally, the energy resolution, that is the FWHM, is specified for the Mn Kα peak at
5.9 keV, which is 213 eV for our SiC microstrip detector at room temperature (Figure 9). It is notable
that Si(Li) and silicon drift detectors can achieve 130–150 eV FWHM, and Ge detectors can even achieve
115 eV FWHM for the Mn Kα peak at 5.9 keV, but with liquid-nitrogen cooling [29].

Figure 9. (a) X-ray spectrum from a 241Am source acquired at 21 ◦C using the SiC microstrip detector
SM1 and an ultra-low noise front-end (PRE5 no. 3); (b) detailed X-ray spectroscopy in the energy range
0 to 28 keV.

The analysis of linearity calculated on seven well-resolved peak lines at 8.0, 11.87, 13.94, 17.8, 20.8,
26.35 and 59.54 keV is shown in Figure 10. The percentage error from linearity is below ±0.05%.

Figure 10. Analysis of linearity calculated on seven well-resolved peak lines, as shown in Figure 9. The
percentage error from linearity is below ±0.05%.

3.2.2. Dependence of X-Ray Response on Detector Bias

The dependence of X-ray response on detector voltage was explored by biasing the detector
from 10 V to 200 V at 25 ◦C and using a peaking time of 12.8 μs. A comparison between two spectra
acquired at 10 V (bottom, blue) and 200 V (top, red) is shown in Figure 11. The pulser centroid is
stable at both 10 V and 200 V. The peak at 13.94 keV shows a small shift of six channels (from 669
at 10 V to 675 at 200 V) which corresponds to 124 eV (Figure 12). The two peaks, as compared in
Figure 12a, show a Gaussian symmetry without any tails. This experiment shows that SiC detectors
can be operated in a wide range of bias voltages without suffering from a strong performance loss.
Figure 12b shows the detection rate of the 13.94 keV photon peak at six different applied reverse-bias
voltages, Vb. As expected, the photon rate increases with the square root of Vb due to the widening of
the active region (depletion layer).
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Figure 11. X-ray spectra from a 241Am source acquired at 25 ◦C and at 10 V (bottom) and 200 V (top).

Figure 12. (a) Comparison between the two peaks at 13.94 eV obtained at 10 V and 200 V of applied
voltage. The Gaussian symmetry without tails can be noticed; (b) Detected 13.94 keV photon rate as a
function of the applied reverse bias.

3.2.3. High Statistics and Temperature Dependence

Figure 13 shows the results obtained by acquiring an X-γ-ray spectrum for 10 h at 80 V reverse-bias
condition, and maintaining the thermostatic chamber at a constant temperature of 30 ◦C. Figure 13a
compares spectra acquired after almost 2 h and after 10 h. The very small broadening of the pulser and
emission lines should be noted, which demonstrates very good stability of the detector response to
X-ray exposure. The analysis of linearity on K Cu and L Np X-ray monoenergetic lines shows a very
small linearity error within ±0.04% after 10 h of acquisition (Figure 13b).

Figure 14 shows a comparison between X-ray spectra acquired at three different temperatures, i.e.,
−20 ◦C, +30 ◦C, and +80 ◦C. As expected, the width of pulser and emission lines increased by increasing
the operating temperature: the FWHM of the pulser changed from 205 eV at −20 ◦C, to 215 eV at
+30 ◦C, and 249 eV at +80 ◦C. It is worth noticing the small broadening of the lines at +80 ◦C, which
demonstrates the suitability of our microstrip detector to be used at high temperatures with very good
stability of the detector response.
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Figure 13. (a) X-ray spectra from 241Am source after almost 2 and 10 h of acquisition at 30 ◦C in a
thermostatic chamber. The very small broadening of pulser and emission lines demonstrates very good
stability of the detector response to X-ray exposure; (b) linearity error after 10 h of acquisition based on
K Cu and L Np X-ray monoenergetic lines.

Figure 14. (a) Comparison between three X-ray spectra acquired at −20 ◦C, +30 ◦C, and +80 ◦C in the
range 0–60 keV; (b) Detail of the X-ray spectra in the range 4–28 keV. Note a small broadening of the
pulser line by increasing the operating temperature.

4. Discussion

Two SiC-based microstrip detectors were fully characterized in a wide temperature range by
means of electrical and spectroscopic measurements. A high stability of the detector response as a
function of operating temperature as well as of applied voltage was widely demonstrated.

The very low leakage currents (current densities) from about 2 fA (4 pA/cm2) at 25 ◦C to 620 fA
(1.2 nA/cm2) at 107 ◦C are among the best values measured on SiC detectors, and more than one
order of magnitude lower than most silicon detectors [30,31]. Since the shot noise of the leakage
current is a significant noise contribution in a radiation spectroscopy system, we can say that our SiC
detectors allow the achievement of high signal-to-noise ratios. A good isolation between adjacent
strips was demonstrated by the high value of the measured interstrip resistance of 5.3 TΩ, confirming
that possible latent currents from adjacent strips can be considered negligible.

A very good doping uniformity of the whole epitaxial layer was also demonstrated. For the first
time, a full depletion of 124 μm was reached, polarizing the detector at 600 V, and a mean value of
<ND> = 5.2 × 1013 cm−3 was determined. In comparison with previous studies, this result is the best
observed [32].

The X-ray spectra acquired from a 241Am source at different voltages, temperatures, and exposure
times showed high stability and a high spectroscopic resolution under all tested experimental conditions.

Different voltages were used to verify the effect of the applied bias voltage on the device
performance. The spectroscopic response of our SiC detector does not significantly depend on the
bias voltage, as shown in Figure 11, where two extreme bias voltages (10 V and 200 V) were used.
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No tails in the spectral lines were observed, which means that no significant charge trapping occurred
in these devices. Remarkably, no strong performance loss was observed at 10 V, and substantially no
difference was observed under operation between 80 V and 200 V. The possibility of using a lower
voltage without losing significant information is an advantage for those applications wherein lower
power consumption is desirable. The better resolution obtained at 200 V is due to a lower capacitance.
We avoided operating the SiC detector above 200 V to prevent the risk of possible damages due to
accidental breakdown or electrostatic discharge. Also, the exposure time to the 241Am source does not
affect the spectroscopic performance of our SiC detector, as demonstrated by negligible differences in
the peak resolution after almost 2 and 10 h of acquisition (Figure 13). This means that it is not necessary
to wait for a long time before getting all the main information from the device.

Finally, it is worth noticing the high resolution and very good stability in the performance of our
SiC microstrip detector between −20 ◦C and +80 ◦C (Figure 14), which pave the way for use in a wide
range of applications that are prohibitive for other conventional semiconductor detectors.

5. Conclusions

Even considering an initial higher cost for the SiC material in comparison to Si or Ge, SiC-based
semiconductor radiation detectors are advantageous for use in operating conditions under which
conventional semiconductor detectors in Si or Ge cannot adequately perform. One overall advantage
is the elimination of cryogenic or Peltier cooling systems that allows the fabrication of far more
compact, more stable, lighter, and lower power radiation detector systems. This also implies, as a
direct consequence, economic advantages that go beyond the mere costs for the material itself.

Our findings confirm the high quality and the good uniformity of the epitaxial layer used for
manufacturing our SiC-based prototypes, as well as the suitability of such devices to be used as high
resolution X-ray detectors over a wide range of operating temperatures.
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Abstract: The stress state is a crucial parameter for the design of innovative microelectromechanical
systems based on silicon carbide (SiC) material. Hence, mechanical properties of such structures
highly depend on the fabrication process. Despite significant progresses in thin-film growth and
fabrication process, monitoring the strain of the suspended SiC thin-films is still challenging. However,
3C-SiC membranes on silicon (Si) substrates have been demonstrated, but due to the low quality of
the SiC/Si heteroepitaxy, high levels of residual strains were always observed. In order to achieve
promising self-standing films with low residual stress, an alternative micromachining technique
based on electrochemical etching of high quality homoepitaxy 4H-SiC layers was evaluated. This
work is dedicated to the determination of their mechanical properties and more specifically, to the
characterization of a 4H-SiC freestanding film with a circular shape. An inverse problem method was
implemented, where experimental results obtained from bulge test are fitted with theoretical static
load-deflection curves of the stressed membrane. To assess data validity, the dynamic behavior of
the membrane was also investigated: Experimentally, by means of laser Doppler vibrometry (LDV)
and theoretically, by means of finite element computations. The two methods provided very similar
results since one obtained a Young’s modulus of 410 GPa and a residual stress value of 41 MPa from
bulge test against 400 GPa and 30 MPa for the LDV analysis. The determined Young’s modulus
is in good agreement with literature values. Moreover, residual stress values demonstrate that the
fabrication of low-stressed SiC films is achievable thanks to the micromachining process developed.

Keywords: 4H-SiC; bulk micromachining; electrochemical etching; circular membrane; bulge test;
vibrometry; mechanical properties; Young’s modulus; residual stress; FEM

1. Introduction

Silicon carbide (SiC) is recognized as an excellent material for power applications due to notable
electrical properties but SiC is also an outstanding candidate for microelectromechanical systems
(MEMS) thanks to its distinguished chemical and mechanical properties [1]. Therefore, sensors that
are able to detect temperature, gas, and pressure in aerospace or the automotive field are potential
applications of SiC-based devices [2–4]. The cubic 3C-SiC polytype is favoured for MEMS applications
as it can be epitaxially grown on silicon (Si) substrates and thus offers a low-cost solution for SiC-based
MEMS development coupled with the conventional Si technologies. Unfortunately, the lattice mismatch
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and thermal expansion coefficient difference between the epitaxied 3C-SiC film and the Si substrate
lead to high residual stress after deposition and cooling steps [5]. Generally, 3C-SiC suspended films
exhibit an important level of stress, typically more than 100 MPa which consequently affects the film
mechanical reliability. In order to overcome the difficulties related to the heteroepitaxy, an alternative
solution to achieve suspended films, based on SiC, is using the electrochemical etching (ECE) of 4H-SiC
wafers. Until now, very few papers deal with the fabrication of 4H-SiC MEMS structures. Thus, Nida
et al. proposed a promising technique employing a highly selective etching of 4H-SiC homoepitaxy
films [6]. The etching process stops at the interface between n+ 4H-SiC substrate and n− 4H-SiC
epilayer, enabling the fabrication of freestanding thin films. Moreover, the crystalline quality of the
epilayer, and so, the suspended thin-film, is not affected by the process [7]. This method could pave
the road for the fabrication of novel SiC-based detectors [6]. However, designing such original film
for MEMS applications requires knowing the mechanical properties of the epilayers. Several popular
approaches exist to monitor the static behavior of free-standing films: Curvature measurements [8,9],
beam-bending testing [10,11], Raman spectroscopy [12,13], nanoindentation [14], and bulge test [15,16].
Moreover, dynamic techniques based on the resonance frequency determination of thin film are also
intensively used [17,18]. In order to determinate the mechanical properties (Young’s modulus and
residual stress values) of the 4H-SiC film, this study aims to evaluate two experimental techniques:
The bulge test and the vibrating method.

The static deflection analysis of a circular shape membrane submitted to high external pressure (up
to 4 bars) was implemented. In other words, this method enables to discriminate easily residual stress
effects from plate behavior and so, to measure simultaneously residual stress and Young’s modulus
values. In addition, the static load-deflection curve of a circular film is described by a simple analytical
expression, that depends on two fitting parameters only, easy to determine from experimental data [19].
However, several relations between these fitting parameters and the mechanical properties of the film
were proposed in the literature, leading to a non-unique solution for the mechanical property value
determination [20]. Therefore, a complementary method, based on the membrane vibration study,
was used to help in the determination of the thin-film mechanical properties. For that, the dynamic
behavior of the film was measured by means of laser Doppler vibrometry (LDV), i.e., resonance
mode investigations. An inverse problem approach, based on finite element computations, was also
implemented to determine the mechanical properties of the fabricated film.

This study focused on the characterization of a circular 4H-SiC freestanding film. After the
membrane preparation description, the methods and experiments are presented. The Young’s modulus
and the residual stress of the membrane are then extracted using the bulge test results. Finally,
combining the resonance frequency measurements with the finite element model allowed refining the
residual stress value. This last parameter seems to have an important influence on the membrane
mechanical behavior.

2. Materials and Methods

2.1. Sample Preparation

The 4H-SiC membrane was fabricated starting from a wafer with homo-epitaxial layer grown on
375 μm thick 1018 cm−3 n-type substrate (supplied from CREE®, Durham, NC, USA). The epitaxial layer
is around 9 μm thick 1013 cm−3 n-type. The substrate removal was obtained by electrochemical etching.
ECE is an oxidation/oxide-removal process obtained by dipping the SiC wafer in a hydrofluoridric
acid-based solution and electrically supply holes for the oxidation through a 100 nm aluminium back
metal contact [6,21–23]. The process is capable of removing highly doped (≥ 1018 cm−3) p-type and
n-type layers but is selective towards low-doped n-type layers (selectivity > 1000:1 with respect to
the 5 × 1013 cm−3 doped n− layer). Hence, this process allows the full removal of the highly doped
substrate and the local release of the epitaxial layers. The realized membranes have thicknesses and
uniformities determined by the epitaxial layer. The 4H-SiC suspended film with circular shape was
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fabricated at the Paul Scherrer Institute [6]. In addition, the circular shape is the most appropriate
geometry in order to study the effects related to the internal stress of a film. Indeed, the stress is
equi-biaxial, so the loading will not produce any discontinuity.

A Lext OLS4100 Laser Scanning Microscope (LSM), from Olympus Corporation (Shinjuku-ku,
Tokyo, Japan), was used in order to observe the full membrane using the stitching mode. Figure 1a
shows the image of the membrane shape after ECE process. One can observe a slight membrane
asymmetric geometry, which is due to the fabrication process, i.e., to a non-uniform under-etching
of the substrate with respect to the etching mask. Therefore, we assumed that the membrane can be
reasonably assimilated as a circle. The diameter measurements were performed in several directions
and an average diameter value was evaluated at 4.5 mm. Thickness determination was performed
using a Strata DB235 Focused Ion Beam (FIB), from Thermo Fisher Scientific (Waltham, MA, USA).
To do that, we injected silver paste through the cavity of the membrane in order to fix and stiffen the
suspended film to prevent any vibrations during the observations. After that, the FIB cross-section
images were carried out in order to obtain a direct measurement of the film thickness as shown in
Figure 1b. Thus, a membrane thickness of 8.8 μm was measured and a thickness variation of ± 0.2 μm
was evaluated. As expected, the thin film has a well-controlled thickness because the 4H-SiC epilayer
acts as an etching stop.

 
(a) 

 
(b) 

Figure 1. (a) Laser Scanning Microscope (LSM) image of the 4H-SiC membrane using stitching mode,
obtained after the electrochemical etching (ECE) process. Circular insert added to show that the 4H-SiC
membrane can be assimilated as a circle. (b) Focused ion beam (FIB) cross-section image allowing the
membrane thickness determination.

2.2. Circular Membrane Deflection under Uniform Pressure

The bulge test method consists in submitting a membrane to uniform external pressure in order to
observe its load-deflection behavior. At low value, the mechanical return forces of the membrane are
mainly due to the residual stress. Whereas, when the pressure value increases, the return forces from
plate stiffness govern the displacement. The deflection of a clamped membrane is measured according
to the applied pressure. The most common pressure-deflection relationship of a pre-stressed circular
membrane can be expressed as [24]:

P(h) = C1
tσ0

a2 h + C2
t

a4

( E
1− v

)
h3 = Ah + Bh,3 (1)

where P is the applied pressure, t is the membrane thickness, σ0 is the residual stress, a is the membrane
radius, h is the maximum bulge deflection at the centre of the membrane, E is the Young’s modulus,
and υ is the Poisson’s ratio of the 4H-SiC thin-film. C1 and C2 are dimensionless constants, which
depend on the membrane shape. Note that C2 is also a function of the Poisson’s ratio. A schematic
representation of a circular diaphragm is shown in Figure 2. By fitting the applied pressure as a
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function of the measured deflection, A and B coefficients can be estimated, leading to the determination
of the Young’s modulus and the residual stress.

Figure 2. Schematic cross-sectional membrane with initial in-plane tension under uniform pressure P.

The models describing the load-deflection behavior of a circular plate as a function of the pressure
have been extensively discussed. Several authors examined the large deflection behavior for the pure
plate case, originally described by Nádai and Way [25,26]. Beams was the first to report an experimental
model using bulge test to measure the mechanical properties of thin films deposited on substrates [27].
For a circular membrane, Beams determined C1 and C2 values, 4 and 8/3, respectively. A more accurate
numerical solution indicated that C2 can be expressed as (8/3) × (1.015 − 0.247υ). Table 1 summarizes
the reported value of C1 and C2 for circular suspended films from literature. For comparison purposes,
C2 values assuming υ = 0.25 are also listed.

Table 1. C1 and C2 coefficients for circular membranes.

Models C1 C2 C2(υ = 0.25) Approach

Lin [28] 4.0 (7 − υ)/3 2.25 Energy minimization
Beams [27] 4.0 8/3 2.67 Spherical cap

Small et al. [29] 4.0 (8/3) × (1 − 0.241 × υ) 2.51 Finite Element Method
Pan et al. [30] 4.0 (8/3)/(1.026 + 0.233 × υ) 2.46 Finite Element Method

Hohlfelder et al. [31] 4.0 (8/3) × (1.015 − 0.247 × υ) 2.54 Number approximation
Timoshenko et al. [32] - (8/3) × 0.976/(1 + υ) 2.08 Energy minimization

2.3. Membrane Vibration

2.3.1. Analytical Description

The natural frequencies and mode shapes of membranes are a function of the structural properties
and boundary conditions. Let us consider a circular membrane with a uniform thickness t and firmly
clamped at its periphery. If the displacement of the membrane along the z-axis is small compared to
the diameter, the stress state is isotropic and the effect of the fluid (air) is negligible [19]. Therefore, in
small deflection case, an ideal membrane is described by assuming that the residual stress is higher
than the bending rigidity. Thus, the membrane can support only tensile loads [33]. The mode shapes
are described by two spatial coordinates and identified by the nodal line (m, n). Here, m and n are the
index relative to the modal diameter lines and the number of nodal circle lines, respectively [33]. The
natural frequencies of vibration for a circular membrane can be described as:

f(m, n) =
αmn

2πa

√
σ0

ρ
, (2)

where a is the membrane radius, σ0 is the residual stress, ρ is the density of the 4H-SiC thin-film and
αmn values are derived from the roots of the first order Bessel functions. Zeros of the Bessel functions
can be computed and tabulated [17].
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2.3.2. Finite Element Method Approach

A behavioral model of the membrane, based on the finite element method (FEM), was implemented
to theoretically determine the mechanical properties of the fabricated film. Therefore, FEM calculations
were used as virtual experiments to determine the natural frequencies and mode shapes of the membrane.
The numerical model was built with the commercial COMSOL Multiphysics software package using
eigenfrequency and solids mechanics modules. In the simulation procedure, a three-dimensional
pre-stressed circular membrane was created. Perfectly clamped boundary conditions were used
corresponding to a null mechanical displacement at the outer edge, in x, y, and z directions. The mesh
settings were defined using the physics-controlled mesh option proposed by COMSOL Multiphysics,
giving hence the following parameters: Tetrahedral shape elements and 8767 meshing nodes. These
parameters were validated by comparing theoretical resonance frequency values of circular membranes
to values obtained from FEM, a difference lower than 1% was obtained.

The residual stress and Young’s modulus values extracted from the bulge test measurements were
used as input parameters.

2.4. Load-Deflection Measurements

The bulge test setup is fully discussed in the literature, mainly for improving the methodology
and the technique accuracy [16,29,34]. Indeed, the deflection measurement errors can lead to an
over or under estimation of the mechanical properties. Consequently, this method requires paying
special attention to the chip preparation and deflection measurements. The experimental apparatus is
schematically presented in Figure 3a. The sample was mounted on a 3 × 3 cm2 printed circuit board
(PCB) holder with a drilled hole in the centre. Several studies have highlighted the importance of
the bonding step for the reliability of the deflection measurements. The most common approach to
fix the sample is to add adhesive around its edges. In such case, Jayaraman et al. observed that the
sample moved during the measurement for a pressure up to 2.8 bars [35]. Mitchell et al. proposed a
multi-step bonding method to seal and constrain the sample to the chuck without any displacement of
the substrate [34]. Inspired by this method, we deposited an Ablebond 84-3J epoxy adhesive on the
PCB and mounted the sample on it. Then, we applied the adhesive around all the edges of the sample
to seal and prevent air leakage. Lastly, an annealing step of 1 h at 150 ◦C was carried out. For the bulge
testing, the chip was placed in an airtight square cell, drilled on two lateral faces, in order to inject and
measure the air pressure. The membrane is pressurized through its cavity while the front face remains
at the atmospheric pressure. So, the sample was characterized under differential pressures, between
0.04 and 4 bars. Pressure regulation and measurements were carried out using both pressure controller
and sensors, operating in the range of 0 to 4 bars.

(a) (b) 
 

(c) 

Figure 3. (a) Schematic of bulge test apparatus; (b) deflection of the circular 4H-SiC membrane, before
and after, sample mounting; (c) typical topography used to measure the diaphragm deflection with
LSM measurement.
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Classically, these measurements are performed with a setup integrating both a laser interferometer
to detect the membrane deflection, an optical system to observe interference fringes and data processing
software [14–18]. Despite the highest resolution of the interferometric method, the experiences had
shown that the interference fringes are often not well defined at very small displacements [29].
Moreover, the measurement is often focused in the centre of the membrane, preventing the observation
of the deflection profile. Acquisition of load-deflection data is significantly improved using LSM. With
its confocal optical system, an LSM detects in-focus reflections from a single specified focal plane
along the z-axis [36]. This allows the extraction of the 3D deflection profile of the membrane under an
applied pressure.

The deflection h of the membrane (at P = Patm) was measured before and after the chip preparation.
Values of h are close, around 1.5 μm. So, the impact of the stress induced by the sample preparation
seems to be negligible as shown in Figure 3b. The deflection profile was recorded at each stabilized
pressure level. A scanning area of 4700 × 4700 μm2 was defined in the centre of the membrane. Thus,
we obtained a mapping including the maximum deflection point in the centre and also the edges of the
membrane as presented in Figure 3c.

2.5. Dynamic Behavior Measurements

The natural frequencies of thin film can be measured by several methods. Each technique
integrates mechanical excitation setup and optical system. In this study, we used a piezoelectric
actuation and a laser system for measuring the film deformation amplitude. The sample was glued
using silver paste onto a lead zirconate titanate (PZT) disk and excited by a periodic burst signal at
a voltage range between 0.1–10 Vpp. An MSA-500 scanning laser Doppler vibrometry (LDV), from
Polytec GmbH (Waldbronn, Germany), was used in order to experimentally investigate the dynamic
behavior of the membrane through the identification of its resonance modes. Measurements were
performed in air. The diameter of the diaphragm exceeded the aperture angle of the MSA lenses.
Consequently, for one acquisition, an area of 890 × 660 μm2 is measured using the 20× objective.
Thus, a stitching method was developed in order to scan the whole membrane surface allowing the
determination of its vibrations mode shape. Among all the observed modes, we focused our attention
on the first six out-of-plane vibration modes. As an example, Figure 4 shows different measured mode
shapes of the 4H-SiC circular membrane.

(a) (b) (c) (d) 

Figure 4. (a) Schematic diagram of the resonance frequency method. Vibration mode shapes measured
using laser Doppler vibrometry for (b) (1, 1); (c) (0, 2); and (d) (1, 2) modes.

3. Results and Discussion

3.1. Bulge Test Results

As previously explained, the Young’s modulus and the residual stress can be determined using
the least square fit of Equation (1). The load-deflection response at the membrane centre h versus P is
shown in Figure 5.
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Figure 5. Dot line: Bulge test results for 4H-SiC diaphragm. Solid line: Theoretical fit.

For the calculations, we fixed the Poisson’s ratio value at 0.25, which is the most common value
used in the literature. It has been pointed out by several authors that the influence of υ in the bulge test
is negligible [34,37]. Indeed, our calculations confirm that a variation of υ from 0.2 to 0.3 impacts the
Young’s modulus value for less than 10%. The parameters used for fitting the data are listed in Table 2.

Table 2. Parameters used for both bulge test and finite element method (FEM) calculations.

Parameters Values

A (Pa/m) 3.0 × 108

B (Pa/m3) 4.6 × 1017

Density (kg/m3) 3210
Poisson’s ratio 0.25

Membrane radius (μm) 2250
Membrane thickness (μm) 8.8

Table 3 reports the determined values of E and σ0. The calculated Young’s modulus values are
scattered, depending on the model used. In fact, the main difference between these models is the
expression of C2. Beams was the first to report a value for this dimensionless coefficient, using the
spherical cap model based on a very simple approximation of the real case. However, it can lead to an
under estimation of the mechanical property determination [29,38]. Therefore, the models proposed
by Pan et al. and Small et al. led to close Young’s modulus values, which seems to be normal as
both models were adjusted from finite element calculations [20]. Moreover, using the numerical
solution proposed by Hohlfelder, we obtained almost the same Young’s modulus value. Mitchell et al.
explained that the difference in the governing equation, which results in measured values, could vary
by as much as 20% [34]. In any case, the calculated Young’s modulus values are in reasonably good
agreement with the published results in the literature for silicon carbide thin films. The residual stress
value is determined using the linear term in Equation (1). In comparison with E, the stress σ0 seems to
be less dependent on the model used since C1 is considered as constant.
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Table 3. Bulge test results depending on the models used.

Models E (GPa) σ0 (MPa)

Lin [28] 452 41
Beams et al. [27] 380 41
Small et al. [29] 405 41
Pan et al. [30] 413 41

Hohlfelder [31] 400 41
Mean value 410 41

3.2. Vibrometry Results

In this study, we focused our purpose on the observed six-first vibration modes, which are clearly
identified, even if the vibration amplitudes were small. The displacement spectrum of the 4H-SiC
circular membrane is shown in Figure 6. The interference frequencies due to the piezoelectric excitation
were also measured. The resonance peaks for asymmetric modes (1, 1), (2, 1), (3, 1), and (1, 2) seem
to be splitted with lower magnitude peaks. The fabrication process led to a geometric asymmetry of
the diaphragm, as previously shown in Figure 1, resulting in the creation of non-degenerated modes
in asymmetric vibration modes [39,40]. Moreover, Fartash et al. reported that the presence of an
anisotropic tension, due to internal stress or tension after mounting the sample, could also cause the
splitting of degenerated modes. Thus, this phenomenon could shift the peaks of asymmetric vibration
modes [41].

 

Figure 6. Measured spectrum of vibration of the 4H-SiC membrane associated with the corresponding
mode shapes.

3.3. Finite Element Computations

The Young’s modulus and the residual stress values determined with the bulge test method
were used to calculate the resonance frequencies from the implemented FEM model. Physical and
geometrical parameters, already presented in Table 2, were used for the calculations. Figure 7a
shows the simulated and measured resonance frequencies, depending on the vibrating mode shapes.
Considering the mechanical properties extracted from the bulge test, the calculated resonance frequency
values are slightly overestimated, with a difference of 15% compared to the measured values. Moreover,
the Young’s modulus value seems to have a small, but not negligible, influence on the resonance
frequency values. In addition, the membrane shape is not a perfect circle, as already presented in
Figure 1a. Therefore, the same calculations were performed using a membrane radius of 2.35 mm,
corresponding to the higher measured radius. The obtained results were very close to the preceding
one, using a = 2.25 mm. Thus, we assumed that the radius variation has a negligible influence on
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the presented results. It is important to note that all the calculations were performed for a single
residual stress value, i.e., 41 MPa. In order to evaluate the impact of the residual stress, we extended
the calculation by changing σ0 between 15 and 45 MPa. Figure 7b presents the simulations results for
the first resonance frequency. The couple (E, σ0) that provides the best fit with the measured resonance
frequency was obtained for E = 400 GPa and σ0 = 30 MPa. Consequently, we used these mechanical
parameters to calculate the five other resonance frequencies. We reported the results in Figure 7a. The
resonance frequencies obtained by FEM simulations using σ0 = 30 MPa seem to be in good agreement
with the measured resonance frequencies. Thus, it can be assumed that the residual stress value mainly
governs the mechanical behavior of the membrane.

However, the residual stress value extracted from bulge test and FEM simulations are slightly
different, even if the difference remains minor. This can be explained by the deflection measurements
in the low-pressure range. The determination of the residual stress is allowed with the linear term of
Equation (1). Thus, an error in the pressure or deflection measurements could lead to an over or under
estimation of the residual stress value.

  
(a) (b) 

Figure 7. (a) Dashed lines: Computed resonance frequencies obtained with FEM calculations using
the bulge test results. Solid line: Adjusted FEM calculations with the couple (E, σ0). Square symbols:
Measured resonance frequencies determined with the vibrometry method; (b) calculated resonance
frequency depending on E and σ0. Dot line: Measured resonance frequency for the (0, 1) mode. Symbol
lines: Calculated resonance frequencies depending on the residual stress and Young’s modulus values.

3.4. Etching Profile Determination

As previously explained, we considered, for our model, that the membrane was firmly clamped at
its periphery. This property is essential as an undercut or overcut at the diaphragm boundary could shift
the resonance frequencies, and so, could affect the accuracy of the mechanical properties determination.

Most of the time, designing freestanding diaphragms based on 3C-SiC material requires etching
the Si substrate by using an anisotropic wet etchant, such as potassium hydroxide. This technique
is very suitable to create thin suspended square and rectangular membranes but does not allow the
achievement of vertical sidewalls. In addition, the realization of circular membrane geometry is
more complex, that’s why, dry etching using plasma is recommended [39]. With this method, the Si
wafer/3C-SiC epilayer interface can act as an etch-stop to define a 3C-SiC membrane. For 4H-SiC, it
is much trickier. Indeed, plasma etching of 4H-SiC can also be used to define vertical sidewalls [42].
However, in this case, there is no etching-stop layer. Thus, the realization of a complete well-controlled
4H-SiC membrane is quite impossible. While, thanks to the ECE method applied in this paper, it is
achievable. Nonetheless, considering this unusual method, it is mandatory to explore the etching
profile. To do that, we observed the sample cross-section by means of LSM method, as shown in
Figure 8.
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(a) (b) 

Figure 8. (a) LSM cross-section image of the etching profile; (b) LSM image of the membrane-undercut
boundary.

This figure clearly highlights the anisotropic etching of the 4H-SiC wafer and the thickness
homogeneity of the 4H-SiC membrane. Moreover, the assumption of a firmly clamped membrane
is clearly demonstrated. It confirms that the ECE method is helpful to achieve well-defined
4H-SiC membranes.

4. Conclusions

The mechanical properties of a 4H-SiC circular membrane were investigated through the
determination of its Young’s modulus and residual stress. Two methods were implemented and
compared. The first one was based on bulge test, where the static behavior of the membrane submitted
to a high external pressure was monitored. The second method was based on LDV measurements,
where the dynamic mechanical response of the membrane was investigated. An inverse problem
approach, based on finite element method, was implemented in order to combine the static and dynamic
results, allowing the determination of the mechanical properties of the 4H-SiC circular membrane. The
two methods provided very similar results since one obtained a Young’s modulus of 410 GPa and a
residual stress value of 41 MPa from bulge test against 400 GPa and 30 MPa for the LDV analysis. The
calculated Young’s modulus is in good agreement with literature values for SiC thin film. Moreover,
the process allows the full removal of the highly doped 4H-SiC substrate and the local release of the
epitaxial layer, thus realizing membranes with thickness uniformity determined by the epitaxial layer
growth. Consequently, a new range of MEMS can be developed using 4H-SiC based-material.
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Abstract: An improved 4H-SiC metal semiconductor field effect transistor (MESFET) based on the
double-recessed MESFET (DR-MESFET) for high power added efficiency (PAE) is designed and
simulated in this paper and its mechanism is explored by co-simulation of ADS and ISE-TCAD
software. This structure has a partially low doped channel (PLDC) under the gate, which increases
the PAE of the device by decreasing the absolute value of the threshold voltage (Vt), gate-source
capacitance (Cgs) and saturation current (Id). The simulated results show that with the increase of H,
the PAE of the device increases and then decreases when the value of NPLDC is low enough. The doping
concentration and thickness of the PLDC are respectively optimized to be NPLDC = 1 × 1015 cm−3 and
H = 0.15 μm to obtain the best PAE. The maximum PAE obtained from the PLDC-MESFET is 43.67%,
while the PAE of the DR-MESFET is 23.43%; the optimized PAE is increased by 86.38%.

Keywords: 4H-SiC; MESFET; simulation; PAE

1. Introduction

With the development of the semiconductor industry, SiC, diamond and GaN, the third-generation
semiconductor materials, have become a research hotspot because of their high critical field strength,
wide band gap and high carrier saturation rate [1–6]. 4H-SiC is used to manufacture power devices
such as MESFETs due to its larger band gap and higher electron mobility compared to those of 3C-SiC
and 6H-SiC [7]. Nowadays, the mainstream research direction on 4H-SiC MESFETs is to achieve better
output power density by making changes to the device structure [8,9]. However, in order to achieve
green development, enabling devices to have higher energy conversion efficiency has become a new
central issue of research. In the papers An Improved DRBL AlGaN/GaN HEMT with High Power
Added Efficiency [10] and An Improved UU-MESFET with High Power Added Efficiency [11], a higher
power added efficiency (PAE) was obtained by balancing the parameters of the devices. The PAE of
the improved with an ultrahigh upper gate MESFET (IUU-MESFET) and the double recessed barrier
layer (DRBL) AlGaN/GaN HEMT increased 18% and 48%, respectively. In the aforementioned research
works, PAE simply replaces the RF output power with the difference between output and input power
in the drain efficiency equation. A larger PAE means that a larger output power can be obtained under
the same input power. This is crucial for sustainable development.

In this paper, an improved 4H-SiC MESFET with a partially low doped channel (PLDC) is designed
and simulated to improve the PAE of the 4H-SiC DR-MESFET [12] using ISE-TCAD and ADS. A
partially low doped channel is used to balance the parameters of the device by adjusting the doping
concentration and thickness. The key to this structure is to improve the AC/RF characteristics of the
device and improve the PAE of the device. This ensures that the device has lower energy consumption at
the same output power, which has great significance for RF power amplifier applications. In the second
part of this paper, the basic features and simulation process of the PLDC-MESFET are introduced,
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as are the models used in the simulation. In the third section, the main impact of the PLDC on the
parameters and PAE of the device is introduced and the mechanism is discussed. In the fourth section,
we conclude that the PLDC is helpful for the improvement of the PAE of the DR-MESFET.

2. Device Structure

The 2D schematic cross-sections of the DR-MESFET and PLDC-MESFET structures are shown
in Figure 1a,b, respectively. The difference between the two devices is that the PLDC-MESFET has a
partially low doped channel under the gate. The PLDC was realized by high-energy ion implantation
and high-temperature annealing processes. It should be noted that the P-type impurity is implanted to
compensate for the formation of lightly doped regions [13]. The thickness and the concentration of the
PLDC are denoted as H and NPLDC, respectively. The NPLDC was set to 1 × 1017 cm−3, 1 × 1016 cm−3

and 1 × 1015 cm−3. The H was set from 0 to 0.25 μm in a step of 0.05 μm.

  
a  (b) 

Figure 1. Schematic cross-sections of the (a) DR 4H-SiC MESFET, (b) partially low doped channel
(PLDC) 4H-SiC MESFET.

The main physics models were applied in ISE-TCAD tools simulation [14], including Mobility
(Doping Dep, HighFieldSat Enormal), Effective Intrinsic Density (Band Gap Narrowing (OldSlotboom),
Incomplete Ionization, Recombination (SRH (Doping Dep) and Auger Avalanche (Eparallel).
The criterion of breakdown was Break Criteria {Current (Contact = “gate” Absval = 1e3)}. The main
solving model was Coupled {Poisson Electron Hole}. Mobility models were used to solve the
phenomenon of the mobility of carriers being degraded by many factors. Recombination models
were used to calculating the lifetime of carriers. The Effective Intrinsic Density model was used to
calculate the effective band gap. Incomplete Ionization must be considered, as this occurs in the case
of aluminum acceptors in silicon carbide. The temperature of the simulations was 300 K. The major
parameters of the device measured were saturation current (Id), threshold voltage (Vt), gate–source
capacitance (Cgs) and transconductance (gm). Those parameters are used in ADS to modify the EE_FET3
model. The modified EE_FET3 model and “Load-Pull PAE, Output Power Contours” model [15] were
used to measure the PAE of the device under the same bias conditions. The working bias conditions
were set as follows: Vgs was −8.0 V, Vds was 28 V, RF was 850 MHz and Pavs_dBm was 28 dBm.
Keeping the bias condition and changing the parameters obtained from ISE-TCAD, the PAE of the
device under different thicknesses and doping concentrations can be calculated as follows [16].

η(PAE) =
Pout − Pin

Pdc
(1)

where Pout is output power, Pin is input power and Pdc is DC power.
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3. Results and Discussion

3.1. The Effect of Doping Concentration and Thickness On the Device Parameters

As showing in Figure 2, the parameters of the device are greatly affected by the doping concentration
(NPLDC) and thickness (H) of the PLDC. The effect of NPLDC and H on Vt is shown in Figure 2a. With the
decrease of NPLDC, the absolute value of Vt decreases obviously. When H increases, the Vt overall
trend is also decreasing. This is because the changes in NPLDC and H directly control the total carrier
concentration in the channel, and Vt is proportional to the total carrier. Figure 2b shows the effects
of NPLDC and H on Cgs. With the decrease of NPLDC and the increase of H, Cgs decreases. On the
one hand, the PLDC suppresses the under-gate depletion layer extending to the source side, and on
the other hand, it reduces the total number of carriers in the channel, thereby reducing the input
capacitance of the device. In the Figure 2c, gm increases first and then decreases. The reason for this
formation may be that the thinner low doped layer can increase the gate’s ability to control the current
by inhibiting the diffusion of the depletion layer to some extent. When H is thick enough, the ability of
the gate to control the current will be reduced. So, gm decreases. In Figure 2d, Idsat is roughly decreased
as H increases and NPLDC decreases. This is mainly caused by the decrease of the channel carrier
concentration. When H is 0.25 μm, the parameters exhibit a sharp decrease and the DC characteristic of
the device becomes poor. It is indicated by the simulation results that the PLDC-MESFET has smaller
values of Cgs, gm, Vt and Idsat as compared to those of the original device.
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Figure 2. The effect of NPLDC and H on the device parameters: (a) Vt-NPLDC and H, (b) Cgs-NPLDC and
H, (c) gm-NPLDC and H, (d) Idsat-NPLDC and H.
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3.2. The Influences of Doping Concentration and Thickness on the PAE

The influences of the doping concentration and thickness on the PAE are shown in Figure 3.
It can be seen that when H is smaller than 0.20 μm, the PAE of the device increases with the decrease
of NPLDC. When H is 0.20 μm and NPLDC is 1 × 1015 cm−3 or 1 × 1016 cm−3, the PAE of the device
decreases sharply. When H is 0.20 μm and NPLDC is 1 × 1017 cm−3, the PAE of the device increases.
When H is 0.25 μm, the simulation results show that the DC characteristics and AC characteristics of
the device are poor, and the PAE of these structures is low. The maximum value of the PAE is obtained
when the NPLDC is 1 × 1015 cm−3, the H is 0.15 μm. The PAE of the new device is 43.67% while the
PAE of the original device is 23.43%. The optimized PAE is increased by 86.38%. The PAE of the
IUU-MESFET and DRBL AlGaN/GaN HEMT increase 18% and 48%, respectively. So, the PLDC has a
great effect on improving the PAE of the device. In the paper 107 W CW SiC MESFET with 48.1% PAE,
the experimental PAE of the device at 2 W (33 dBm) is close to 25% [17]. The PAE of the DR-MESFET is
23.43% at 0.63 W (28 dBm). This is essentially consistent with the simulation results.
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Figure 3. The effects of NPLDC and H on the PAE.

3.3. Mechanism Discussion

Figure 4a,b shows the influence of the parameters on PAE at the same bias when Vgs is −8.0 V, Vds

is 28 V, RF is 850 MHz and Pavs_dBm is 28 dBm. As shown in Figure 4a, the PAE increases with the
increase of Vt when gm is a constant. When Vt is a constant, the PAE also increases with the increase
of gm. When gm is between 40 and 60 mS, the PAE of the device has the biggest change. This can
be observed by the distance between the two curves. Figure 4b shows the influence of Idsat and Cgs

on the PAE. With the increase of Cgs, the PAE decreases. With the increase of Idsat, the PAE increase.
Furthermore, the larger Idsat is, the slower PAE increases.
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Figure 4. The effect of device parameters on PAE: (a) PAE-Vt and gm, (b) PAE-Cgs and Idsat.
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From the analysis above, it can be concluded that the smaller the absolute value of Vt, the bigger
the PAE, and the smaller the Cgs, the bigger the PAE. For gm, a bigger gm means a higher current
gain, so it a larger output can be obtained under the same input. According to Figure 4a, the PAE is
proportional to gm. This is the reason why the PAE of the device decreases sharply when H is 0.20 μm
and NPLDC is 1 × 1015 cm−3 or 1 × 1016 cm−3. When H is 0.20 μm and NPLDC is 1 × 1017 cm−3, the PAE
of the device increases because gm is not the key factor compared with Vt, Idsat and Cgs. The PAE of
the device is decided by the influences of those parameters.

It can be seen that the doping concentration and thickness of the PLDC are optimized to be NPLDC

= 1 × 1015 cm−3 and H = 0.15 μm. Table 1 shows some main parameters of the two devices. It can
be seen that the PAE of the PLDC-MESFET is 43.67%, which is higher than the PAE of 23.43% of the
DR-MESFET. Compared the two devices, the PLDC-MESFET has a smaller threshold voltage, smaller
input capacitance, smaller transconductance and smaller saturation current than the DR-MESFET.
The increase of the PAE is influenced by the combination of these parameters. When the absolute value
of Vt decreases, the device is easier to turn on and gains a larger output current. So, the output power
Pout increases and a higher PAE is reached. According to Formula (2) [16], a smaller input capacitance
Cgs means the device has less energy loss when working in RF (charging and discharging).

Pdyn = EVD − Ec =

∞∫
0

ivd(t)Vddt−
∞∫

0

ivd(t)voutdt = CVD
2 − CV2

D

2
=

CV2
D

2
(2)

where Pdyn is the dynamic power consumption flipped once, EVD is the energy obtained from the
power source, Ec is the capacitor stored energy, C is the gate–source capacitor and VD is the drain
voltage. A small Cgs also increases the input impedance of the device. Therefore, Pout of the device
increases and Pin decreases. For Idsat, a small Idsat indicates a small Pout. Under the influence of these
parameters, the device has a big PAE. In there, gm is sacrificed to obtain a higher PAE. Though a larger
gm is helpful to increase PAE, the influences of the other parameters on PAE are more obvious. So,
the maximum value of PAE is 43.67% when NPLDC is 1 × 1015 cm−3 and H is 0.15 μm, as obtained by
sacrificing some of the DC performances of the device.

Table 1. Comparison of performance parameters of the two structures.

Parameters DR 4H-SiC MESFET PLDC 4H-SiC MESFET

Idsat (mA/mm) 448.00 319.90
Vb (V) 125.35 130.20

gm (mS/mm) 59.30 49.30
Vt (V) −7.52 −6.49

Cgs (pF/mm) 0.59 0.49
PAE (%) 23.43 43.67

4. Conclusions

An improved 4H-SiC MESFET with a partially low doped channel is designed and simulated
in this paper to increase the PAE of the device. The results show that the maximum PAE of the
PLDC-MESFET is 43.67%, while the PAE of the DR-MESFET is 23.43%; the optimized PAE was
increased by 86.38%. A way to design an energy efficient amplifier is proposed in this paper by
balancing the parameters of the device. This ensures that the device has lower energy consumption at
the same output power, which has great significance for RF power amplifier applications.
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Abstract: One of the main issues with micron-sized intracortical neural interfaces (INIs) is their
long-term reliability, with one major factor stemming from the material failure caused by the
heterogeneous integration of multiple materials used to realize the implant. Single crystalline
cubic silicon carbide (3C-SiC) is a semiconductor material that has been long recognized for its
mechanical robustness and chemical inertness. It has the benefit of demonstrated biocompatibility,
which makes it a promising candidate for chronically-stable, implantable INIs. Here, we report on
the fabrication and initial electrochemical characterization of a nearly monolithic, Michigan-style
3C-SiC microelectrode array (MEA) probe. The probe consists of a single 5 mm-long shank with
16 electrode sites. An ~8 μm-thick p-type 3C-SiC epilayer was grown on a silicon-on-insulator (SOI)
wafer, which was followed by a ~2 μm-thick epilayer of heavily n-type (n+) 3C-SiC in order to form
conductive traces and the electrode sites. Diodes formed between the p and n+ layers provided
substrate isolation between the channels. A thin layer of amorphous silicon carbide (a-SiC) was
deposited via plasma-enhanced chemical vapor deposition (PECVD) to insulate the surface of the
probe from the external environment. Forming the probes on a SOI wafer supported the ease of probe
removal from the handle wafer by simple immersion in HF, thus aiding in the manufacturability of
the probes. Free-standing probes and planar single-ended test microelectrodes were fabricated from
the same 3C-SiC epiwafers. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were performed on test microelectrodes with an area of 491 μm2 in phosphate buffered saline
(PBS) solution. The measurements showed an impedance magnitude of 165 kΩ ± 14.7 kΩ (mean
± standard deviation) at 1 kHz, anodic charge storage capacity (CSC) of 15.4 ± 1.46 mC/cm2, and a
cathodic CSC of 15.2 ± 1.03 mC/cm2. Current-voltage tests were conducted to characterize the p-n
diode, n-p-n junction isolation, and leakage currents. The turn-on voltage was determined to be on
the order of ~1.4 V and the leakage current was less than 8 μArms. This all-SiC neural probe realizes
nearly monolithic integration of device components to provide a likely neurocompatible INI that
should mitigate long-term reliability issues associated with chronic implantation.

Keywords: neural interface; neural probe; neural implant; microelectrode array; MEA; SiC; 3C-SiC;
doped SiC; n-type; p-type; amorphous SiC; epitaxial growth; electrochemical characterization

1. Introduction

Implantable neural interfaces offer a method for external electronic devices to be connected to
the central nervous system (CNS) in order to stimulate or record neurological signals, such as action
potentials or multi-unit extracellular potentials, with the additional benefit of high spatial and temporal
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resolution. This interface forms a link for direct communication with the CNS through which the
complex activities of neurons can be decoded to control active prosthetic devices or to stimulate one or
more neural circuits to restore or enhance physiological functions [1].

Attempts to understand the electrophysiology of the nervous system started in the 17th century
with stimulation of frog sciatic nerve [2]. Later in the 19th century, stainless steel wire electrode arrays
were first implanted in the amygdala nuclei of monkeys and cats to investigate brain activity [3].
This was followed by the implantation of tungsten microelectrodes in the visual cortex of cats to
investigate the behavior of individual cortical cells [4]. Study of the visual cortex, which requires
a denser array of electrodes, drove a transition from metal wire electrode arrays to silicon-based
three-dimensional microelectrode arrays (MEAs), such as the Utah array, which was introduced in
the late 1980s [5,6]. This design minimized the electrode area and, as a result, allowed for higher
spatial resolution during recording and stimulation of small populations of neurons, as well as
utilized a reliable and repeatable manufacturing process. The high density of electrode sites, ability to
individually address each electrode site, high-throughput fabrication, and compatibility with integrated
circuit fabrication processes has made silicon an attractive material for high density, electrical neural
interface applications.

A milestone in the development of silicon-based implantable intracortical neural interfaces (INIs)
was the Michigan probe, introduced in 1970 [7], which employed multiple electrode sites on a single
shank for chronic intracortical stimulation of, or recording from, single neurons [8]. Nevertheless,
the occurrence of mechanical, material, and biological failures, both acute and chronic [9], has been
a major factor in the questionability of silicon- and metallic-based micro-INIs for human utilization.
Mechanical failure, in the form of lead or connector breakage, material degradation, or insulation
delamination, and biological failures, such as bleeding, cell death, meningitis, gliosis, and fibrotic
encapsulation and extrusion, have been reported elsewhere [10]. In one report, collected from an
evaluation of 78 silicon-based intracortical MEAs chronically implanted in rhesus macaques, nearly
half of the chronic failures happened within the first year [11]. The majority of those chronic failures
(53%) were reported as biological failure caused by meningeal encapsulation and extrusion from the
tissue. These results indicate the importance of a mechanically and chemically robust INI that offers
better compatibility with the CNS to provide long-term recording and stimulation capabilities.

In recent years, researchers developing neural implants have turned their focus to flexible materials
and designs to develop tissue-like INIs that address both mechanical and form factor compatibility.
One implementation is an ultra-flexible, polymer-based probe in which a metal layer is sandwiched
between two layers of SU-8 polymer [12]. Although this polymer-metal probe, and other similar
designs [13,14], have shown a reduced immune response and were able to record action potentials and
stimulate neurons, difficulty in the fabrication of these polymer-based devices, insertion of flexible
polymer probes into the brain, and oxidation still remain fundamental issues [15]. Another method
used to enhance the biocompatibility of neural probes are coatings that alter surface chemistry to
provide hemostatic or immunomodulatory support [16]. In one example [17], a L1 protein coating
was used to reduce microglial surface coverage. However, the surface coatings lose effectiveness
over time leading to increased impedance and reduction in the recorded signals, and, in some cases,
the mechanisms through which modulation of neurodegeneration and the corrosive behavior of
encapsulating cells occurred was unclear [18].

For an INI to stimulate and record neural signals reliably over many years, both choice of material
and their homogeneity must be carefully taken into consideration. Crystalline silicon carbide (SiC)
is a semiconductor with a short bond length that gives it high physical resilience and chemical
inertness. One of the important properties of SiC is that it displays polymorphism, which results in
numerous single-crystal forms with the principal being hexagonal (i.e., 4H- and 6H-SiC) and cubic
(i.e., 3C-SiC). SiC has been used in both the high-power electronics and MEMS industries [19,20].
It has also demonstrated a high degree of biological tolerance in vitro [21–24]. In addition, amorphous
SiC (a-SiC), which provides excellent electrical insulation, has also shown good compatibility with
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neural cells [24–26] and has previously been used in the fabrication of several types of MEAs [27–32].
The properties of crystalline and amorphous SiC, and the results of previous studies, indicate that SiC
can address the interrelated issues of INI biocompatibility and long-term reliability.

In our previous work, we reported the fabrication and characterization of nearly monolithic MEAs
made from 4H-SiC, a hexagonal polytype of crystalline SiC, with a-SiC insulation [33]. However,
the manufacture of these devices, as well as their release from the bulk SiC wafer, made these devices
difficult to fabricate and costly. Here we report on the design and fabrication of a Michigan-style SiC
neural probe on a silicon-on-insulator (SOI) wafer for ease of manufacture. The probe is composed of
3C-SiC, which was epitaxially grown on a SOI wafer. A heavily doped n-type (n+) 3C-SiC film was
grown on a moderately doped p-type SiC layer, forming a p-n junction. The n+ layer was used to form
the traces and electrode sites, eliminating the need for metallic conductive traces and metallic electrode
sites that are in direct contact with the CNS tissue. The p-n junction structure provides substrate
isolation between the conductive traces. A thin film of a-SiC was deposited via plasma-enhanced
chemical vapor deposition (PECVD) on the probe to provide insulation from the external environment.
The oxide buried in the SOI wafer served as a sacrificial layer, allowing the SiC probe to be released
from the wafer with a selective wet etch process. This new fabrication approach, based on an all-SiC
probe design, eliminates residual stresses typically found in similar devices consisting of stacks of
heterogeneous films. It is expected that this approach will enhance the long-term material stability of
implantable neural probes in the CNS, therefore increasing device reliability over many years. However,
now that the manufacture of the probes has been demonstrated, follow-on studies in laboratory animals
is required to support this hypothesis and are in the planning stages.

2. Materials and Methods

The all-SiC neural probe was developed using variations of standard silicon semiconductor
micromachining processes. This started with epitaxial growth of a 3C-SiC film on a SOI wafer [20],
followed by patterning of the 3C-SiC epitaxial films via thin film contact photolithography techniques.
This was followed by the subsequent etching of features using a deep-reactive ion etcher (DRIE),
deposition of a conformal a-SiC film via PECVD, and a final probe definition etch through the buried
oxide layer via a DRIE process. The final step was the release of the finished device from the substrate
SOI wafer by wet etching the buried oxide layer. The thickness of the doped epitaxial films was
measured using cross-section scanning electron microscopy (SEM) and the composition was verified
through energy-dispersive X-ray spectroscopy (EDS). No S-peak was observed in the EDS spectrum,
indicating that the device surface was free of chemical residue from the etch processes. A commercial
connector (Nano Strip, Omnetics Connector Corporation, Minneapolis, MN, USA) was used to make
the electrical connections to the probe. Planar single-ended test microelectrodes were fabricated from
the same epiwafer material as the implants for ease of electrical testing. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) in a phosphate buffered saline (PBS) solution, as
well as p-n junction isolation and leakage current tests, were conducted on the test microelectrodes to
electrically characterize the fabricated probes.

2.1. Epitaxial Growth of 3C-SiC on SOI

A 100 mm diameter SOI ((100) Si-oriented) wafer, with an ~26 μm silicon film on top of an
~2 μm buried thermal oxide layer, was used for fabrication of the all-SiC neural probes reported here.
The growth process started with epitaxial growth of an ~8 μm p-type 3C-SiC film on the SOI wafer,
followed by an ~2 μm heavily n-type (n+) film, using a hot-wall reactor (LPE Epitaxial Technology,
Baranzate, Italy) [34]. Heavy doping of semiconductors results in semi-metallic performance, which
is the case for 3C-SiC. For this to be achieved, a n+ doping density of ~1019 dopants/cm3 is required.
Hydrogen (H2) was used as a carrier gas [19], ethylene (C2H4) as the carbon precursor, and trichlorosilane
(SiHCl3) as the silicon precursor gas. The epitaxial growth temperature was set to ~1370 ◦C with a
process pressure of ~75 Torr. The C:Si ratio was kept between 0.8 and 1.2 throughout the epitaxial

106



Micromachines 2019, 10, 430

growth process. Aluminum and nitrogen were the p and n dopants, respectively, and were introduced
during the epitaxial growth process [35,36]. The doping level of the top n+ 3C-SiC film was measured
with a LEI 2017b Mercury (Hg) Probe (Lehighton Electronics, Inc., Lehighton, PA, USA) [33].

2.2. Fabrication of All-SiC Neural Probe

The fabrication process sequence is shown in Figure 1. First, the epiwafer with the SiC films was
cleaned in a solvent and then a RCA bath. It was then dipped in hydrofluoric acid (HF, 49%, J. T. Baker,
Inc., Phillipsburg, NJ, USA) diluted in water (50:1) to remove any oxide that may have formed on
top of the epitaxial 3C-SiC layer, followed by a DI water rinse and N2 dry. Next, the wafer surface
was functionalized with HMDS (Hexamethyldisilazane; Microchemicals GmBH, Ulm, Germany) and
a 15–18 μm layer of AZ 12XT-20PL positive photoresist (Microchemicals GmBH) was spun on top
at 1500 rpm. After a soft-bake at 110 ◦C for 3 min, the photoresist was patterned by UV exposure
(110 mJ/cm2) with a Quintel Mask Aligner and then baked at 90 ◦C for 1 min. The wafers were
re-hydrated at ambient condition for 2 h and then developed with AZ300 developer (Microchemicals
GmBH). The patterned photoresist was thick enough to allow for a ~3 μm deep etch of the epitaxial film
using an Adixen AMS 100 DRIE. This process used oxygen (O2) at 10 sccm and sulfur hexafluoride (SF6)
at 90 sccm. The pressure inside the chamber was set to 5.7 mTorr and the sample holder temperature
was set to −20 ◦C. The sample holder power was kept at 550 W, while the source RF power was 1800 W.
This process formed the traces and electrode sites on the probes.

A ~250 nm layer of a-SiC was deposited on the sample using PECVD (Unaxis 790, PlasmaTherm,
Saint Petersburg, FL, USA). Methane (CH4) and silane (SiH4, 5% in He) were used as reactive gases to
produce the a-SiC with flow rates of 200 sccm and 300 sccm, respectively. Helium (He), with a flow
rate of 700 sccm, was used as the carrier gas. The RF power was set to 200 W, substrate temperature
to 300 ◦C, and pressure to 1100 mTorr [37,38]. Following photoresist patterning using AZ 15nXT-450
CPS negative photoresist (Microchemicals GmbH), a reactive ion etch (RIE; PlasmaTherm) was run
for 210 s to open windows in the a-SiC film for the electrode sites. Tetrafluoromethane (CF4) and O2,
at 37 sccm and 13 sccm respectively, were used as the process gases. The power was set to 200 W
and the chamber pressure to 50 mTorr. In order to package the probes for electrical testing, metal
bonding pads were formed on one end of the traces (for the implants this is located on a tab that would
reside outside the skull of the animal during in vivo testing). A 20 nm titanium (Ti) film, followed by a
200 nm gold (Au) film, was deposited without breaking vacuum in an electron beam evaporator and
patterned using a lift-off process. Thermal annealing was performed to create an ohmic contact at the
interface between the semiconductor and metal in a rapid thermal processor at 650 ◦C for 10 min [39].
This process sequence formed the contact pads for the commercial connector, which was used to
connect the electrodes to external electronics.

The last step of the fabrication process was probe release. The same DRIE etch recipe that was
used for formation of the traces was employed in an etch-through process to define the probes, except
that the duration was increased to 15 minutes in order to ensure complete through etch of the 3C-SiC
epitaxial films and top silicon layer. A scrap piece of the epiwafer was cleaved and cross-section SEM
was used to determine the 3C-SiC epilayer and Si device layer thickness so that proper etch depth and
mask thickness were selected. After removing the photoresist, the etch depth was measured using a
contact profilometer (Dektak 150, Veeco, Plainview, NY, USA). The probes were released via wet etch
of the sacrificial oxide layer with HF (49%). Then they were carefully removed from the HF solution,
rinsed with DI water, and dried with N2. To remove the backside silicon, the probes were adhered
upside-down to a Si handle wafer with ~1 μm thermally grown oxide on top using a thin photoresist
layer and placed in the DRIE. The residual Si was removed using the same DRIE recipe used for the
definition of the electrodes and traces.
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2.3. P-N Junction Isolation and Leakage Evaluation

Since p-n junctions are formed between the n+ and p epitaxial films, back-to-back diodes are
present between adjacent traces, which provides isolation. This isolation was evaluated by measuring
the forward and reverse blocking voltages of test structures consisting of p-n diodes and n-p-n junctions
formed between adjacent traces that were built on the 3C-SiC wafer. A Keithley 2400 SourceMeter
(Tektronix, Inc., Beaverton, OR, USA) was used to generate current-voltage (I-V) plots for adjacent
traces to observe these voltages. The voltage was increased from −10 V to +10 V at a rate of 0.1 V/s
for the diodes and n-p-n junctions, and the observed currents recorded. The forward voltage was
estimated using a semi-logarithmic current scale I-V plot [40]. The breakdown voltage occurs when
the current rapidly increases during application of negative voltage. The root mean square (rms) of the
current amplitude between breakdown and forward potentials for the diodes was defined as reverse
leakage current [33]. The threshold current for defining the breakdown voltages was 10 μA.

Figure 1. The all-SiC fabrication process flow. (a) A rendering of the Michigan-style 3C-SiC probe.
The process flow inside the red rectangle shows the cross-section at the electrode sites while the blue
rectangle provides the cross-section at the contact pads on the tab. (b) Starting SOI wafer, (c) ~8 μm
of p-type 3C-SiC was grown on top, followed by ~2 μm of heavily n-type (n+) 3C-SiC. (d) The wafer
was coated with photoresist and (e) patterned via photolithography. (f) DRIE process was used to
form the conductive n+ mesas and (g) a thin a-SiC insulating layer was deposited on top via PECVD.
(h) Photoresist was then patterned with photolithography and (i) the a-SiC was etched to form windows
for the electrode sites using a RIE process. (j) After the a-SiC windows were opened, a layer of titanium,
followed by gold, was deposited on the contact pads and thermally annealed. A deep DRIE etch through
both epi layers and the oxide was performed to (k1) define the probes and (k2) form through-holes
in the contact pads. (l1, l2) The oxide layer was etched in HF (49%) to release the probes. (m1, m2)
Back-thinning via DRIE was performed to remove the residual silicon from the SOI device layer.

2.4. Electrochemical Characterization of All-SiC Probes

Electrochemical characterization of the 3C-SiC electrodes was performed via CV and EIS evaluation.
A three-electrode setup was used with a potentiostat (VersaSTAT 4, AMETEK, Inc., Berwyn, PA, USA) to
adjust the voltage between the working and counter electrodes in the presence of a reference electrode.
CV provided information on the charge transfer properties of the electrode-electrolyte interface and
on the presence of electrochemical reactions and their reversibility. Potential limits of −600 mV and
+800 mV, which is the electrochemical window for platinum (Pt), were chosen for CV because this
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allowed for direct comparison of our measurements with previously published results [27,32,41,42].
EIS provided complex impedance measurements (both magnitude and phase) at frequencies of interest,
which were used to evaluate the performance of the n+ 3C-SiC conductor traces and electrodes.

Planar test microelectrodes fabricated alongside the neural probes on the same wafer were used
for CV and EIS measurements [33,37]. The measurements were performed at room temperature in PBS
with a pH of 7.40 ± 0.01, which was adjusted with hydrochloric acid (HCl). The PBS was composed of
137 mMol NaCl, 2.7 mMol KCl, and 10 mMol Na2HPO4. The gas levels in the PBS were ambient and
no bubbling was done. The counter electrode was Pt and the reference electrode was Ag|AgCl. EIS
measurements were performed from 0.1 Hz to 1 MHz with a rms voltage of 10 mV. The current was
recorded 12 times per decade and three repetitions were averaged. CV measurement was initiated from
open circuit potential, swept to −600 mV, and increased to +800 mV at a rate of 50 mV/s. This cycle
was repeated three times and results were averaged. Charge values were calculated from the CV I-V
curve via numerical integration with the trapezoidal method, trapz, in MATLAB (MathWorks, Natick,
MA, USA).

3. Results

3.1. Epitaxial 3C-SiC Films

A cross-sectional SEM view of the wafer, which allows for accurate estimation of film thickness
(n+-, p-SiC, Si device film, and buried oxide), is shown in Figure 2a. This figure highlights various
layers and the approximate thickness of each layer on the wafer used for the fabrication. The two
epitaxial 3C-SiC films were measured, and their combined thickness determined to be ~10 μm. The SOI
Si device layer (~26 μm), as well as the thin (~2 μm) buried oxide layer are also visible in this figure.
The epitaxial n+ film in the center of the wafer was quite rough with a mean surface roughness of
~244 nm and smoother near the wafer edge with a mean surface roughness of ~21 nm. Figure 2b
shows surface morphology of the smooth n+ layer, which was taken using a DI AFM (Dimension
3100). Although rough in the wafer center (Figure 2c), the surface roughness was low enough for
thick layers of photoresist to properly cover the entire surface for the subsequent fabrication steps.
However, this roughness would be expected to impact device electrical performance, particularly p-n
diode leakage current.

Figure 2. Analysis of epitaxial SiC results. (a) Cross-section SEM micrograph of the 3C-SiC epi films on
SOI. (b) AFM image (tapping mode) of the 3C-SiC epiwafer specular region on the wafer periphery
that shows typical 3C-SiC surface morphology (mean roughness of ~21 nm). (c) AFM image (tapping
mode) of the rough surface of the same epiwafer (center) (mean roughness of ~244 nm). The devices
were fabricated from the center of the wafer.

3.2. Fabricated All-SiC Neural Probe

Epitaxial growth of single crystalline 3C-SiC with different types of doping enables realization
of a nearly monolithic probe from homogeneous SiC material. The all-SiC probe is a Michigan-style,
planar neural probe with 16 electrodes for recording and stimulating neurons. The connector tab
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has 18 metallic pads (approximately 0.8 mm by 0.4 mm) with through holes to which a commercial
Omnetics connector is bonded. Two extra pads provide connections for the return and reference
electrode wires. The diameter of the electrode sites is ~15 μm and width of the traces is ~10 μm.
Figure 3 shows the optical and SEM micrographs of a free-standing probe.

The probe’s shank, which contains the traces and electrode sites, is shown in Figure 3b. This figure
shows a scanning electron micrograph of the electrode sites, which have a-SiC windows on top to
allow contact with the extracellular environment. The traces and electrode sites are mesas formed
from the n+ 3C-SiC film. There are no metallic components on the shank, which is a homogeneous
structure consisting entirely of SiC. The pads, which are shown in Figure 3c, contain titanium and
gold layers in order to provide ohmic connections to external electronic devices via the Omnetics
connector. However, since the metallic pads are not in direct contact with brain tissue, the issues
regarding delamination of metallic parts and compatibility with CNS tissue are not a concern.

 

Figure 3. Physical characterization of the completed neural probe. (a) Optical image of a freestanding
all-SiC probe after release. (b) SEM image of the shank tip showing four of the electrode sites and a
magnified image of a single electrode site (inset). (c) SEM image of some of the metal contact pads with
through holes. The shank is 5.1 mm long and the length of the tapered portion is 2.4 mm. The tab is
6.64 mm wide and 2.3 mm long, excluding the semi-circular top portion. The surface roughness of the
electrode sites is shown in Figure 2c.

3.3. Electrical and Electrochemical Characterization

The doping density of the top n+ 3C-SiC film was determined by measuring the capacitance
voltage profile of the Schottky contact at 1 MHz and ND-NA was estimated to be ~1019 cm−3. A similar
measurement was also performed on the p-type epitaxial film exposed after DRIE processing and
NA- ND was estimated to be ~1016 cm−3. These measurements indicate the feasibility of p-n junction
formation between two epi films and high electrical conductivity of the top semi-metallic n+ film that
formed the traces and electrode sites. EIS was done to confirm this expectation.

As shown in Figure 4a, current-voltage (I-V) measurements on individual diode structures had
a rectifying effect due to the diode formed between the n+- and p-type epitaxial films. In order to
measure turn-on and breakdown voltages and the reverse leakage current, the I-V plot for four diodes
on the same wafer was measured. The averaged turn-on voltage for these four diodes was determined
to be ~1.4 V, with an average leakage current less than 8 μArms. In addition, Figure 4a also contains a
current-voltage curve, obtained from measurements on one of the IDEs, showing isolation between
adjacent traces.

CV curves for four test microelectrodes of the same surface area (491 μm2) in 7.4 pH PBS are
shown in Figure 4b. The upper (+800 mV) and lower (−600 mV) boundaries for the potential were
based on the electrochemical window for Pt in water. The shape of the hysteresis cycle showed that the
anodic and cathodic currents were charge balanced, with no indication of faradaic current resulting
from oxidation or reduction reactions between +800 mV and −600 mV. However, the phase behavior
of the electrode-electrolyte interface (Figure 4d) only supports a capacitive-dominant mechanism
at higher frequencies (e.g., −61.2 ± 3.7◦ at 1 kHz), while at lower frequencies the phase indicates
a faradaic current (e.g., −30.3 ± 4.9◦ at 100 Hz), which contrasts with earlier results from 4H-SiC

110



Micromachines 2019, 10, 430

microelectrodes [33]. The average anodic charge storage capacity (CSC) was 15.4 ± 1.46 mC/cm2

(mean ± standard deviation) and the cathodic CSC was 15.2 ± 1.03 mC/cm2. The average anodic charge
per phase was 75.4 ± 5.06 nC and the average cathodic charge per phase was 74.8 ± 5.06 nC.

Figure 4c,d show the EIS results for the same four test microelectrodes. As expected, the impedance
magnitude was found to increase with decreasing frequency. At a frequency of 1 kHz, the impedance
was 165 ± 14.7 kΩ (mean ± standard deviation). The electrode-electrolyte interface was determined
to be predominately capacitive, as indicated by the negative phase angles for higher frequencies
(i.e., >1 kHz).

 

Figure 4. All-SiC p-n diode and n-p-n junction characterization and electrochemistry for four test
microelectrodes with an area of 491 μm2. (a) I-V measured from a p-n diode and a n-p-n junction
between adjacent traces fabricated on the same wafer used for probe fabrication. (b) The cyclic
voltammetry curves swept between +800 mV and −600 mV with a scan rate of 50 mV/s. (c) EIS
Impedance (Z) magnitude (~165 kΩ @1kHz) and (d) impedance phase angles. The curve for each
microelectrode (b-d) is the average of three replicates.

4. Discussion

A nearly monolithic SiC neural probe has been fabricated from epitaxial 3C-SiC films grown on
SOI wafers. A combination of ethylene (C2H4) and trichlorosilane (SiHCl3) were used as precursor
gasses in the epitaxial process. This produced a varying surface morphology with mean surface
roughness of approximately ~21 nm (specular, edge region) to ~244 nm (rough, center region) [43].
It is possible this surface roughness contributed to complications in the fabrication process, such as
with photolithographic patterning, and may have had an effect on the mechanical properties of the
grown films to the detriment of probe function [44]. It is suspected that this contributed to the higher
than desired leakage current (less than 8 μArms). By optimizing various parameters in the epitaxial
process, such as gas composition and flow rates, temperature, and pressure [35,43], the process can be
improved to reduce this surface roughness. Additionally, post-processing steps, such as mechanical or
chemomechanical polishing, can be added to further improve the surface morphology; particularly to
reduce surface roughness [19].

A major issue with the previous 4H-SiC probes was the difficulty in releasing the probe [33].
Essentially, much of the 4H-SiC substrate would have to be removed, and there was no effective etch
stop to prevent over-etching. In order to effectively solve this issue, we used SOI wafers to provide an
effective release layer by the simple process of wet etching the oxide. However, the SOI wafer used
here possessed a relatively thick layer of silicon that remained on the backside of the probes, which
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was removed later via back-thinning using DRIE. This thick silicon layer can cause residual stress,
due to mismatches in the coefficients of thermal expansion and lattice parameters [45] at the interface
between the SiC films and silicon, resulting in bowing or bending of the probes. The SOI wafer used in
this work had an ~20 um thick top silicon layer and this may have been the cause of the bowing of the
shank and some warping in the connector tab. The shank should be straight for a proper insertion
trajectory into the neural tissue. Also, in order to maximize contact at the connector interface, the tab
containing the contact pads should be as planar as possible. Using a SOI wafer with a thin silicon
device layer may resolve this deformation problem and will be used in future all-SiC devices.

Epitaxial 3C-SiC thin films are ceramic-like materials with, relative to neural tissue, a high elastic
modulus, measured to be 424 ± 44 GPa using microsample tensile testing [46] and 433 ± 50 GPa
using nanoindentation [47]. Defects can reduce the value the Young’s modulus of 3C-SiC [48] and
doping may affect this value as well [49]. There is a trend towards utilizing softer materials, such as
polymers, for implantable neural interfaces due to their potential to improve the interaction with neural
tissue [50–52]. By decreasing the Young’s modulus of the neural probe closer to the values of neural
tissues, the harmful shear and normal stress applied from the shank to the tissue should decrease.
However, it is really device stiffness, which includes cross-sectional area, rather than just device
modulus, that seems to matter the most [53]. Additionally, use of these softer materials introduce
challenges with fabrication processes, scaling to higher channel-count systems, particularly with
respect to interconnects, and can lead to insertion difficulties. Once implanted, these materials face
challenges with material stability and device reliability [54]. The hard, chemically inert nature, and
ease of micromachining with traditional silicon processes means SiC neural probes may suffer less
from these limitations. Clearly, long-term in vivo studies in an animal model are needed to assess the
performance of the all-SiC INI and are planned.

It has been demonstrated that once the implanted structure size is reduced to subcellular scale,
i.e., less than ~10 μm, the foreign body response and associated neuron death is greatly reduced in a rat
model [55,56]. With traditional silicon probes, reducing size increases the occurrence of probe fracture
at high stress regions [57]. SiC is a much more robust material, with a reduced tendency to fracture at
these desired smaller sizes, while maintaining the mechanical strength needed for proper penetration
of neural tissue [24,27]. Therefore, SiC is an excellent material for developing a high electrode density
neural interface, allowing for further reduction in size while greatly minimizing risk of fracture.

The heterogeneous composition of implanted neural interfaces that utilize metallic materials as
electrode sites or conductive traces may increase the risk of delamination in chronic implantation,
specifically, at regions under higher stress [57]. Delamination usually occurs at the interface between
metal and semiconductor materials due to residual stress in the thin films. A homogeneous material
composition can eliminate this residual stress, reducing the risk of delamination at the interfaces
between different materials in the probe by eliminating them.

The 3C-SiC is a wide-band-gap semiconductor with a high band energy of ~2.2 eV. This results in a
higher turn-on voltage at the junction between n+- and p-type SiC. This higher turn-on voltage provides
a wider voltage range to stimulate neurons while isolating individual channels via n-p-n junctions
supporting simultaneous multichannel microstimulation and recording, as might be necessary for
implementing a closed-loop system. The turn-on voltage for p-n junctions built from Si is ~0.7 V,
which is low compared to ~1.4 V for SiC, and limits proper isolation via a n-p-n junction configuration.
However, the higher leakage current in our all-SiC films may negatively affect the final device’s
functionality. Surface roughness is known to be associated with the density of crystal defects, thus
a higher defect density may cause higher leakage current [43]. It is believed that the high surface
roughness in this work, an indication of poor crystallinity, in conjunction with a high number of
defects, may be the cause of the observed high leakage current. For reference, in our 4H-SiC devices
with specular surface morphology, the leakage current was nA versus μA reported here [33]. A lower
surface roughness via an optimized epitaxial growth process would be expected to improve both the
mechanical properties and the leakage current [58].
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The EIS results revealed that the doped, semi-metallic 3C-SiC conductors have impedance values
approaching those of metals commonly used in implantable microelectrodes, such as gold, platinum,
or tungsten, as well as highly doped polysilicon [59,60]. The average impedance for a surface area of
491 μm2 was approximately 75% lower (165 kΩ vs. 675 kΩ at 1kHz) than previously reported for our
4H-SiC electrodes [33].

Both the charge balanced CV cycles and the negative phase angles from EIS measurements
support a dominant capacitive charge transfer mechanism for 1 kHz and higher frequencies at the
electrode-electrolyte interface, but faradaic currents may be present at lower frequencies. This differs
from capacitive electrode materials like titanium nitride (TiN) [61], which has a phase closer to 90◦
at lower frequencies [62]. Compared to values previously reported for 4H-SiC, the charge values
calculated from CV measurements reported here were approximately two orders of magnitude higher,
with the average charge storage capacity (anodic: 15 mC/cm2 vs. 0.41 mC/cm2; cathodic: 15 mC/cm2

vs. 0.19 mC/cm2) and an average charge per phase (anodic: 75 nC vs. 2.0 nC; cathodic: 75 nC vs.
1.0 nC) using a Pt electrochemical window (−600 mV to +800 mV). It is possible that the greater surface
roughness accounts for this large difference in electrochemical properties. It is also possible that there
were more faradaic reactions at lower frequencies leading to more oxidation and reduction at the
surface, which may be linked to defect sites in the SiC.

Current neural probe technology built from materials like silicon suffer from long-term reliability
issues that reduces their lifetime considerably, resulting in loss of recording and microstimulation
function when chronically implanted. This limits their use in medical applications for humans.
Device-based modalities could become a more common alternative to pharmaceuticals for treatment of
neurological trauma or disease if the issue of long-term reliability in implantable neural interfaces is
properly addressed. After further refinement of the design and optimization of the material processing,
the performance of the all-SiC neural probe will be evaluated with chronic in vivo experiments
in rodent models to investigate its long-term safety and effectiveness in neural tissue. There is
accumulating evidence [25–27,29,30,32,63] that SiC could be an appropriate material for the greatly
needed implantable neural interface that functions for the lifetime of the recipient.

5. Conclusions

The fabrication and initial electrical characterization of an all-SiC neural probe is presented.
The SiC neural probe was fabricated from p− and n+-type 3C-SiC epilayers grown on SOI wafers.
First, a moderately p-type 3C-SiC film was grown on a SOI wafer, followed by a layer of n+-type
3C-SiC. The surface morphology of the top n+ epilayer was measured. Neural probes with sixteen
traces, electrode sites, and other test structures were patterned on the 3C-SiC epilayers via MEMS
microfabrication processes. Metallic traces were absent from the shank of the probe, and instead
a semi-metallic n+ layer was formed into traces and electrode sites. A thin layer of a-SiC film was
deposited on top of the epilayers to serve as an insulator. The probes were harvested using dissolution
of the buried oxide layer in the SOI handle wafer to provide ease of manufacture. The backside
silicon layer remaining after release of the probes was removed via back-thinning in a DRIE. Adjacent
traces were electrically isolated through a n-p-n junction. After completion of device fabrication,
the performance of the n-p-n junctions was evaluated through current-voltage measurements and the
turn-on voltage was determined to be ~1.4 V. Electrical measurements showed satisfactory p-n junction
performance, but leakage current needs to be improved via higher quality 3C-SiC epitaxial films.
In addition, initial electrochemical characterization work with 491 μm2 surface area test microelectrodes
demonstrated good impedance, charge storage capacity, and charge per phase values. These results
support the feasibility of neural stimulation and recording with the fabricated all-SiC neural probe.
However, further studies are necessary to demonstrate the acute recording and stimulation capability
and chronic stability of the fabricated SiC neural probes, and, consequently, in vitro accelerated aging
and in vivo studies in a rodent model are planned and will be reported in the future.
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Abstract: In this paper, a theoretical model of the critical depth of cut of nanoscratching on a 4H-SiC
single crystal with a Berkovich indenter is proposed, and a series of scratch tests in a nanomechanical
test system was performed. Through nanoindentation experimentation on fused quartz, the Berkovich
indenter nose radius was indirectly confirmed using least squares. The range of critical depths of cut
at the ductile–brittle transition was obtained by SEM observation, and the size of cracks was amplified
with increasing scratching depth. The theoretical result of the critical depth of cut at the ductile–brittle
transition for a 4H-SiC single crystal is 91.7 nm, which is close to the first obvious pop-in point of
the relation curve between tangential force and lateral displacement. Repeated experimental results
show good consistency and good agreement with other references.

Keywords: 4H-SiC; critical depth of cut; Berkovich indenter; cleavage strength; nanoscratching

1. Introduction

With excellent electronic characteristics such as a large band gap, high critical breakdown strength,
high electronic saturation rate, high thermal conductivity, and high irradiation resistance, silicon
carbide (SiC) has become an outstanding representative of the third generation of semiconductor
materials and has been increasingly widely applied in a variety of fields, including computer, aviation,
power, and nuclear energy development [1–4]. In addition, it is an attractive option to use SiC to
produce space mirrors and large ground-based reflectors thanks to its remarkable advantages of
large stiffness, small thermal deformation coefficient, and good thermal stability [5]. However, it is
difficult to obtain SiC parts with high forming accuracy and ideal machined surface quality due to its
characteristics of high hardness (with a Mohs hardness between 9.0 and 9.5) and brittleness [6,7].

The traditional cutting force models tend to ignore the effect of elastic recovery on the
macroprocessing of ductile materials. However, numerous studies [8–10] have shown that the
role of elastic recovery is significant in the micro–nano-machining of brittle materials. Wasmer et al. [11]
proposed a typical scratch pattern for brittle materials using an increasing load along a scratch path
that is divided into five stages: elastic regime, ductile regime, subsurface crack regime, surface crack
regime, and micro-abrasive regime. Elastic and ductile deformations were observed before the ductile
regime, and brittle fractures appeared and began to dominate the latter deformation with increasing
cutting force. Therefore, there is a cutting depth, referred to as the critical depth of cut, where the
ductile region transitions to the brittle region. Lawn et al. [12] established a microfracture model under
the point indentation of brittle materials consisting of the following processes: (1) the sharp indenter
induces a zone of elastic and ductile deformation around the contact point; (2) a median crack suddenly
initiates below the contact point; (3) the median crack stably extends with increasing indenter load;

Micromachines 2019, 10, 382; doi:10.3390/mi10060382 www.mdpi.com/journal/micromachines118



Micromachines 2019, 10, 382

(4) the median crack begins to close during the initial unloading process; (5) lateral cracks begin to
appear due to residual stress; and (6) lateral cracks continue to extend and cause chipping.

Methods such as grinding and chemical mechanical polishing are used in traditional processing and
are characterized by low production efficiency, high production cost, and, particularly, surface damage
caused by the contamination of the polishing slurry [13]. In 1951, researchers found that hard and brittle
materials show the characteristics of ductile removal under certain processing conditions [14]. Since
the 1990s, researchers have conducted many studies into removal mechanisms in silicon carbide ductile
regime processing, such as ductile regime grinding [7,15], ductile regime laser-assisted processing [16],
ductile regime diamond cutting [17], ductile regime diamond wiresaw [18], and ductile domain
ultrasonic-assisted processing [19]. These studies indicated that in the course of ductile regime
processing, the chip is removed by ductile deformation, causing no damage or cracks to the machined
surface of the workpiece, and the surface processing quality can be maintained [20–22]. The critical
depth of cut at the ductile–brittle transition, the maximum cutting depth where no cracks appeared on
the surface or subsurface of the sample, is a fundamental parameter of all methods of ductile regime
processing. A formula was obtained by Bifano according to Griffith’s principle through a quasi-static
scratch test of several kinds of common brittle materials [23]:

dc = α
( E

H

)(KC

H

)2
) (1)

where α is a constant, E is the elasticity modulus, H is the hardness, and Kc is the fracture toughness.
This formula was amended by later scholars; for example, Gaobo’s study on the critical depth of cut
of 6H-silicon carbide indicated that the experimental results were not in line with the calculation of
Formula (1) and the amended constant α [24].

Based on the above, most research has focused on the critical depth of cut using Griffith’s principle
and experimental method, which is based on cracks in the ductile extension which would have an
influence on the performance of devices. With the development of nanotechnology, particularly the
scanning electron microscope (SEM) and nanomechanical testing technology, a number of powerful
tools has been provided to investigate the properties of silicon carbide at the nanoscale. This paper
proposes a method considering the elastic recovery of the workpiece surface in nanoscratching in order
to obtain the critical depth of cut for SiC using scratching stress and cleavage strength.

2. Modeling

2.1. Modeling of the Indenter Structure

The indenter tip shape greatly affects nanoscratching results, and there is no ideal Berkovich
indenter due to the limitations of processing conditions. In addition, the indenter continuously wears
as it is working; therefore, the indenter tip shape is different for every test. The geometric shape and
dimension parameters of a Berkovich indenter are shown in Figure 1. Assuming that a Berkovich
indenter is a combination of a sphere and a triangular pyramid [25], the tip can be divided into three
parts: the sphere (from Section 1 to the vertex of the nose in Figure 1a), the transition (from Section 1 to
Section 2), and the pyramid (above Section 2). The following equations can be obtained according to
the geometric relations:

d∗ = R
sinα

−R (2)

d2 = R(1− sinα) (3)

r0
2 = R2 − (R− d1)

2 (4)

tanθ =
r0

d∗ + d1
(5)

r =
√

R2 − (R + d∗)2 sin2 θ (6)
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l = 2

√
r2 −
(
r− d− d1

cosθ

)2
(7)

where R is the indenter nose radius, d* is the distance from the nose vertex to the top of the ideal
indenter, α is the angle between the edge line and the centerline, θ is the angle between the edge plane
and the centerline, d1 is the distance from Section 1 to the nose vertex, d2 is the distance from Section 2
to the nose vertex, r0 is the radius of Section 1, r is the circular arc radius of the intersection between
the sphere and the triangular pyramid, and l is the length of the intersection between the section which
is normally aligned to the centerline and the edge plane in the transition part.

Figure 1. Dimension parameters and geometric shape of the Berkovich indenter: (a) model diagram,
(b) top view, (c) side view, and (d) 3-D solid model.

The normal projected area of the different indenter heights can be calculated using Equation (8).

Ap =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
π[R2 − (R− d)2] (d ≤ d1)

π tan2 α(d + d∗)2 − arcsin l
2 tanα(d+d∗)

60 ·π tan2 α(d + d∗)2 + 3l
2 tanα(d + d∗) (d1 < d < d2)

3
√

3
4 tan2 α(d + R

sinα −R)
2
. (d ≥ d2)

(8)

2.2. Modeling of the Critical Depth of Cut

Based on the traditional cutting force model, indentation model, and scratch pattern, a new
method considering the elastic recovery was designed and two assumptions were proposed: (1) As a
rigid body, the indenter does not deform; however, it wears during the process of scratching. (2) The
motion of the indenter is quasi-static. According to the characteristics of deformation, the process of
scratching can be divided into three stages: the elasticity leading stage, the ductility leading stage, and
the brittleness leading stage [26].

In the elasticity leading stage, the force applied on the indenter consists of an elastic restoring
force, an adhesive force, and a frictional force. The elastic restoring force is a reactive force applied on
the indenter caused by the elastic deformation of the part. The adhesive force between the two solids
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(i.e., indenter and part) is complex [27]; therefore, a simplified approach that combines the adhesive
and frictional forces is used in this study. All forces are decomposed into normal and tangential forces:

Fen = K1A1

Fet = μK1A1
(9)

where K1 is the average contact pressure between the indenter and workpiece, A1 is the projected area
of the contact surface between the indenter and part (A1 = 3

√
3(d + d∗)2 tan2 θ), and μ is the frictional

and adhesive coefficient.
The study by Son et al. [28] showed that the minimum cutting depth producing chips can be

expressed as

dm = R
(
1− cos

(
π

4
− β

2

))
(10)

where β is the friction angle.
In the ductility leading stage, the force applied on the indenter consists of an elastic restoring

force, frictional and adhesive forces, and cutting deformation force. The force analysis is illustrated in
Figure 2. The frictional and adhesive forces consist of two parts: one caused by chip formation and one
caused by elastic recovery. The cutting deformation force, which is a reaction force applied on the
indenter caused by the deformation of the part, can be separated into a chip formation force and a
plowing force. However, the plowing force can be ignored in this model since it is much weaker than
the chip formation force [29]. All forces are decomposed into normal and tangential forces:

Fdn = Fdn1 − Fdn2 + Fdn3
Fdt = Fdt1 + Fdt2 + Fdt3

(11)

where Fdn1 is the normal force component caused by the elastic restoring force, Fdn2 is the normal force
component caused by the frictional and adhesive forces, Fdn3 is the normal force component caused
by the chip formation force, Fdt1 is the tangential force component caused by the elastic restoring
force, Fdt2 is the tangential force component caused by the frictional and adhesive force, and Fdt3 is the
tangential force component caused by the chip formation force.

Figure 2. Force analysis model in the ductility leading stage.

The normal force components can be calculated using Equation (12).

Fdn1 = K1S1

Fdn2 = μ(K1 + K2)S2 sinθ
Fdn3 = K2S2 sinθ

(12)

where K2 is the cutting deformation contact stress, S1 is the projected area given by the shaded area in
Figure 2, and S2 is the contact area between the region of ductile deformation, which is the area from
the unmachined surface to the machined surface.
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The areas S1 and S2, respectively, are

S1 =
√

3[(de + d∗) tanα+ (d + d∗) tanθ](d + d∗) tanθ

S2 =
(d−de)
2 cosθ [

√
3(d + d∗) tanθ+

√
3(de + d∗) tanθ]

(13)

where de is the part elastic recovery depth and is equal to the height difference between the scratching
and residual depths. Note that the elastic recovery depth is not constant and increases linearly as the
scratching depth increases [20].

The tangential force components are

Fdt1 = K1S2 cosθ
Fdt2 = μ(K1 + K2)S2 cosθ+ μK1S1

Fdt3 =
Fdn3
tanθ

(14)

The normal and tangential forces, respectively, are

Fdn = K1S1 − μ(K1 + K2)S2 sinθ+ K2S2 sinθ
Fdt = K1S2 cosθ+ μ(K1 + K2)S2 cosθ+ μK1S1 + K2S2 cosθ

(15)

In the brittleness leading stage, the average contact pressure and the cutting deformation contact
stress show a zigzag change due to crack propagation and pop-in debris.

It is difficult to control the depth of processing, but controlling the cutting force, especially the
normal force, is relatively easy, no matter whether ultra-precision grinding or single point diamond
cutting is used. Therefore, the cutting force model of this section can be used to control the cutting
depth through the cutting force.

The dislocation will appear when the part undergoes extrusion deformation [30]. The appearance
of a cleavage crack will occur when one side’s tensile stress reaches the limit under the action of the
applied force. The theoretical cleavage strength can be expressed by [31]

σc =
1
2

√
Eγ
a

(16)

where E is elastic modulus, γ is surface energy per unit area, and a is the interplanar spacing. In
the scratching process, the maximum stress in the part’s machined surface is located at the tip of the
indenter. If the maximum stress is less than the cleavage strength, no cracks will occur on the surface
or subsurface of the part. The maximum stress is [32]

P0 =
3
2

K1 (17)

The parameter K1 is obtained from Equation (15).

K1 =
Fdn(μS2 cosθ+ S2 cosθ) − Fdt(S2 sinθ− μS2 sinθ)

(S1 − μS2 sinθ)(μS2 cosθ+ S2 cosθ) − (S2 cosθ+ μS2 cosθ+ μS1)(S2 sinθ− μS2 sinθ)
(18)

The critical condition of brittle materials during the scratching process is

σc =
3
2

K1c (19)

where K1c is the critical average contact pressure.
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3. Experimental Setup

A commercial wafer of 4H-SiC single crystal, grown using the physical vapor transport method,
was supplied by Shanghai Institute of Optics and Mechanics Chinese Academy of Sciences. The 4H-SiC
wafer was cut to the size of 10 mm × 10 mm by a laser cutting machine and its thickness was 0.5 mm.
It was measured using a scanning electron microscope (SEM), and the surface roughness was found to
be less than 1 nm after a polishing treatment. All experiments conducted in this paper were conducted
on the (0001) plane. A diamond Berkovich indenter with an angle between the edge plane and the
centerline of 65.27◦ was used in this study, and a standard fused quartz sample was employed to
indirectly measure the nose radius of the indenter.

A laser cutting machine (HGLaser LCC0130-CO2, HGTECH, Wuhan, China) was used to prepare
the sample used in this study. A nanomechanical test instrument (TI 950 Triboindenter, Hysitron,
Minneapolis, MN, USA), with load sensitivity less than 30 nN and displacement sensitivity less than
0.2 nm, was used to scratch the sample surface and record the information of the scratching depth,
tangential force, normal force, and time and to obtain in situ scanning probe microscopy (SPM) images.
The instrument is shown in Figure 3. Scanning electron micrographs of the scratch were generated
using a foucused ion beam-scanning electron microscope (FIB-SEM) system (Helios NanoLab 600i, FEI,
Hillsboro, OR, USA).

 
Figure 3. Core components of the TI 950 Triboindenter.

The experiments consisted of two parts, namely, the indentation and scratch experiments. In
order to determine the nose radius of the indenter, nine indents were made at maximum load capacity
from 20 to 180 mN at a constant interval on the standard fused quartz sample surface, and a constant
loading rate was used in the process of the experiment. All experiments were performed with a 10 s
holding time at room temperature.

The scratch process on the commercial wafer of the 4H-SiC single crystal included three stages:
(1) the pre-scan stage, (2) the scratching stage, and (3) the post-scan stage. In the first stage, the
sample surface morphology information, such as surface roughness and sample inclination angle, were
obtained when the indenter was scanned on the sample surface with a constant load of 0.1 mN. In
the scratching stage, the indenter load was increased linearly from 0 to 80 mN while the sample table
moved at a constant rate, and the length of the scratch on the sample surface was 250 μm. In the final
stage, the indenter scanned backwards with a constant load of 0.1 mN to obtain the scratched surface
morphology information. The scratch test parameters are shown in Table 1. The scratched surface
topography imaging was delivered by dual piezo scanners in the in situ SPM imaging system.

A FIB-SEM system was used to measure and evaluate the deformation characteristics of scratches
and cracks on the samples immediately after the nanoscratching tests.
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Table 1. Scratch test parameters.

Test Parameters Unit Values

Pre-scan/post-scan load mN 0.1
Loading range mN 0.1–80
Scratch length μm 250

Scratch velocity μm/s 4

4. Results, Analysis, and Discussion

4.1. Determination of the Indenter Nose Radius

An indirect method to compare the theoretical projected area, which is a function of R and d, with
the area function acquired through nanoindentation on the standard fused quartz sample was used to
determine the numerical value of R. The hardness, H, can be expressed as [33]

H =
Fmax

Ap
(20)

where Fmax is the maximum load. For standard fused quartz, the hardness is 9.5 GPa. For the Berkovich
indenter used in this study, α = 77.3◦, β = 57.64◦, θ = 65.27◦, and γ = 60◦. Table 2 shows the indenter
height and projected area for a variety of maximum loads. Using least squares, the projected area was
related to the indenter height by Ap = 25.58× (123.8 + d)2, as shown in Figure 4. The indenter nose
radius was calculated as R = 4952 nm via Equation (8).

Table 2. Indenter height and contact area for different loads.

Load (mN) Indenter Height (nm) Contact Area (nm2)

20 164.5 2.2053 × 106

40 274.2 4.2905 × 106

60 379.6 6.4158 × 106

80 460.1 8.3211 × 106

100 522.9 1.0426 × 107

120 578.6 1.3032 × 107

140 625.4 1.4037 × 107

160 676.5 1.5642 × 107

180 750.4 1.8247 × 107

 
Figure 4. Relationship between the projected area and indenter height.
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4.2. Analytic Surface Morphology

The surface morphology of the scratch is shown in Figure 5. It was observed in the enlarged image
that material is removed but no cracks are formed in the surface at Position 1. There are cracks at the
bottom of the scratch at Positions 2 to 4; these are perpendicular to the scratch motion and are the result
of median crack closure and lateral crack growth due to the residual stress caused by the indenter. The
size of the cracks was amplified with increasing scratching depth. Subsurface cracks were revealed
with the scanning electron microscope. Therefore, the results show that the ductile–brittle transition of
4H-SiC is located before Position 2, as shown in Figure 5, and the corresponding scratch length ranges
from 0 to 80 μm, with the scratching depth ranging from 0 to 120 nm.

 
Figure 5. Full view and enlarged image of a scratch using SEM.

4.3. Comparison of the Critical Depth of Cut between Simulation and Experiments

The experimental data were obtained using a two-dimensional three-plate capacitive sensor and a
TI 950 piezoelectric ceramic. The experimental results are shown in Figure 6; Figure 7. Figure 6 shows
the tangential force as a function of the lateral displacement. Figure 7 shows the scratching depth as a
function of the lateral displacement.

According to the theory mentioned in Section 2.2, the whole scratch can be divided into three
stages: I, standing for the elasticity leading stage; II, standing for the ductile leading stage; and III,
standing for the brittleness leading stage, as shown in Figure 7. The minimum scratching depth is
40 nm and the elastic recovery depth/scratching depth ratio is 0.77 through an analysis of the scratching
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depth versus lateral displacement curve. In the elasticity leading stage, i.e., where the scratching depth
is less than 40 nm, the experimental data were plugged into Equation (9), and we received a frictional
and adhesive coefficient of μ = 0.31; this is much larger than the frictional coefficient, which is equal to
0.05 [34].

Figure 6. Tangential force as a function of lateral displacement.

 
Figure 7. Scratching depth as a function of lateral displacement.

In the ductile leading stage, i.e., where d ≥ 40 nm, the average contact pressure was computed
via Equations (13) and (18) and is shown in Figure 8. The cleavage strength of silicon carbide is
26.7 Gpa [35]. The critical average contact pressure is 17.8 Gpa via Equation (19). According to the
relationship between the average contact pressure and the scratching depth, the critical depth of cut of
4H-SiC was determined to be 92 nm. Extension of the crack can cause a drastic change in tangential
force and the appearance of a pop-in phenomenon. The first pop-in point of the relation curve between
tangential force and lateral displacement appears where the scratching depth is about 90 nm, and it is
very close to the theoretical calculation results. The in situ SPM images where the lateral displacement
ranged from 50 to 60 μm, including the critical depth of cut, indicate that the residual depth, when
located in the critical depth of cut, is 20.8 nm, as shown in Figure 9. The two aforementioned scratch
tests were repeated in order to exclude the contingency of a single-pass test. The same process was
used to handle the test data, and the results are shown in Table 3. This result shows good agreement
with other references, as shown in Table 4.
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Figure 8. Average contact pressure as a function of scratching depth.

Figure 9. In situ SPM images.

Table 3. Repeated test results.

Test Number Critical Depth of Cut (nm)

1 92
2 93
3 90

Average value 91.7

The sources of error in this study are as follows: (1) The frictional and adhesive coefficient between
the indenter and sample surface is not a constant in the process of scratching when loaded linearly [41],
but it was simplified to a constant in this study. (2) The wear of the indenter was ignored. (3) The
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impact of defects in the crystal, such as microtubules, dislocations, and stacking faults, was also
ignored. (4) Although the roughness of the sample surface was less than 1 nm, it still has a considerable
influence in nanoscale experiments.

Table 4. Indenter height and contact area for different loads.

Critical Depth of Cut (nm) Material Speed (mm/s) Tip Radius (μm) Refs.

75 6H-SiC 0.01 0.94 [36]
95 4H-SiC 0.001 5 [37]
<100 6H-SiC 150 0.05 [38]

70 6H-SiC 82.5 0.05 [39]
<60 6H-SiC 4.5 800 [40]

5. Summary and Conclusions

A theoretical model of the critical depth of cut of nanoscratching on a 4H-SiC single crystal with a
Berkovich indenter was proposed, and a scratch test in a nanomechanical test system was conducted.
The following conclusions can be drawn from this study:

(1) Based on an analysis of the nanoindentation and typical scratch model, a new model of
the critical depth of cut of nanoscratching on a 4H-SiC single crystal with a Berkovich indenter
was established.

(2) The radius of the Berkovich indenter nose was indirectly confirmed by a nanoindentation
experiment, and the range of cracks on the scratched surface was verified by SEM images.

(3) The change in the sample surface in the scratching process was revealed through the average
contact pressure. The theoretical result of the critical depth of cut at the ductile–brittle transition
for a 4H-SiC single crystal was obtained; it is close to the first obvious pop-in point of the relation
curve between tangential force and lateral displacement, and this result shows good agreement with
other references.
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Abstract: The super-precise theory for machining single crystal SiC substrates with abrasives needs
to be improved for its chemical stability, extremely hard and brittle. A Berkovich indenter was used
to carry out a systematic static stiffness indentation experiments on single crystal 6H-SiC substrates,
and then these substrates were machined by utilizing fixed, free, and semi-fixed abrasives, and the
nanomechanical characteristics and material removal mechanisms using abrasives in different fixed
methods were analyzed theoretically. The results indicated that the hardness of C faces and Si faces
of single crystal 6H-SiC under 500 mN load were 38.596 Gpa and 36.246 Gpa respectively, and their
elastic moduli were 563.019 Gpa and 524.839 Gpa, respectively. Moreover, the theoretical critical
loads for the plastic transition and brittle fracture of C face of single crystal 6H-SiC were 1.941 mN
and 366.8 mN, while those of Si face were 1.77 mN and 488.67 mN, respectively. The 6H-SiC materials
were removed by pure brittle rolling under three-body friction with free abrasives, and the process
parameters determined the material removal modes of 6H-SiC substrates by grinding with fixed
abrasives, nevertheless, the materials were removed under full elastic-plastic deformation in cluster
magnetorheological finishing with semi-fixed abrasives.

Keywords: 6H-SiC; indentation; deformation; material removal mechanisms; critical load

1. Introduction

Single crystal SiC is a third-generation semiconductor which performs well in terms of high
breakdown electric field, high thermal conductivity, large band gap, high saturated electron drift
velocity, low dielectric constant and good resistance to radiation damage, all of which open up
completely new classes of commercial and military applications which are currently impossible or
unaffordable with silicon or gallium arsenide [1,2]. The most widely used examples include their use
as sources of white light for optical storage, as displays, and in radar and communication technology,
and in automotive and oil exploration industries and in high-radiation environments [3,4]. Of the
many different silicon carbide polytypes, 3C-SiC, 4H-SiC and 6H-SiC are the most commonly applied.
Depending on the particular application, the requirements for the resulting surface of SiC substrates
are stringent and often stipulate that the roughness (Ra) must be less than 0.3 nm, the wafers must
have flat, smooth, and damage free surfaces; this means the machined quality directly determines the
applied value and performance of the device [5,6]. However, the high hardness, stiffness, and strength
of single crystal SiC make it very difficult to obtain a high-quality surface finish by mechanical methods,
even with a diamond cutting tool [7].
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In recent years some researchers have become interested in analyzing the mechanical properties
of single crystal SiC; Yin et al. used Vickers indention and nanoindentation to carry out indentation
experiments on the 6H-SiC substrates, and used grinding and polishing tests to investigate microfracture,
residual damage, and surface roughness associated with material removal and surface generation [8].
Meng et al. performed a nanoscratching test on 6H–SiC with a Berkovich diamond indenter and
found that the deformation and removal of 6H-SiC while nanoscratching with a sharp indenter was
completely different from the single-point diamond turning (SPDT) method [9]. Goel et al. carried out
a diamond turning test on single crystal 6H-SiC at a cutting speed of 1 m/s on a precision diamond
turning machine to elucidate the microscopic origin of ductile-regime machining, and obtained a
surface finish of Ra = 9.2 nm [10]. Yan et al. used a Berkovich nanoindenter to investigate the subsurface
damage of SiC in nanoindentation tests, and found that the depth of subsurface damage was much
larger than that in indentation tests, and the damaging mechanism of SiC was completely different
from single crystalline silicon [11]. Xiao et al., carried out molecular dynamics (MD) simulations to
investigate the atomic scale details of ductile deformation while machining of 6H SiC, and found
that a taper cutting experiment on a single crystal 6H SiC wafer produced a ductile-cut surface.
Moreover, a micro Raman spectroscopy of the machined surface revealed no peaks for amorphous
SiC, which agreed with the MD result [12]. Lee et al. proposed a hybrid polishing technique using a
mixed abrasive slurry (MAS) with colloidal silica and nanodiamonds to investigate the hybrid removal
mechanism of MAS on SiC [13]. Goel et al. carried out diamond turning of single crystal 6H-SiC
at a cutting speed of 1 m/s on a precision diamond turning machine to elucidate the microscopic
origin of ductile-regime machining; a surface finish of Ra = 9.2 nm was obtained and a brittle–ductile
transition was observed [14]. Li et al. carried out the nanoindentation test for 6H-SiC with a Berkovich
indenter and set up the three-dimensional finite element simulation, the plastic deformation and
cracks morphology and mechanical properties were analyzed with the maximum load P (max) [15].
Nawaz et al. investigated the nanoscale elastic-plastic deformation behavior of single crystal 6H-SiC
systematically by using nanoindentation with a Berkovich indenter and observed the effect of loading
rates on the critical pop-in load, pop-in displacement and maximum shear stress [16]. Pang et al.
presented an experimental and numerical analysis of the deformation behavior of single-crystal 6H-SiC
in nanoindentation, the results showed that classical crystal plasticity theory can be reliably applied
in predicting plastic deformation of ceramic at small scales [17]. Lu et al. described the mechanical
planarization machining of SiC substrates involving the Si face and C face of N-type 4H-SiC, N-type
6H-SiC, and V-type 6H-SiC with a sol-gel polishing pad, the removal mechanism of SiC substrates was
investigated by nanoindentation and nanoscratching [18].

While these studies did not present concrete nanomechanical data and generally used the
mechanical data in the literature to analyze material removal mechanism, nor did they analyze
the material removal mechanism of single crystal SiC from a mechanical perspective whilst using
abrasives in different fixed methods. In this paper, a nanomechanical test system was used to test
the nanoindentation of single crystal 6H-SiC materials to obtain the hardness, modulus and loads
for elastic-plastic and plastic-brittle transitions of this material. The single crystal 6H-SiC materials
produced by the same factory were machined by rotational grinding with fixed abrasives, lapping
with free abrasives and magnetorheological (MR) finishing of semi-fixed abrasives, respectively.
Then, the mechanical properties of the materials in brittle-plastic transition under the three fixed
methods of abrasives with optimal experimental conditions were calculated. On this basis, this study
revealed the mechanical behavior and material removal mechanisms of single crystal 6H-SiC under
the effects of abrasives by combining the morphologies of the machined surfaces and the results of
nanoindentation experiments.
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2. Experimental

2.1. Materials

The 6H n-type SiC Dummy Grade wafers (the C face and Si face can be identified by the primary
orient flat and secondary orient flat) purchased from tankeBlue Semiconductor Co. Ltd., Beijing, China
were used in this experiment. Indentation and nanoscratching tests were performed on the polished
wafers and grinding and lapping experiments were carried out on the as-cut wafers and double side
lapped wafers. The wafers are 300 ± 10 μm thick, the surface roughness Ra of these as-cut wafers,
double side lapped wafers, and polished wafers are about 0.21 μm, 73 nm, and 0.3 nm, respectively.

2.2. Nanoindentation Experiment

Nanoindentation was carried out by utilizing the Agilent G200 Nanoindenter system (Santa Clara,
CA, USA); it can also be used for nanoindentation and nanoscratch, and works as a nanomechanical
microscope. This experimental process was carried out automatically, according to a set of procedures
to improve the reliability and competition of the experimental data. Within a total displacement range
of 1.5 mm, the indenter can generate indentations deeper than 500 μm with a displacement resolution
of less than 0.01 nm and a load resolution of 50 nN, respectively, under maximum load (standard)
higher than 500 mN.

In nanoindentation experiments, single crystal SiC substrates were fixed onto the carrier plate
using hot melt adhesives. The authors conducted a series of static stiffness experiments on Si and C
faces of 6H-SiC under loads increasing from 1 mN to 500 mN using a triangular pyramid Berkovich
indenter produced by the Agilent Company (Santa Clara, CA, USA). The edge plane and edge of the
indenter showed 65.3◦ and 77.05◦ angles with the center line, and the equivalent cone angle was 70.32◦.
In this experiment, nine points were tested under each load at 3 a.m. to avoid any influences from the
surrounding environment; after which the hardness H and the elastic module E of the points with
maximum depth under static stiffness were obtained directly from the software and their average
values were calculated as experimental results after excluding particular data.

2.3. Fixed Abrasive Machining

The grinding experiments using fixed grinding abrasives were carried out on the DMG-6011V
vertical, uniaxial and high-precision end face grinder manufactured by the Lapmaster SFT Corp.
(Tokyo, Japan). On this machine tool, cup-shaped grinding wheels were used to cut and grind the
workpieces axially. The contact length, contact area, and cutting angle of the grinding wheels and
workpieces were constant and half of the machined workpieces were always outside the grinding
wheels. Furthermore, by using online thickness measuring devices, crystal plates were ground precisely
and were not affected by any wear in the grinding wheels (Figure 1). The movement of the spindle of
this machine tool was set at 0.01 μm per unit for its minimum rate of movement is 0.01 μm/sec, while
the grinding thickness was controlled at 0.1 μm. The experiments utilized #325 metal-bonded and
#8000 ceramic-bonded diamond grinding wheels, with deionized water as a coolant. The experimental
parameters are shown in Table 1.

Table 1. Grinding conditions used in experiments.

Process No.
Grinding Wheel
Type (Abrasive

Grain Size)

Feed Rate f s
(μm/s)

Workpiece Speed nw (rpm) Wheel Speed ns( rpm)

No.1 325# (45μm) 5 151 1800
No.2 325# (45μm) 0.1 151 1800
No.3 325# (45μm) 0.1 151 3200
No.4 8000# (1.6μm) 0.1 151 3200
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Figure 1. Principle of workpiece rotation grinding.

2.4. Free Abrasive Machining

The lapping experiments using free abrasives were carried out on the KD15BX (Dongguan KIZI
Precision Lapping Mechanical Manufacture Co., LTD., Dongguan, China) precision plane grinder.
This machine includes precision lapping plates, a trim ring, ceramic plates, cushions, clump weights,
a retaining hook structure, a precision dressing machine, and a supply system of slurry. After being
dressed for flatness, the lapping plates had a total thickness variation (TTV) of less than 10 μm and
the parallelism of the upper and lower sides of the ceramic plates was less than 2 μm. The workpiece
was fixed onto the ceramic plates with paraffin and faced to the lapping plate, while the trim ring
was fixed outside the round ceramic plates. Clump weights were placed over and isolated with the
ceramic plates by cushions. The pulley of the retaining hook structure was tangential with the outer
cylinder of the trim ring so that the trim ring and ceramic plates could rotate due to friction between
the retaining hook structure and the lapping plates. The experiments were carried out on the cast iron
lapping plate and ceramic lapping plates using W14 and W1.5 diamond abrasives for 5 min as the
lapping plates were rotating at 80 rpm. The mass fraction of abrasives in the slurry, flows of slurry,
and lapping pressure were 4 wt.%, 15 mL/min, and 30 kPa, respectively.

2.5. Semi-fixed Abrasive Machining

The MR finishing experiments with semi-fixed abrasives were carried out using the experimental
equipment for MR plane finishing that was developed by the laboratory (Figure 2). This equipment
utilized the servo motion of CNC milling machines and was controlled in the four directions (X, Y,
C1 and C2) needed for the polishing process via programming. To analyze the material removal
mechanism of single crystal SiC substrates under MR processing, N35 cylindrical permanent magnets
(20 mm × 15 mm) with a flat bottom were arranged circumferentially on the polishing plates in a 135
mm diameter in the same direction as the magnetic poles to form a cupped polishing circle. The single
crystal 6H-SiC substrates were 2 inches in diameter and were faced directly in the center of the magnetic
pole by adjusting movement in the X and Y directions. The distance between the lower surface of the
substrates and the upper surface of the polishing plates was set at 0.8 mm by controlling the Z axis. The
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workpiece was static, while the polishing plates rotated at C1 = 200 r/min to machine the workpiece for
35 min, thus producing arc polishing belts on the workpiece. In the experiment, water-based MR fluids
mixed with certain proportions of abrasives were used as MR polishing fluids. These MR polishing
fluids consisted mainly of W3.5 carbonyl iron powders (4 wt.%), deionized water (88 wt.%), W3.5
diamond powders (4 wt.%), and stabilizer (4 wt.%).

 
Figure 2. Experimental apparatus for cluster MR effect in plane polishing.

The surface roughness was measured with a MarWin XT20 (Mahr, Goettingen, Germany) surface
roughometer, and the surface morphology was analyzed by OLS4000 (Olympus Corporation, Tokoy,
Japan) laser confocal microscopy and a scanning electron microscope (SEM) (Hitachi, Ltd., Tokoy, Japan).

3. Results and Discussion

3.1. Results and Theoretical Analysis of this Nanoindentation Experiment

The experiments were carried out on the C and Si faces of polished 6H-SiC substrates by utilizing
the static stiffness method under 1 mN, 2 mN, 5 mN, 10 mN, 20 mN, 50 mN, 100 mN, 200 mN, 300 mN
and 500 mN loads. Each experiment was repeated nine times in a 3 × 3 array. The surface morphologies
of the 6H-SiC substrates obtained from the experiment are shown in Figure 3 and the hardness and
elastic moduli of the C and Si faces are shown in Table 2.

The results indicate that single crystal SiC substrates showed the obvious effects of indentation
size, whilst due to the influences of surface roughness, oxide layers on the surfaces and elastic-plastic
deformation of the workpieces, the hardness and elastic modulus gradually increased as the loads
and depth of indentation increased in a certain range. Afterwards, due to the soft base of the hot melt
adhesives used as test patches, the hardness and elastic modulus gradually decreased as the loads and
depth of indentation increased. The hardness of static stiffness of C and Si faces under 500 mN loads
were 38.596 Gpa and 36.246 Gpa, respectively, which were basically consistent with the experimental
result (38 Gpa) of Chen et al. [19]. Moreover, the elastic moduli of the static stiffness of C and Si faces
under 500 mN loads were 563.019 Gpa and 524.839 Gpa, respectively, which were slightly larger than
the result (448 Gpa) of Mehregany et al. [20]; this was probably due to the soft base of the hot melt
adhesives. Therefore, the C and Si faces of single crystal 6H-SiC showed slightly different mechanical
properties and demonstrated obvious anisotropy. Furthermore, the hardness and elastic moduli of the
C face were larger than the Si face, which indicated that the C face was more difficult to machine than
the Si face.

Table 2. Hardness and elastic modulus of Single crystal 6H-SiC substrates by quasi-static indentation.

Hardness/ Elasticity Modulus

Loads
1 mN 2 mN 5 mN

10
mN

20
mN

50
mN

100
mN

200
mN

300
mN

500
mN

Hardness of C face (Gpa) 47.867 55.418 55.825 52.596 50.514 46.745 43.741 41.435 39.861 38.596

Elasticity modulus of C face (Gpa) 538.075 581.841 627.822 618.019 612.893 596.833 576.843 567.615 562.4 563.019

Hardness of Si face (Gpa) 48.211 46.381 50.788 48.446 45.693 42.392 39.651 37.315 36.311 36.246

Elasticity modulus of Si face (Gpa) 533.033 554.146 614.533 601.814 589.13 570.998 548.221 535.773 525.946 524.839
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Figure 3. Surface topography of nanoindentation.

By using the static stiffness method, the load-depth curves between loads and indentation depth
of the indenter are shown in Figures 4 and 5. Here, at 1.941 mN, a slight pop-in appeared on the C
surface of SiC (considering the effects of the soft base of hot melt adhesives, the indentation depth was
not used as a reference standard), while a micro pop-in was found on Si surface of 2.710 mN. Therefore,
pop-ins under small loads were considered to be the turning point where materials changed from
elastic to plastic deformation. Similarly, under higher loads, micro pop-ins appeared on the C and Si
surfaces of SiC in 385.362 mN and 448.217 mN, respectively, showing that obvious brittle fractures
occurred to the SiC materials under these loads.

  

(a) (b) 

Figure 4. Test results of Single crystal 6H-SiC substrates under small loads (a) Load and depth curve in
small loads of C face and (b) Load and depth curve in small loads of Si face.

In the nanoindentation experiment, a single ideal diamond grinding grain acted perpendicularly
onto the single crystal SiC substrates. For brittle materials, as the load increased, they went through
stages such as elastic and plastic deformation, and brittle fracture. Elastic deformation was mainly
shown as an increase or decrease of the interatomic distance where elastic recovery occurred after
unloading, while plastically deformed materials cannot recover to their original shapes after unloading.
Under the effect of plastic deformation, plastic flows and plastic budges were generated on the materials
which caused the easy formation and accumulation of defects such as fault and slippage, and because
these stresses were beyond the minimum stress required by crack extension, brittle fractures caused
the materials to produce microcracks which travelled inside the materials. The transition from elastic
to plastic deformation and then to brittle fracture was attributed to the pop-ins of critical stress and
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strain on the materials. Therefore, the effective evaluation and test of the critical stress and strain of the
materials provided an important basis for analyzing the material removed.

  

(a) (b) 

Figure 5. Test results of Single crystal 6H-SiC substrates under large loads (a) Load and depth curve in
large loads of C face and (b) Load and depth curve in large loads of Si face.

According to the simple contact load model proposed by Stevanovic for predicting elastic,
elastic-plastic, and plastic deformations [21]:

Fo =
9π3

16
H3(

ρ

E
)

2
. (1)

When the force on surfaces of the material is F ≤ 1
15 Fo, it is considered that pure elastic deformation

occurred, and elastic-plastic deformation occurs when the force is 1
15 Fo < F < 15Fo; moreover, pure

plastic deformation appears when the force is F ≥ 15Fo. In the Equation, H, ρ, and E represent the
hardness of the materials, the radius of curvature of grinding grains on the materials, and the elastic
moduli of the materials, respectively.

In Equation (1), the hardness and elastic moduli of single crystal SiC were obtained through
the nanoindentation experiment, while the radius ρ of the curvature of the Berkovich indenter was
unknown. When F = 15Fo was used as the critical load for the plastic transition of single crystal
6H-SiC, then

FC = 15
9π3

16
38.53(

ρC

560
)

2
= 1.941 mN (2)

FSi = 15
9π3

16
363(

ρSi

524
)

2
= 2.71 mN. (3)

By solving Equations (2) and (3), ρC = 0.2 mm and ρSi = 0.3 mm. As a single crystal SiC is very
hard, when the Berkovich indenter was pressed into the surfaces of carbon and silicon in batches, it
was worn, which further influenced the precision of the measuring results. The silicon surface was
trimmed and calculated according to ρC value, so theoretically the critical load for the plastic transition
of the silicon surface under the same conditions was

FSi′ = 15
9π3

16
363(

0.2
524

)
2
= 1.77 mN. (4)

Therefore, when the forces on the surfaces of single crystal 6H-SiC materials were Fc ≤ 8.63 μN and
Fsi ≤ 7.87 μN, pure elastic deformation occurred, but if the forces were 8.63 μN < Fc < 1.941 mN and
7.87 μN < Fsi < 1.77 mN, elastic-plastic deformation appeared, and if the forces were FC ≥ 1.941 mN
and Fsi ≥ 1.77 mN, pure plastic deformation occurred.

When the materials were processed by plastic removal, plastic flows which did not result in
cracks were observed on the surface layers, but because the materials hindered the dislocation guide,
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while the loads increased constantly, many dislocations accumulated at a point to form a dislocation
pile-up group. Once the force reached a certain limited value, the dislocation pile-up group induced
the generation and extension of cracks, which turned into brittle removal [22], and therefore the critical
loads needed for the materials to produce cracks were those for the brittle transition of materials,
and the critical loads were mainly determined by mechanical properties of the materials. These
mechanical properties included the hardness H, the fracture toughness Kc, and elastic module E of the
materials. Based on the model of indentation fracture mechanics [23,24], the critical load P* for brittle
materials changing from plastic deformation to brittle fracture was expressed as

P∗ = 54.5(α/η2γ4)(Kc
4/H3) (5)

where α (for ordinary Victorinox indenter, α = 2/π), η and γ (η ≈ 0.6, γ ≈ 0.1) are constants. Kc and H
represent fracture toughness (generally, Kc is 1.9 Mpa m1/2 for single crystal SiC [25]) and hardness of
materials. The theoretical critical loads for the brittle fractures of the C and Si faces of single crystal SiC
are defined below respectively.

P∗C = 54.5((2/π)/(0.620.14))(1.94/38.53) = 366.82 mN (6)

P∗Si = 54.5((2/π)/(0.620.14))(1.94/363) = 448.67 mN. (7)

Note that the results of this theoretical calculation were consistent with those obtained in the
nanoindentation experiment and can be used as basic parameters for analyzing the removal of materials
machined by different fixed abrasives.

3.2. The Results of Grinding with Fixed Abrasives and Materials Removal Analysis

Since the grains in the grinding experiment were always fixed onto the grinding wheels, it
is known as machining with fixed grinding grains (Figure 6). Figure 7 presents the surface SEM
morphologies of ground 6H-SiC substrates. Note also that the diameter, feed, and linear speed of the
grinding wheels influences the surface finish, so the morphologies of the machined surfaces obviously
changed and the methods for removing material were also different. Under the No.1 process condition,
most single crystal SiC was removed through brittle fracture and small amounts of plastic removal.
After decreasing the feed of the grinding wheels in the No.2 process, brittle removal dominated and
there was more plastic removal. As process No.3 shows, the linear speed of the grinding wheels
affected the material removal modes, and the faster the linear speed, the larger the proportion of plastic
removal. Although same process parameters were used in the No.3 and No.4 conditions, No.4 resulted
in completely different effects where materials were mainly removed via the plastic mode because the
grains in the grinding wheels had different diameters and densities.

Figure 6. Schematic diagram of fixation abrasive grinding.

138



Micromachines 2019, 10, 332
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Figure 7. Morphology of Single crystal 6H-SiC substrates ground with different grades of grit (a) No.1
(Ra 0.303 μm), (b) No.2 (Ra 0.029 μm), (c) No.3 (Ra 0.015 μm) and (d) No.4 (Ra 0.002 μm).

Many studies have shown that the amount of material removed by grinding is related to the
cutting depth dc of the grit, which in turn is related to the properties of materials and the maximum
thickness of undeformed substrate hmax. When the maximum thickness of undeformed substrate hmax

is less than the critical grit cutting depth dc, the plastic domain of grinding is achieved [26].
When grinding takes place the brittleness H/Kc of materials is the principal factor influencing the

brittle-plastic removal of materials.
Bifano et al. [26] put forward the critical grit cutting depth dc for the brittle-plastic transition of

material removal modes in grinding.

dc = 0.15(
E
H
)(

Kc

H
)

2
. (8)

In Equation (9), E, H, and Kc stand for the elastic module, hardness, and fracture roughness of
materials, respectively, so by substituting the experimental results above into Equation (8), the authors
found that the critical grit cutting depth for C and Si faces of single crystal 6H-SiC were 5.3 nm and 6.1
nm, respectively.

During grinding, the maximum thickness of undeformed substrate hmax denotes the maximum
depth of grinding grit cutting into the workpiece. Apart from the size of the grit and the feed rate of
the grinding wheels passing over the workpiece, the maximum thickness of undeformed substrate
was also related to factors such as the speed at which the workpieces and grinding wheels rotate and
the size of grinding wheels. During grinding realized by the self-rotation of the workpieces, suppose
that the speed at which the grinding wheel and workpieces rotate, and the feed and radius of the
grinding wheels are represented by ns, nw, f and R, respectively. Lw and W stand for the circumference
and tooth width of layers of grinding material of the cupped grinding wheels. Furthermore, C, Fv
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(when the diamond density was 3.25 g/cm3, Fv = 0.25C) and rm indicate the concentration of grinding
materials of diamond grinding wheels, the volume fraction of the layers of material in the grinding
wheels, and the radius at any point on the surface of the workpieces, respectively. According to the
study by Shang [27], the maximum thickness of undeformed substrate hmax was:

hmax = 2.239R(
4 f rmnw

LwWCn2
2

)
0.4

. (9)

In this experiment, the radius R of the grinding wheels and the tooth width W of the layers
of grinding material in the cupped grinding wheels were 100 mm and 3 mm, respectively. The rm

value is the position of the edges of the workpiece (for a 2-inch diameter workpiece, rm was 25.4 mm).
Moreover, the value of concentration C in Equation (9) can be obtained through simple geometric
relationships, as shown in the following equation [28]:

C =
4 f

d2
g(

4π
3vd

)
2/3

. (10)

In Equation (10), dg, vd, and f represent the equivalent spherical diameter of diamond particles,
the volume fraction of diamonds in the grinding wheel, and the fraction of diamond particles that
actively cut when grinding, respectively. The grinding wheel used in the present study had a density
of 100, or in other words, the volume fraction vd was 0.25. To obtain the value of C, it was assumed
that only one-half of the diamond particles on the wheel surface was actively engaged in cutting [28],
or the value of f was equal to 0.5.

By substituting the experimental conditions and parameters in Table 1 into Equations (9) and
(10), the maximum thicknesses of undeformed substrates from processes No.1 to No.4 were 47.59
nm, 9.95 nm, 7.56 nm, and 0.43 nm, respectively. It is obvious that the maximum thicknesses of
undeformed substrates from No.1 to No.3 were larger than the critical grit cutting depth dc, and
therefore the materials were removed by brittle fractures. As the maximum thickness of undeformed
substrates decreased the proportion of plastic removal on the surfaces gradually increased, however,
the maximum thickness of the undeformed substrate in process No.4 was smaller than the critical grit
cutting depth dc, so the material removal modes were completely transformed into plastic flows.

3.3. The Lapping Results of Free Abrasives and Analysis of Material Removal

Free abrasives in the form of slurry which covered the entire surface were used for lapping the
workpieces. These abrasives created typical two-body and three-body friction, as shown in Figure 8.
In three-body friction the abrasives are dispersed and move freely between the workpiece and the
lapping plate so they simultaneously rub against the workpiece and the lapping plate; this meant that
the surface materials of the workpiece are removed through surface rolling and scratching resulting
in a uniform and lustrous surface consisting of countless micro broken pits. In two-body friction the
abrasives become embedded into the lapping plates and only rubbed against the workpiece; this means
the loading pressure is transferred directly onto the abrasives. In this process, the abrasives cut deeper
into the workpiece than during three-body friction, and the workpiece materials are mainly removed
through ploughing and micro-cutting modes. This indicates that the material removal rate is higher
under two-body friction [29].

Figure 9 shows the surface morphologies of the cast iron and ceramic plates lapped using W14
and W1.5 diamond abrasives; the surfaces of the workpieces consist of countless micro broken pits
whose size depends on whether W14 or W1.5 abrasives used. This means that material was mainly
removed by a larger number of brittle fractures which caused debris to break away from the material
and leave many broken pits on the surface of the workpiece; this is where three-body friction occurred.
The larger the diameter of the abrasives, the less abrasives per unit area and therefore a greater force
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was exerted on single abrasives under the same loads, and the larger the material removed, the rougher
the surface was.

Figure 8. Three-Body and two-body abrasion.

  

(a) (b) 

Figure 9. Morphology of single crystal 6H-SiC substrates after lapping. (a) After lapping by W14
diamond. (b) After lapping by W1.5 diamond.

In lapping, the space hwp between the workpieces and the lapping plates was mainly determined
by the maximum diameter dmax of abrasives in the space, so abrasives with diameters larger than hwp

did most of the lapping. The distribution laws of the diameters of abrasives met the normal probability
density function [30]. Suppose that abrasives with diameters larger than D50 (D50 of W14 and W1.5
was 11 μm and 1.2 μm) did most of the lapping, then abrasives filled all of the space between the
workpieces and lapping plates. Based on indentation theory, the contact deformation when abrasives
were pressed into the workpieces and lapping plates is shown in Figure 10. Assume that H and Fw

indicate the hardness of the workpieces and the average pressure on single abrasive, then [31],

hw =

√
Fwkβ

H
. (11)

Kβ is the coefficient relating to the shape of the grinding grains. Suppose that the grinding grains are
ideal spheres with a radius dw, the actual contact area between a single abrasive and the workpieces
may be calculated as:

SA = π(

(
dw

2

)2
− (dW

2
− hW)

2
). (12)
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Figure 10. Contact state diagram of the abrasives, workpiece, and lapping plate. (a) Ideal contact state.
(b) Actual contact state.

In accordance with the equilibrium condition of forces, the following equation is obtained.

pS = FWKb(4S/πd2
w)π(

(
dw

2

)2
− (dW

2
− hW)

2
) (13)

where p, S, and Kb show the lapping pressure, the workpiece area, and the distribution coefficient
of abrasives between the workpieces and lapping plates, respectively. When the abrasives were
distributed closely, the coefficient is 1. Combining Equations (11) and (13), the following equation
was obtained.

FW =
√

pdWH/4KbKβ. (14)

When Kβ and Kb were 1 and the nanoindentation results and grinding parameters were
substituted [31], the forces of effective W14 abrasives on C and Si faces were 1723 mN and 1728
mN, separately, and the forces of effective W1.5 abrasives on C and Si faces were 569 mN and 588
mN, respectively. Obviously, where the abrasives completely filled the gaps between workpieces and
lapping plates, the forces for pressing abrasives in workpieces under two process conditions were
beyond the theoretical critical load for brittle fractures of the single crystal SiC substrates. However,
many abrasives between the workpieces and lapping plates could not be involved in lapping, thus
causing larger actual forces for pressing abrasives into workpieces. Therefore, in two process conditions
such as three-body friction and rolling of abrasives, pure brittle fractures occurred on the surface of
single crystal SiC, and the rolling and fragile broken accumulation removed workpiece materials and
formed uniform and smooth surfaces consisting of countless micro broken pits.

3.4. The Cluster MR Finishing Results of Semi-fixed Abrasives and Analysis of Material Removal

In cluster MR plane finishing, small magnetic bodies are embedded into polishing plates made
of diamagnetic materials according to the cluster principles. When MR fluids mixed with abrasives
are poured onto the polishing plates, the upper magnetic bodies of the MR fluids are lined as chain
structures along the direction of magnetic lines of forces to solidify and form semi-fixed Bingham
viscoelastic micro grinding heads. This array of micro grinding heads regularly formed as polishing
pads. When the workpiece is close to the polishing plates and moves along it, positive pressures and
shear forces are generated in the contact areas such that the surfaces materials of the workpieces are
removed. Owing to the semi-fixed and soft-constraint of viscoelastic MR fluids for the abrasives, the
material on the surfaces of the workpieces are removed flexibly without damaging and scratching, so
the polishing process is very efficient and results in super smooth surfaces [32].
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Figure 11 shows the surface SEM images at the entrance and exit of the micro grinding heads in the
polishing belts on the 6H-SiC substrates obtained from the experiment. Note the deep elastic-plastic
grooves where the arc polishing belts entered the surfaces of single crystal 6H-SiC; these grooves were
deeper at the entry edge and then became shallower towards the interior, and since there were no
grooves where the arc polishing belts exited, the surfaces were smoother and flatter. However, some
pits and pores generated by the lapping process remained but even though the polishing belts left
deep grooves, there were no brittle removal scratches.

  

(a) (b) 

  
(c) (d) 

Figure 11. Scanning electron microscope (SEM) morphology of Single crystal 6H-SiC wafer polishing
belt. (a) Schematic diagram of polishing, (b) schematic diagram of the polishing belt, (c) SEM
morphology of entrance and (d) SEM morphology of exit.

The removal rate of material during polishing is generally related to the mechanical properties
of the polishing pads. Yong’s modulus of MR elastic polishing pads was ~1 Mpa(~2G′), which
was much smaller than traditional polishing pads (~50–100 Mpa) [33]. Therefore, the abrasives
constrained by magnetic connection were dislocated and deformed by the cutting forces, causing the
accommodated-sinking effect. This was why the forces exerted by the abrasives onto the workpieces was
small and the materials were removed from the surface of workpieces under elastic-plastic deformation.

Furthermore, in accordance with the Preston equation, the rate of removing MR material was
proportional to the pressure on the surface of workpieces and the relative speed. As Figure 11a
shows, the polishing pressure PF of the MR micro grinding heads on the workpieces was a complex
parameter which included hydrodynamic pressures, and pressures produced by the MR effects and
liquid buoyancy. Moreover, the pressures produced by MR effects consisted of magnetizing and
magnetostrictive pressures, and since MR fluids are non-compressible, the magnetostrictive pressures
in the magnetic fields induced by changes in volume were approximately zero, the expression for
polishing pressures is

PF = Pd + Pg + Pm (15)

where Pd and Pm represent the hydrodynamic pressure and the pressure produced by MR effects of the
MR fluids, respectively. Furthermore, Pg stands for the buoyancy of MR fluids, but it was ignored in
the calculation because it was much less than Pd and Pm.
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According to the studies of Feng et al. [34], the pressure produced by the MR effects of
spherical magnetic particles in MR fluids due to external magnetic fields was calculated using
the following equation.

Pm =
3ϕμ0(μ− μ0)

μ+ 2μ0

∫ Hm

0
HmdHm (16)

where μ0, Hm, μ and ϕ represent the magnetic inductivity of a vacuum, the strength of the external
magnetic fields on the surface of the workpieces, the magnetic inductivity of magnetic particles, and the
proportion of magnetic particles in the MR fluids, respectively. Obviously, the pressure produced by
the MR effects was directly proportional to the magnetic field strength H of the external magnetic fields
on the surface of the workpieces.

In cluster MR polishing, because the workpiece and the polishing plates are parallel, there is no
wedge pop-in, so in theory, dynamic pressures could not be formed and there were only the pressures
produced by the MR effects. However, where the micro grinding heads entered the workpieces from
the bottom surface of tool heads, a pop-in of height existed, and the dynamic pressures existing at the
edges of polishing belts will meet the following equation [35].

dPd
dx

= 6ηυ
h− h0

h3 (17)

where η and h0 denote the initial viscosity of the MR fluids and the distance (i.e., h0 is the machining
gap Δ) from the polishing plates to the surfaces of workpieces, respectively, then h represents the
height from the polishing plates to the surfaces of tool heads. If the thickness of workpieces is t then
h = Δ + t.

In machining, the material removal modes are only related to the maximum force of the grinding
grains, which means the forces of grinding grains in the machining gaps can be transmitted and the
forces of each grinding grain and carbonyl iron powder grain are basically consistent. Moreover,
the number of grinding grains and carbonyl iron powder grains in the machining gaps in the same
chain is Δ/dw so the abrasive forces at the entrance and the exit of the polishing belts in contact with
the workpieces can be calculated approximately as:

Fin =
Δ
dw

(
3ϕμ0(μ− μ0)

μ+ 2μ0
Hm + 6ηυ

t

(Δ + t)3 ) π

(
dw

2

)2
(18)

Fout =
Δ
dw

3ϕμ0(μ− μ0)

μ+ 2μ0
Hm π

(
dw

2

)2
. (19)

When the data in Table 3 were substituted into Equations (18) and (19), the theoretical pressures of
abrasives at the entrance and exit of workpieces were computed as 1514.27 μN and 3.47 μN, respectively;
this meant they were in the mechanical range for single crystal SiC producing elastic-plastic and elastic
deformations and therefore single crystal SiC materials were removed in full elastic-plastic mode, thus
realizing machining without any sub-surface damage.

Table 3. Calculating Parameters.

Parameter Value

Thickness of workpiece t (mm) 0.3
Machining gap Δ (mm) 0.8

Abrasive diameter dw (μm) 2.8
The initial viscosity of the MR fluid η (Pa·s) 0.5

The magnetoconductivity of magnetic particles μ 2000
Vacuum permeability μ0 1

Magnetic field intensity Hm (Gs) 2000
Speed of polishing disk v (m/s) 1.27

The proportion of magnetic particles in the MR fluid ϕ 0.33
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4. Conclusions

The results of nanoindentation experiments under static stiffness showed that the hardness of
C and Si faces of single crystal SiC under 500 mN loads was 38.596 Gpa and 36.246 Gpa, and the
elastic moduli of the C and Si faces were 563.019 Gpa and 524.839 Gpa, respectively. According to the
experimental results, the theoretical critical loads for the plastic transition of C and Si faces of single
crystal SiC were calculated as 1.941 mN and 1.77 mN and the theoretical loads for their brittle fractures
were 366.8 mN and 488.67 mN, respectively. These results basically coincided with the experimental
results of nanoindentation.

In grinding based on the rotation of workpieces using fixed abrasives, the critical grit cutting depth
of abrasives on the C and Si faces of single crystal 6H-SiC were 5.3 nm and 6.1 nm, separately. When the
maximum thickness of undeformed substrate relating to the processing parameters was less than the
critical grit cutting depth, single crystal SiC material was removed by plastic deformation, and when
the maximum thickness of undeformed substrate was larger than the critical grit cutting depth, the
removal mode changed to brittle removal. Moreover, as the maximum thickness of undeformed
substrate increased the proportion of brittle removal on the surfaces gradually increased.

The forces of lapping materials on C and Si faces by using free abrasives (W14) were 1723 mN and
1782 mN, while those obtained using free abrasives (W1.5) were 569 mN and 588 mN, respectively.
These forces were larger than the theoretical critical loads for the brittle fractures of single crystal SiC
substrates. With the three-body friction motion of abrasives, single crystal SiC material was rolled,
broken, and removed under pure brittle fracture.

In the cluster MR finishing experiments where semi-fixed abrasives were used, the theoretical
pressure of abrasives at the entrance and exit of the polishing belts were 1514.27 μN and 3.47 μN,
respectively. These pressures were in the range for elastic-plastic and elastic deformation of single
crystal SiC. The elastic-plastic removal grooves at the entrance of the polishing belts were deeper while
the surface at the exit was flatter and smoother; this coincided with the mechanical calculation and
nanoindentation experiment.

This study applied the experimental results of nanoindentation to the mechanical analysis of
abrasives under different fixation methods and the removal and deformation analysis of single crystal
SiC material. These research results are significant for the ultra-precision machining of single crystal
SiC substrates.
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Nomenclature

Symbol Nomenclature

fs Spindle feed(μm/s)
nw The rotational speed of workpiece (rpm)
ns The rotational speed of grinding wheel (rpm)
H Hardness (Gpa)
E Elasticity modulus (Gpa)
Kc The fracture toughness (Mpa m1/2)
ρ The radius of curvature of grinding grains on the materials (mm)
F0 The contact load (mN)
FC The contact load of C face (mN)
FSi The contact load of Si face (mN)
P* The critical load for brittle materials changing from plastic deformation to brittle fracture (mN)
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P*C The critical load for C face changing from plastic deformation to brittle fracture (mN)
ϕ The proportion of magnetic particles in the MR fluids
hmax The maximum thickness of undeformed substrate (nm)
dc The critical grit cutting depth (nm)
R The radius of the grinding wheels (mm)
Lw The circumference of layers of grinding material of the cupped grinding wheels (mm)
C The concentration of grinding materials of diamond grinding wheels
Kβ The coefficient relating to the shape of the grinding grains
dw The radius of grinding grain (μm)
rm The radius at any point on the surface of the workpieces
vd The volume fraction of diamonds in the grinding wheel
hwp The space between the workpieces and the lapping plates (mm)
Fin The abrasive forces at the entrance of the polishing belts (μN)
S The workpiece area (mm2)
PF The polishing pressures (kPa)
Pm The pressure produced by MR effects of the MR fluids (kPa)
Pd The hydrodynamic pressure (kPa)
Pg The buoyancy of MR fluids (kPa)
μ0 The magnetic inductivity of a vacuum
μ The magnetic inductivity of magnetic particles
η The initial viscosity of the MR fluids (Pa.s)
v Speed of polishing disk (m/s)
Fv The volume fraction of the layers of material in the grinding wheels (g⁄cm3)
P*Si The critical load for Si face changing from plastic deformation to brittle fracture (mN)
Kb The distribution coefficient of abrasives between the workpieces and lapping plates
Hm The strength of the external magnetic fields (Gs)
h0 The distance from the polishing plates to the surfaces of workpieces (mm)
t The thickness of workpieces (mm)
Δ The machining gap (mm)
W The tooth width of layers of grinding material of the cupped grinding wheels (mm)
Fw The average pressure on single abrasive (mN)
SA The actual contact area between a single abrasive and the workpieces (mm2)
p The lapping pressure (kPa)
dg The equivalent spherical diameter of diamond particles
f The fraction of diamond particles that actively cut when grinding
dmax The maximum diameter of abrasives (mm)
Fout The abrasive forces at the exit of the polishing belts (μN)
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Abstract: Many strategies have been developed for the synthesis of silicon carbide (SiC) thin films on
silicon (Si) substrates by plasma-based deposition techniques, especially plasma enhanced chemical
vapor deposition (PECVD) and magnetron sputtering, due to the importance of these materials
for microelectronics and related fields. A drawback is the large lattice mismatch between SiC and
Si. The insertion of an aluminum nitride (AlN) intermediate layer between them has been shown
useful to overcome this problem. Herein, the high-power impulse magnetron sputtering (HiPIMS)
technique was used to grow SiC thin films on AlN/Si substrates. Furthermore, SiC films were
also grown on Si substrates. A comparison of the structural and chemical properties of SiC thin
films grown on the two types of substrate allowed us to evaluate the influence of the AlN layer
on such properties. The chemical composition and stoichiometry of the samples were investigated
by Rutherford backscattering spectrometry (RBS) and Raman spectroscopy, while the crystallinity
was characterized by grazing incidence X-ray diffraction (GIXRD). Our set of results evidenced
the versatility of the HiPIMS technique to produce polycrystalline SiC thin films at near-room
temperature by only varying the discharge power. In addition, this study opens up a feasible route for
the deposition of crystalline SiC films with good structural quality using an AlN intermediate layer.

Keywords: high-power impulse magnetron sputtering (HiPIMS); silicon carbide; aluminum nitride;
thin film; Rutherford backscattering spectrometry (RBS); grazing incidence X-ray diffraction (GIXRD);
Raman spectroscopy

1. Introduction

Silicon carbide (SiC) has been proven to be a promising material for microelectronic applications
due to its excellent physical and electronic properties, such as high surface hardness, wide bandgap,
and high thermal conductivity at low and high temperatures [1–6]. These outstanding properties
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make it an attractive material for the development of harsh-environment devices such as
Micro-Electro-Mechanical Systems (MEMS) and power electronics [1,2,7–9]. In a recent article,
Dinh et al. showed an on-chip SiC MEMS device for efficient thermal management [10]. Furthermore,
the strain effect in a highly doped 3C–SiC-on-glass substrate for mechanical sensors was also recently
reported by Phan et al. [11]. The 3C–SiC bridges were also investigated under the consideration of
Joule heating [12].

For microelectronic device applications, it is desirable for SiC thin films to be grown on Si
substrates because their manufacturing processes are based on Si microfabrication technology, which is
compatible with standard industrial processes [8,13–15]. It is difficult to grow high-quality crystalline
SiC (c-SiC) films on Si substrates at low temperatures (<300 ◦C) due to a large mismatch between their
lattice constant (about 20%) and thermal expansion coefficients (about 8%), which usually affects the
final properties of the grown material [16]. In order to reduce these effects, an intermediate or buffer
layer may be added. For this purpose, aluminum nitride (AlN) thin film is frequently used since it
presents minimum mismatching in the lattice constant (less 1%) with SiC, and has a similar thermal
expansion coefficient [17–20].

Meguro et al. investigated the formation of a SiC interfacial buffer layer on AlN/Si substrates at a
low temperature by low-pressure chemical vapor deposition (LPCVD) [17]. Nakazawa et al. reported
the epitaxial growth of SiC films on an AlN layer on Si (100) substrates by ultralow-pressure chemical
vapor deposition. Jeong et al. investigated the Raman scattering characteristics of 3C–SiC films
deposited on AlN/Si substrates using the atmosphere pressure chemical vapor deposition (APCVD)
technique [19]. Huang et al. demonstrated the formation of SiC quantum dots (SiC QDs) on AlN
films using low-frequency inductively coupled plasma (LF-ICP)-assisted magnetron sputtering [20].
To our knowledge, the study here presented is the first to report the growth of high-power impulse
magnetron sputtering (HiPIMS) of SiC films on AlN/Si substrates.

The achievement of good crystallinity in the SiC thin films is a desirable feature since it influences
different material properties [21]. As the SiC thin films deposited at low temperature grow in
amorphous or nanocrystalline structures, post-treatment such as annealing, to improve the material
crystallinity, is necessary. Although there are several well-known techniques for synthesizing SiC thin
films, their composition and final properties may vary considerably with the applied method [3,19].
Low-pressure plasma-based techniques have been extensively investigated, particularly those that
allow the deposition at near-room temperatures, such as plasma-enhanced chemical vapor deposition
(PECVD) and magnetron sputtering [1,3,22–25]. Along with the magnetron sputtering derivations,
the high-power impulse magnetron sputtering (HiPIMS) technique appears to be very attractive
due to its ability to generate high-density plasmas and a high degree of ionization of the sputtered
atoms [26–31]. These properties allow sufficient energy for the rearrangement of atoms/molecules
during the growth of the film, thus facilitating the formation of crystalline phases. Some reports have
demonstrated that, depending on the deposition parameters and target composition, around 50–90%
of the sputtering atoms are in an ionized state [24,28,30]. This occurs because of the mechanism in
which the HiPIMS power supply applies the power over the magnetron target for generating the
plasma, namely high-power pulses, low frequency, and low duty cycles (lower than 10%) [28,30–32].
Interesting reviews on HiPIMS were written by Sarakinos et al. [30] and Gudmundsson et al. [31].

Although the HiPIMS source is applied in the synthesis of various metals and semiconductor
materials, there is a clear lack of studies focusing on the growth of SiC thin films using this technique.
The studies related to this topic are focused on Ti–Si–C and SiCN films using HiPIMS [26,33]. In the
work of Alami et al. [33], the effect of processing parameters such as gas pressure, substrate geometry,
and distance of the target substrate on some properties of the as-deposited Ti–Si–C film was
investigated. They observed that the Ti–Si–C film quality could be improved by the HiPIMS
technique [33]. Pusch et al. performed a comparison between SiCN films deposited with different
target configurations and techniques, i.e., radiofrequency (RF), direct current (DC), and HiPIMS [26].
Leal et al. deposited SiC thin films on Si substrates by HiPIMS using a SiC target [34]; however,
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only amorphous films were obtained. In this article, we explore the structural and chemical properties
of polycrystalline SiC films grown at room temperature on Si and AlN/Si substrates by the HiPIMS
technique. The composition, chemical bonding, structure, and crystallinity of the samples were
investigated by Rutherford backscattering spectrometry (RBS), Raman spectroscopy, and grazing
incidence X-ray diffraction (GIXRD).

2. Materials and Methods

2.1. Deposition Method

SiC thin films were grown onto polished p-type Si (100) wafers, either with or without an
AlN layer, via HiPIMS in a high-vacuum chamber with a background pressure of 6 × 10−6 Torr.
More details about the HiPIMS reactor can be found elsewhere [34,35]. The working pressure of
the argon gas (99.999%, White-Martins, São José dos Campos, Brazil) was maintained at 3 mTorr
for a corresponding flow rate of 20 sccm (standard centimeter cubic per minute). The target was
a commercial high-purity SiC (99.5%, Kurt J. Lesker Company, Jefferson Hills, PA, USA) with a
diameter of 4 inches. For film growth, the applied power from the HiPIMS power supply (HIP3 5 kW,
Solvix SA, Villaz-Saint-Pierre, Switzerland) was 200 W and 400 W. In all cases, the duty cycle was
fixed at 5%, frequency at 500 Hz, and pulse time at 100 μs. To remove the target surface contaminants,
a pre-sputtering time of 200 W for 10 min was applied. In addition, the substrate holder was maintained
at a floating potential, whereas the deposition time and the target-substrate distance were fixed at
60 min and 60 mm, respectively.

The AlN/Si substrates were provided by the “Institut des Matériaux Jean Rouxel in Nantes
University”. In these substrates, the sputtered AlN intermediate layer had a thickness of 1300 nm and
a (002) crystallographic orientation. For more details, see References [36,37].

2.2. Characterization Techniques

Rutherford backscattering spectrometry (RBS) was used to measure the elemental composition,
stoichiometry, and the thickness of the as-deposited SiC thin films. The measurements were performed
with a pelletron accelerator using 2 MeV 4He+ beam with a particle detector positioned at 170◦ from
the incident beam. The RBS spectra were analyzed using the computer code RUMP (RBS analysis
package) developed by L. R. Doolittle from Cornell University [38]. To verify the accuracy of the RBS
thickness measurements and the thickness uniformity, mechanical profilometry (P-7 Stylus Profiler,
KLA Tencor, Milpitas, CA, USA) measurements were performed.

The crystallinity of the SiC films was inferred from GIXRD with incidence angles (ω) of 1.0◦, 1.5◦,
and 2.0◦ using an X-ray diffractometer (PW1830/1840, Philips, Amsterdam, The Netherlands) with
CuKα radiation. For Raman spectroscopy measurements, a model 2000 Renishaw system (Renishaw,
Wotton-under-Edge, UK), equipped with an Ar ion laser (514.5 nm) was used. Raman spectra were
obtained at room temperature in the range of 400–1800 cm−1.

3. Results and Discussion

3.1. Chemical Composition and Stoichiometry

Figure 1 shows the experimental and simulated RBS spectra of the as-deposited SiC thin films on
Si and AlN/Si substrates for the 200 W and 400 W conditions. Table 1 summarizes the results of the
RBS spectra analysis.

Figure 1a depicts the spectrum of SiC deposited on Si at 200 W and the simulation reveals
a film with a total thickness of approximately 1200 nm, with a highly non-homogenous elemental
distribution throughout the film depth. To better visualize the variation of the stoichiometry throughout
the film depth, the simulation comprised five sublayers which are identified in Table 1. The top
layer’s stoichiometry comprised 260 nm of pure SiC with less than 13% oxygen. The middle part
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(approximately 400 nm) consisted of SiC with 10% excess carbon. The next layer with a thickness
of 250 nm had about 50% carbon excess and a substantial drop in the oxygen content was observed.
The subsequent layer of 170 nm was fully stoichiometric, followed by the last layer of 145 nm adjacent
to the Si surface, where 10% carbon excess was found. When investigating the incorporated oxygen
in the first layers of the SiC film, Medeiros et al. observed the unintentional doping of SiCxNy thin
films by oxygen contamination coming from the vacuum environment of the magnetron co-sputtering
system [35]. In this work, RBS results showed that all samples contained significant amounts of oxygen
(up to 16%). Further, X-ray photoelectron spectroscopy (XPS) results showed that most of this oxygen is
located in the film surface [35]. These results corroborate with the RBS analysis presented in Figure 1a.
In addition, Pomaska et al. presented studies on the unintentional doping by oxygen contamination
where they demonstrated that the oxygen incorporation was influenced the microstructural, electronic,
and optical properties of the SiC films [39]. It has been shown that oxygen incorporation during film
deposition increases the crystallinity of SiC films, consistent with findings observed in this work.

 

Figure 1. Experimental and simulated Rutherford backscattering spectrometry (RBS) spectra of the SiC
films deposited on (a) Si substrate at 200 W; (b) Si substrate at 400 W; (c) AlN/Si substrate at 200 W
and; (d) AlN/Si substrate at 400 W.

For the SiC grown on the Si substrate at 400 W (Figure 1b), the analysis of the RBS spectra indicated
that the total film thickness was around 1500 nm. The film exhibited a pure and stoichiometric
composition of SiC throughout the entire depth, although two zones could be distinguished as
presented in Table 1. Beyond the SiC, SiO2, and SiN phases, there were O and N contaminants.
This sputtering condition resulted in a heterogeneous film composition with variable elemental
depth distributions. In general, the higher power deposition energy, as in this case, leads to Ar ions
striking onto the film surface with high energy, which contributes to the formation of chemical phases.
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Of course, if different impurities act as film constituents, they are involved in the film composition
forming stable bonds (SiO2; SiN).

From the thickness results of the SiC films grown at 200 W (1200 nm) and 400 W (1500 nm), it is
possible to observe that although the applied power is twice as high, there was a small increase in the
deposition rate for SiC films on the Si substrate. In conventional sputtering processes, the deposition
rate of the SiC film increases linearly with the sputtering power [23,24]. In general, HiPIMS exhibits
different growth mechanisms and lower deposition rates than those observed for conventional
sputtering processes [30,31,40]. Different effects have been considered to explain the differences
between DC and HiPIMS deposition rates. There are three main reasons considered [41]: (i) the
less-than-linear increase of the sputtering yield with increasing ion energy, ion return to the target,
and self-sputtering; (ii) ion return to the target and self-sputtering; and (iii) changes due to greater film
density, limited sticking, and self-sputtering on the substrate.

Table 1. Results of the RBS analysis.

Sample No. of Layers Composition by Layer 1 Layer Thickness

SiC/Si
200 W

5

1. SiC stoichiometry with less than 13% oxygen.
2. SiC with about 10% excess carbon.
3. SiC with about 50% excess carbon.
4. SiC stoichiometry.
5. SiC with about 10% excess carbon.

1. 260 nm
2. 400 nm
3. 250 nm
4. 170 nm
5. 145 nm

SiC/Si
400 W

2
1. SiC—86%; SiO2 phase—4% dispersed in that

volume; O—5%; N—5%.
2. SiC—50% and SiN—50%.

1. ~900 nm
2. ~600 nm

SiC/AlN/Si
200 W

2
1. SiC stoichiometry—56%; C solid state and O

contamination in 44%.
2. AlN layer stoichiometry.

1. ~930 nm
2. ~1300 nm

SiC/AlN/Si
400 W

2
1. SiC stoichiometry—80% with 20% C solid state

and O contamination in volume.
2. AlN layer stoichiometry.

1. ~1360 nm
2. ~1300 nm

1 Layer 1 refers to the layer at the top of the film.

For the SiC film deposited on AlN/Si at 200 W, the total film thickness was around 930 nm
(Figure 1c). The film composition was rather homogenous and consisted of 56% pure SiC, while the
remaining 44% of the film was composed of C and O in the bulk of the film. The intermediate layer of
AlN consisted of 1300 nm thick sub-stoichiometric AlN with 5% less nitrogen, resulting in some point
defects. Note that in this case the substrate change provided the growth of a high stoichiometric SiC
film. Relative to film thickness, it is evidenced from data presented in Table 1 that the change of Si
with AlN/Si substrate promoted the decrease in the thickness of the SiC film. Although sputtering
processes have deposition rates that are independent of the substrate type, the film nucleation process
and consequent crystallization and compaction are dependent. Nivedita et al. confirmed some of these
observations when depositing RF-sputtered Fe–Ga thin films on MgO, quartz, and Si substrates [42].
Indeed, the next topic shows that the crystallization of SiC is improved for films deposited on Si.
Crystalline films tend to have greater roughness and even porosity in comparison with amorphous
films, which consequently increases the final thickness [43].

The SiC thin film deposited on AlN/Si at 400 W (Figure 1d) exhibited a high percentage of
purely stoichiometric SiC film, with the presence of C and O in volume. However, for this condition
the estimate of the thickness by RBS was limited due to the loss of the energy via scattering albeit
within certain limits, e.g., above channel n◦ 90 (Figure 1d), the thickness could be estimated as being
around 1360 nm. Ultimately, the elemental depth distribution throughout the film thickness was
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uniform, which made the present method and processing conditions very useful for the achievement
of high-quality SiC thin film deposition.

Finally, from the results in Table 2, it was possible to observe that the calculated deposition rates
of the SiC films were in agreement with the profilometry measurements. With regard to the deposition
rates measured by profilometry, and where the film thicknesses were measured at different points
during the formation of the film, it was possible to evaluate the uniformity of the film thickness,
which exhibited a 3% variation throughout the substrate. In fact, the greater the target–substrate
distance in processes performed by magnetron sputtering, the better the uniformity of the film formed,
where a distance of 60 mm was used. With regard to the film morphology, in previous work [44]
Atomic force microscopy (AFM) analyses of the SiC/AlN/Si film and the AlN/Si film were performed,
showing films with rough surfaces and with grain sizes smaller than 100 nm.

Table 2. Deposition rate of the SiC films.

Sample Power (W) Deposition Rate—RBS (nm/min) Deposition Rate—Profilometer (nm/min)

SiC/Si 200 20.0 14.0 ± 0.3
SiC/Si 400 25.0 19.6 ± 0.4

SiC/AlN/Si 200 15.5 12.5 ± 0.4
SiC/AlN/Si 400 22.7 24.0 ± 0.5

3.2. Structural Analysis

Figures 2–4 show the patterns of grazing incidence angles of 1.0◦, 1.5◦, and 2.0◦, respectively.
The Bragg reflections suggest the existence of α and β SiC nanocrystalline structures. Although the
patterns exhibit the SiC phase, it is not possible to determine which of the SiC phases are present
because some diffraction peaks of α and β SiC might overlap [45]. The carbon phase at ~25◦ was also
visible and confirmed the RBS results indicating an excess of C (Table 1). Lastly, two broad peaks at
~47◦ and 55◦ were assigned as unidentified. While some studies have attributed these peaks to the SiC
polymorph phase [46,47], others often define them as being C or Si phases [48–50]. When comparing
the results from the GIXRD with an incidence angle of 2◦ (Figure 4) with the smaller angle results,
the variation of the crystalline phases with the depth of the film was clearly noted.

Figure 2. Grazing incidence X-ray diffraction (GIXRD) patterns of the SiC thin films at a grazing angle
of 1.0◦.
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In addition, Figure 2 suggests the existence of SiC nanocrystalline structures achieved without
substrate heating. By varying the GIXRD incidence angle, the resulting film could be analyzed in
depth. A comparison of the patterns between SiC/Si and SiC/AlN/Si for both angles of incidence
(1◦ and 1.5◦), revealed that the phase observed at approximately 36◦, using the 1.5◦ GIXRD as the
incidence angle, no longer existed in the pattern obtained with the smallest angle (1.0◦). This result
pointed to the existence of phase and crystallinity variations with depth.

The film deposited on the AlN layer showed dislocation of the SiC peak between 35 and 36◦

in the GIXRD patterns. This dislocation may be attributed to the following reasons: (i) film stress;
(ii) interference of the substrate (SiC/Si and SiC/AlN interface); or (iii) residual stress. More studies
are necessary to better understand this observation.

Figure 3. GIXRD patterns of the SiC thin films at a grazing angle of 1.5◦.

Figure 4. GIXRD patterns of the SiC thin films at a grazing angle of 2◦.
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3.3. Raman Spectroscopy

Figure 5 shows the results of Raman spectroscopy used to identify the bonds present in the films.
The Raman spectra for the SiC films deposited at 200 W in both substrates (with and without the AlN
layer) are presented in Figure 5a, showing a very visible and well-defined Si peak at 519.41 cm−1.
Since the difference in thickness between both films was small, the substrate had an accentuated
influence. In addition to Si, the SiC film deposited on the AlN layer showed (i) a peak relative to AlN
at ~652.20 cm−1; (ii) peaks for SiC and Si in the regions between 741–894 cm−1 and 906–1109 cm−1,
respectively; (iii) and a broad carbon band at 1370–1625 cm−1. Except for the AlN peak, the SiC/Si
spectrum exhibited signals at similar regions to that of the SiC/AlN/Si spectrum. However, the regions
relative to SiC and Si were more visible, and the C band region had a more explicit separation in two
peaks (D and G bands), but with a low definition of the disorder band. The D band was attributed to
the disorder or polycrystalline carbon and the G band to the graphite-like carbon [19,50].

Figure 5. Raman spectra of SiC thin films on both substrates: (a) as-deposited at 200 W and (b)
as-deposited at 400 W.

For 400 W (Figure 5b), both substrates exhibited similar behavior following the deposition of SiC
films. In these spectra, the substrate signal was not detected and only peaks corresponding to carbon at
1457 and 1462 cm−1 were evident. With the exception of the spectrum of the SiC film at 200 W of SiC/Si,
where the peak of the C band was not overlapped, all spectra of the “as-deposited” SiC film showed
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overlapping C, D, and G bands between ~1457 and 1462 cm−1. Ferrari and Robertson [51] reported
that for C–C bands, the Raman spectrum was influenced by factors such as disorder, clustering of the
sp2 phase, the presence of sp2 C-rings or C-chains, and the ratio of sp2 to sp3 (I(D)/I(G)). Thus, with an
increasing disorder of the C phase, the G peak position can be moved, and the D and G peaks will
therefore overlap [19,50,51].

4. Conclusions

The influence of an AlN intermediate layer on the structural and chemical properties of
HiPIMS SiC films grown on Si substrates was investigated using RBS, Raman spectroscopy, and GIXRD.
The effect of the applied power (200 W and 400 W) was also considered. It was observed that
the HiPIMS of SiC films can exhibit a complex growth mechanism and, depending on the process
parameters, leads to the formation of films with an inhomogeneous composition throughout the depth
of the Si substrate and a homogeneous composition for the AlN/Si substrate. This was verified by
GIXRD using three different incidence angles (1.0◦, 1.5◦, and 2.0◦) which, besides confirming the RBS
results, also evidenced the variation of crystallinity with the depth of the film. Raman spectroscopy
analysis indicated the presence of Si–C bonds and that the C–C bond region was separated into two
peaks (D and G bands), but with a low definition of the disorder band. In summary, the results
demonstrated that the HiPIMS technique and the use of an AlN intermediate layer allowed for
the deposition of crystalline SiC films of good quality, without the need for substrate heating,
with approximately 1.5 μm (at 400 W) in only 60 min, i.e., at a deposition rate of 25 nm/min. The good
chemical and physical properties of the HiPIMS SiC films deposited on AlN/Si substrates highlights
their potential benefits in nanotechnological applications. Indeed, we recently proposed the thermal
decomposition of SiC thin films using a CO2 laser beam without a vacuum chamber for graphene
synthesis. The use of an AlN layer proved to be important because it reduces the thermal stress
between SiC and Si materials [44]. Other applications will be the subject of further work.
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