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1. Introduction

1.1. Development in device technology

Germanium (Ge) was used as a material to manufacture the first semiconductor device. Ge
was touted as the semiconductor material of the future. But after the arrival of silicon (Si), it
turned out to be more suitable for several reasons [1-4]. The main reason is to get the high-
purity Si from silica, which is widely available. Also, it is easy to modify Si into n-type, p-type,
and semi-insulating materials [5]. In addition to this, Si can easily be converted into its native
oxide, SiO,, with the help of thermal oxidation at the relatively low temperature of around
900°C [6-8]. These features make Si, as a material, semiconductor industry favorite. Global
semiconductor industry, and currently, is worth more than $430 billion [9]. Around 9-10% of
this worth is in smart-integrated circuits and electronic power devices [10, 11]. These power
devices processed more than 50% of our electricity [12, 13]. It has been reported that by 2025,
Power Electronics market size will be worth $39.22 billion [9]. As we can envision, power
devices have a larger impact on the economy of any country. Power semiconductor devices
are crucial to determine the cost and efficiency of electronic systems.

In power systems, diodes (uncontrolled switch) and transistors (controlled switch) play a
major role. A small increase in their efficiency and power-handling capability make the sys-
tems more powerful and energy efficient. In the early 1950s, the advent of solid-state devices
like bipolar transistors led to the phasing-out of vacuum tubes [13, 14]. These Si devices cre-
ated the second wave of electronic revolution possible, with Si as the material of choice. Power
devices had played a vital role in electronics industry. There is a rich history about the evolu-
tion of power devices. Initially, there were only bipolar devices with a blocking capability
of 500 V (or so) and high-current capabilities. But after sometime, in the 1970s, International
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Rectifier Inc. launched the first metal-oxide-field effect transistor (MOSFET) [15]. The idea
was to switch to MOSFETs from BJTs in high-power applications. The MOSFET is a unipolar
device, meaning there is only one type of carriers (electrons) which participate during con-
duction and thus has a high switching speed. Another advantage the MOSFET has is a voltage
control device and hence it is easy to switch (on-state to off-sate). On the other hand, the BJT is
a current control device and as a result not so easy to control. Voltage control instead of cur-
rent control means that less internal energy loss occurs in a device. Also, with an increasing
switching speed, other components of the system like filters (consist of capacitors/inductors)
can be reduced in size. Si-MOSFETs could be designed to handle voltages up to 1000 V and in
special case (super-junction) to 1200 V [13, 16, 17]. At voltages higher than 1000 V, the on-state
losses of silicon MOSFET start increasing drastically and hence no longer able to perform
efficiently. The performance predicament between bipolar and MOSFET devices was solved
with the invention of an insulated gate bipolar transistor (IGBT). This is a new device struc-
ture where the best electrical features of bipolar (BJT) and unipolar (MOSFET) devices were
combined together. With this new device structure, it is possible to cover the blocking voltage
range from 750 to 6500 V. Like BJTSs, IGBTs are also able to carry high-forward current.

1.2. Diode and transistor

In power electronics to build electrical systems, we need both a rectifier and a transistor. The
features of an ideal rectifier and a transistor are shown in Figure 1. For an ideal rectifier, there
is no voltage drop in on-state and no current flows in off-state. Hence, there is no power loss
during the operation of a rectifier, Figure 1(a). Similarly, in the case of an ideal transistor,
there is no power dissipation during commutation from on- to off-states, Figure 1(b). The
waveforms of an ideal power switching system are shown in Figure 2. But in reality, this is not
the case, either with devices or power systems. The characteristics of a real (non-ideal) recti-
fier/transistor are shown in Figure 3, and the corresponding waveforms of a power system are

shown in Figure 4. The total power loss occurred in a switch (P, ) and is given by:
Total = LP = Pconduction + Pon + Poff = Pturnfon + Ptumfof'f + Pon + Poff (1)
(b)
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Figure 1. Ideal current-voltage characteristics of a diode (a) and a transistor (b).
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Figure 2. Switching waveforms of an ideal power system, (a) Current versus Time and (b) Volatge versus Time.
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Figure 3. Real (nonideal) current-voltage characteristics of a diode (a) and a transistor (b).
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Figure 4. Switching waveforms in a real (nonideal) power system, (a) Current versus Time and (b) Volatge versus Time.

At high frequencies, the switching power loss dominates, so fast switching power devices
are desirable. At low frequencies, on-state power loss dictates, so power devices with a low
on-state resistance are vital.

1.3. Conduction mechanism of a power device

As mentioned previously with the help of an IGBT, it is possible to increase the operating
voltage range of a power transistor without compromising its on-state losses. In unipolar
devices like Schottky diode (SBD), MOSFET, the blocking capability of the device increases
with an increasing drift region thickness. With an increasing thickness, the conduction losses
of a device also increase. In a bipolar device, because of conduction modulation (injection of
minority carriers (holes mainly) into the n-type drift region), this is not true, and the conduc-
tion losses are low despite a thick drift layer. For example, the specific on-resistance (R ) of
a drift layer (blocking layer) for a unipolar device, n-type Schottky diode’, is given by [18].
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Rpin = Tdrift/qurift (Hn+ Hp) (2)
where T, = thickness of the drift layer; N, = doping concentration of the n drift layer; u, /p =
bulk mobility of electrons/holes in semiconductor.

For an n-type pin diode, the specific on-resistance (R ; ) under high-current density condition
is given by

Rpin = Tdrift/qpn Ndrift X q (Hm— H‘p) Ap (3)

Because of the extra term, q (p, , ) Ap, in the pin diode, the specific resistance will be lower
as compared to Si Schottky diode. In the case of high injection Ap >> N __., the resistance will
decrease considerably during conduction. Now, in order to get the diode into the blocking
mode, minority carriers (corresponding to Ap) have to be removed from the drift region. These
minority carriers in the drift region cause stored charge in the device and hence increase the
switching losses. As a result, the operating switching frequency limit for bipolar devices (PIN
or BJT) is lower, as compared to unipolar device (SBD or MOSFET). With the help of a wide-
band semiconductor material like SiC, there is no need to switch to Si IGBT, as we can realize
a high-blocking capability (>1200 V) SiC MOSFET without increasing the on-state losses. The
specific on-résistance (R ) of a MOSFET is given by [19, 20].

Ron = 4 Vilocking/pn ES Eiritical (4)

where u_ = bulk mobility of SiC; ¢, = permittivity of SiC; E_ = critical electric field of break-

down for SiC; V, = the desired blocking voltage.

blocking

Bulk electron motilities are similar for low-doped Si and SiC (900-1200 cm?/Vs) [24]. However,
EC =7 EY  so that for a given blocking voltage, the specific on-resistance can be a factor of
343 times lower for SiC devices. This is the reason why we need a wide-band gap semiconduc-
tor material for power device.

2. Application of SiC devices in hybrid module technology

There are a plethora of applications where these devices had been used and have shown their
positive impact, and many more potential applications are on the horizon [21-23]. Although
there are different kinds of SiC devices available, the most interesting ones are Schottky
diodes and MOSFETs. These devices can be used to build either full SiC modules or hybrid
SiC modules. In a hybrid SiC module, conventional Si diodes are replaced by Schottky diodes
while the transistors are still Si IGBTs. With hybrid approach, we can maintain the cost of an
electronic system down but the power saving would not be as much as it can be by using full
SiC modules. The fabrication of SiC devices is more complicated and costly as compared with
Si counterparts. The situation is more compounded for SiC MOSFETs. SiC MOSFETs are not
only more expensive than SiC Schottky diodes but also there are only few suppliers who can
provide these devices with limited current ratings. As a result, it makes more sense to build
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Figure 5. Output waveforms obtained for hybrid 1.7 kV SiC (a) and Si substrates (b) obtained during the first turn-on of
the IGBT. These devices were tested at 150°C.

hybrid systems. Also at present, hybrid approach strikes a good balance between cost and
efficiency achieved by these modules [24-27]. Also, it is worthwhile to point out that although
SiC diodes and MOSFETs are available at 1.7 kV and lower voltages, there is no MOSFET
supplier at 3.3 kV. Also, SiC diode technology is more matured and has been around for some
time as compared to SiC MOSFETs. SiC diodes were made available commercially in early
2000s, while the first SiC MSOFET came to the market in 2011 (by CREE).

2.1.1700 V Si/SiC hybrid technology

The results of a double-pulse test done on a hybrid substrate, built using 1 GBT and 1 diode
(Si or SiC), are shown in Figure 5. These substrates are manufactured to conduct only 50A. By
executing this test, we can evaluate the transient behavior of both IGBT and diode. In our case,
we are interested in SiC Schottky diode’s transient behavior and power losses suffered by it.
The external gate resistors, R..=R =60, and the value of inductance (L) used is 260 pH. The
waveforms during the second turn-on of the IGBT are recorded and are shown in Figure 5. The
input voltage used for the test is around 1050 V. Figure 5 shows that the peak reverses recovery
current overshoot (I ) increases significantly to 87A, if Si diode is used instead of an SiC diode.
The values of I for Si and hybrid SiC substrates are listed in Table 1. Although the value of I is
lower for hybrid substrate, some oscillations in the current waveform are observed. The reverse
recovery charge, Q_, is minute (3uC) in the case of SiC diode. This low Q_ can be transformed
into a low-energy loss during a switching event. Also, for hybrid SiC substrate, the reverse
recovery energy (E__)is 1 mJ. The corresponding value for Si substrate is 11 m]. All these tests
are done at 150°C. The test setup used to perform a double-pulse test is shown in Figure 6.

2.2.3300 V Si/SiC technology

In order to build 3.3 kV hybrid SiC substrates, two 1.7 kV, 50 A diodes are packaged in series.
Again, the idea of using these diodes is to reduce the overall losses as compared with Si mod-
ules. These 3.3 kV modules can be used in wind power, solar energy, and rail-car applications.
Like 1.7 kV hybrid modules, new system topologies can be realized with the help of these
modules. Because of the limited availability of 3.3 kV SiC diodes, 1.7 kV SiC diodes are used to
realize this high-voltage hybrid technology. All the diodes used to build these substrates are
chosen carefully (e.g., the devices with similar V) so that there is no problem during current
sharing in SiC diodes. This is very crucial for the reliability of these substrates. The waveforms

5
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At 150 °C, 1.7kV Full Si Hybid SilSiC
Vine (V) 1049 1056
dV,o/dt (V/ps) 1372 1319
I (A) 87 21
Q, (C) 22 3
Erec (J) 0.011 0.001

Table 1. Comparison of various parameters extracted for Si and hybrid 1.7 kVSiC substrates at 150°C from a double-
pulse test.

SiH{GBT

L [\ Sior

Sic
Diode

9 Sior
l_:._| NS
V Diode

Figure 6. The schematic of a double-pulse test bench used to test devices.

during the second turn-on of the IGBT at 150°C are recorded and are shown in Figure 7. For
a di/dt = 1100 or 1388 A/us, a reverse recovery current overshoot (I_) of 128 A is observed for
an Si substrate, which is higher than that of a hybrid SiC substrate (65A). The reverse recovery
energy loss occurred in a substrate during the transient is E_, and the values for E__(Si) and
E . (SiC) are 0.199 and 0.01 ], respectively. This represents a reduction of about 95% for hybrid
substrate. Other transient parameters for the substrates, namely Q , E and E _ (]), are also
listed in Table 2. Figure 8 shows the picture of a 3.3 kV, 200A hybrid SiC substrate. Again, like
1.7 kV hybrid substrates, 3.3 kV hybrid substrates are prone to electromagnetic interference
(EMI), caused by the oscillations observed in the output waveforms.

3. Processing challenges of SiC devices

The fabrication of SiC devices is more demanding and complicated as compared with Si
devices. Intrinsic properties of SiC make the devices suitable for high operating temperatures
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Figure 7. Output waveforms obtained for hybrid 3.3 kV SiC (a) and Si substrates (b) obtained during the first turn-on of
the IGBT. These devices were tested at 150°C.

At 150 °C, 3.3kV Full i Hybid SilSiC
Vie (V) 1800 1800
dl,/dt (Alps) 1100 1388
I, (A) 128 65
Q,, (KC) 167 13
Epe (V) 0.199 0.01

Table 2. Comparison of various parameters extracted for Si and hybrid 3.3 kVSiC substrates at 150°C from a double-
pulse test.

(>200°C). But at the same time, due to its intrinsic properties, it is difficult to perform any
electrical and physical change to the material at temperatures lower than 1000°C. That means
in order to fabricate an SiC device, different set of tools are required as compared to Si device
world [28-31]. The electrical and physical properties of Si and SiC are listed in Table 3.

3.1. Oxidation of SiC

In an oxide/semiconductor system, there are different types of charges which are present in
the system. These charges are not desirable and greatly influence the electrical properties of
a device. For example, the threshold voltage of a MOSFET and the breakdown voltage of a
power, device, could change significantly because of these charges. These charges are divided
into four types —mobile oxide charge, fixed oxide charge, oxide trapped charge, and interface
trapped charge—and are shown in Figure 9 [32].

At present, interface trapped charge is a key hurdle for the silicon carbide MOS R&D commu-
nity. The origin of these charges is not well understood but may be related to mainly silicon-
and carbon-dangling bonds, carbon clusters, carbon dimers in the SiC, and oxygen vacancies
in the oxide very near to the interface [33-36]. Interfacial traps create localized energy levels in
the energy band gap of SiC. These interface traps form potential wells that capture electrons

7
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Figure 8. A picture of a 200 a, 3.3 kV hybrid SiC substrate.

Semiconductor Si 3C-sic 6H-SIiC 4H-SiC
Bandgap (eV) 112 24 3.03 3.26
Breakdown Field 0.25 >15 2.4 parallel to c-axis 2.2 parallel to c-axis
(MVicm) >1, perpendicular to c-axis
Intrinsic Carrier 1.45e10 | 1.5e1 1.6e-6 5e-9
Conc.(cm?)
Electron Mobility 1430 800 60 parallel to c-axis 900 parallel to c-axis
@ny =10%cm?* 400 perpendicular to c-axis | 800 perpendicular to c-
axis
Hole Mobility , @ n, 480 40 90 15
=10'cm?®
Saturated Electron Vel 1 25 2 2
(107cmis)
Thermal Conductivity 15 32 3.0-38 3.0-38
(Wicm-K)

Table 3. Electrical and physical properties of Si, 3C-SiC, 6H-SiC and 4H-SiC.

and holes. In addition, charge traps also act as Columbic scattering centers [37]. These two
effects decrease the effective channel mobility in a MOSFET. In Si world, a typical oxidation
temperature employed to grow an oxide layer is 1050 (dry oxidation) or 850°C (wet oxidation).
The oxidation step is followed by an annealing step in H, gas ambient at 800°C for 30 min.
In 4H-SiC, typical oxidation temperature to grow a layer of native oxide is 1150°C. In some
cases, it could be as high as 1300 or 1500°C which requires special oxidation furnaces, not the
conventional quartz furnaces used for Si oxidation [38—41]. To use SiC devices to their full
potential, we must continue to work to improve the electrical characteristics of the oxide/SiC
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Figure 9. Different types of charges in oxide/semiconductor system [10].

SiO 4H-SiC

et )

/ Inversion layer electrons
L)

E;
00000000 Ev

Interface traps D,y

Positive fixed charges Q,

Mobile lonic Charges Q,,

Figure 10. Energy band diagram of an SiC MOS system in inversion and location (qualitative) of different types of
charges.

interface by developing more effective processes to passivate defects at the interface formed
during the oxidation process. These defects give rise to interface trap density, D (cm™?eV™)
and is shown in Figure 10. Depending upon the surface potential, these traps can be charged
positively or negatively charged.

As mentioned previously, these traps decrease the effective channel mobility of electrons sig-
nificantly. At present, there is a standard passivation process based on post-oxidation anneal-
ing in nitric/nitrous oxide (NO/N,O) for 2 h at 1175°C. [42, 43]. This post-oxidation annealing
(passivations) increases the inversion electron channel mobility of an SiC-MOSFET from
single digits, ~ 8 cm?V™':s™, to around 30 cm?/V's. Although these processes have made the
commercialization of SiC MOSFETs possible, there is still room for significant improvement.
This inversion channel mobility value is only around 4% of bulk mobility value of SiC. In case

9
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of Si, the inversion channel mobility can be as much as 50% of bulk mobility [29]. In addi-
tion to standard N,O annealing, there are different types of annealing which can increase the
channel mobility significantly, but these annealings degrade some important parameters of a
MOSFET and hence cannot be used [44-50]. More work is still needed in this field to improve
the performance of SiC MOSFETs.

3.2. Ohmic contacts

In SiC, there is no or very little diffusion as a result, it is not possible to use temperature
annealing process to drive in the dopants into the material. To get a desired doping profile in
SiC, dopants are implanted using a high-energy implanter (typically 50-500 keV), and some-
times, wafers are needed to be at high temperature (~500°C) during this step. Implantation
of dopants is followed by a dopant activation step, which requires a very high temperature.
Typically, n-dopants get electrically activated at 1550°C, while p-dopants require a tempera-
ture of as high as 1700°C, which is very challenging to achieve. With n-dopants, the electrical
activation rate of more than 90% can be attained, but in p-dopants, it is tough to realize an
activation rate of more than 50%. The reason why lower activation temperature is required for
n-dopants as compared to p-dopants is because of the difference in the location of respective
dopant energy levels in SiC. For n dopants (N), the donor energy level is located at 0.3 eV
(shallow) below the conduction band edge and hence not much energy is required to electri-
cally activate these donors. In the case of p dopants (Al), the position of the acceptor level
is 0.7 eV (deep) above the valance band edge. Hence, more energy is needed to electrically
activate them. Even at present, various research groups are working on p-type ohmic contacts
[51-56]. Also, high temperature and special metallization processes are necessary to form
ohmic and Schottky contacts on SiC.

4. EMI problems

Due to fast switching speed of SiC devices (Schottky diodes, MOSFETs), some undesirable
effects are observed during the switching (from on-state to off-state and vice versa) of these
devices. The oscillations observed in the output current waveform, Figure 11, are the result
of the fast switching behavior of 1.7 kV, 50 A SiC diodes, which are used to build 3.3 kV, 1200
A hybrid SiC modules. From the application point of view, this is problematic and can lead
to EMI with neighboring electrical systems. Sometimes, it can also lead to a premature break-
down of the module during operation. In full SiC module, it is common measure to slow the
switching speed of the devices (by increasing the gate resistance) to reduce/eliminate the oscil-
lations. From Figure 11, we can clearly see that the oscillations are present, both in current and
in voltage waveforms. Also, these oscillations are present in the gate signal, which is used to
control Si IGBT (clear from the inset in Figure 11) in the module. Because of these oscillations,
the gate signal voltage in some cases may shoot up/down to +40 to 40 V, much higher than
the recommended voltage range (15 to +15 V) of the gate signal. We can imagine how detri-
mental this would be for Si IGBTs. If new design ideas are used for the substrate layout of these
modules, then the parasitic elements (stray inductance and capacitance) could be minimized,
and, hence, there will be no necessity of compromising on the switching speed of SiC devices.
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Figure 11. The ringing/oscillations observed in the output waveforms of a 3.3 kV, 1200A SiC hybrid module due to an
underdamped response to an RLC circuit formed among the diode depletion capacitance, parasitic inductance, and SiC
diode during the second turn-on event.

5. Conclusions

SiC device technology has a promising future. Different types of more efficient power systems
have already been built using SiC devices and demonstrated in real applications around the
world. This technology materializes the possibility of new topologies for inverter and converter,
which were not possible in the past. Various fields including automotive, traction-train, renew-
able energy, geothermal energy, and so on have already been benefitted from SiC technology.
Despite all these advantages, this technology is relatively new and hence poses some chal-
lenges. New control strategies, and more suitable module designs and packaging options are
needed to be developed for the optimal use of these devices. The cost of SiC device is still a bit
high, although, in the past couple of years, it has come down significantly. Even with all these
challenges, new technology like SiC is indispensable to achieve the goal of a greener planet.
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