ABSTRACT
SUNG, WOONGJE. Design and Fabrication of 4H-SiC High Voltage Devices. (Under the
direction of Dr. Alex Q. Huang, and Dr. B. J. Baliga.)

This research focuses on the design, fabrication, and ruggedness improvement of
15kV 4H-SIiC devices. An extensive study of the material properties of 4H-SiC and
parameters for numerical simulations was first carried out.

The most important aspect in designing high voltage devices is to realize an efficient
edge termination technique. The so-called Multiple Floating Zone Junction Termination
Extension (MFZ-JTE) was proposed to simplify the number of process steps and to alleviate
the sensitiveness to processing conditions; its concept has been experimentally verified by
the fabrication of MFZ-JTE terminated 10kV PiN rectifiers. A systematic approach to design
Non-Equally Spaced Floating Field Rings (NES-FFRs) was also proposed and
experimentally verified.

The optimization of on-state loss and switching energy loss of 15kV 4H-SiC
MOSFETs and IGBTs have been studied by examining their frequency capability. The
frequency capabilities of the MOSFETs and IGBTs are compared as a function of active
area. This study concludes that when they are used in a Full-Bridge AC-DC rectifier and a
Dual Half-Bridge DC-DC converter in Solid State Transformer (SST), the symmetric IGBT
becomes the best candidate device up to 10 kHz of operation.

In addition to the frequency capability study mentioned above, the ruggedness of the
4H-SiC 15kV IGBT has been examined. The maximum allowable saturation current density
is extremely low (<500A/cm?) for the device to survive a short-circuit condition for 20us. To

achieve enough margin of short circuit capability, a new 15kV 4H-SiC IGBT with an



embedded JFET region (JE-IGBT) has been proposed. The proposed device provides a
greatly improved trade-off between saturation current and on-state voltage drop. In addition,
switching simulations of the JE-IGBT show that it can achieve soft turn-on characteristics.

To further improve upon the device electrical characteristics, a novel 4H-SiC MOS
controlled thyristor with current saturation capability is proposed. A thyristor structure with a
built-in lateral JFET region, the so-called JFET Embedded Base Resistance Controlled
Thyristor (JE-BRT) is proposed to reduce the on state forward voltage drop. The JE-BRT has
inbuilt current saturation capability due to its embedded JFET region. The thyristor
regenerative action and the current saturation capability greatly improve the trade-off
between saturation currents and forward voltage drops.

Another application of 15kV 4H-SiC devices is power distribution system protection.
Using solid state switching devices with 15kV blocking capability, one can isolate a faulted
section much faster than with a traditional mechanical circuit breaker. The concept and the
requirements of a solid-state circuit breaker aimed to use in the power distribution system are
explained. The 4H-SiC Field Controlled Diode (FCD) has been chosen as an ideal candidate
device for this application.

To verify the characteristics of the lateral channel concept as well as the blocking
capability of the proposed FCD, a normally-on JFET was fabricated on a 10kV rated 4H-SiC
n-type wafer. The fabricated JFETs demonstrated perfect pentode-like 1-V characteristics
with a blocking gain of 522. A comparative study on the various gate structures shows that
the surface gate type device can provide the lowest energy loss for both on-state and transient
state. The fabricated JFET can also serve as a switching device for the primary side of the

SST.



In addition, to deliver an efficient freewheeling diode for the SST, a new concept of
JBS diode was proposed and experimentally verified. The new JBS is capable of handling
high surge current by injecting holes from the p+/n junction. It also provides a low forward
voltage drop during normal unipolar operation.

In summary, 10-15kV rated 4H-SiC devices such as MOSFETs, IGBTs, FCDs,
JFETSs, JBS diodes have been extensively investigated with the aim of optimize and improve

their on-state, off-state, transient, and short-circuit performance.
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Chapter 1

Introduction

1. Advantage of 4H-SiC

4H-SiC has been recognized as one of the wide bandgap semiconductor materials which can replace silicon [1],
[2] for certain power device applications. Because of its wide bandgap of 3.265eV, the intrinsic carrier density
of 4H-SiC is twenty orders of magnitude lower than that of silicon. The wide bandgap of 4H-SiC allows power
devices to function at high junction temperatures such that they can operate at higher current densities without
violating the power dissipation limit [3]. Silicon carbide’s critical electric field, which determines the material’s
breakdown strength, is also 10 times larger compared to silicon. This allows for a significant reduction of
device specific on-resistance [4]. In addition, the thermal conductivity of the 4H-SiC is 3 times larger than that
of silicon. Therefore, 4H-SIiC is an ideal material for high power and high temperature applications.
Comparative studies on 4H-SiC and silicon can be found in numerous previous works and are summarized in

Table 1 [1], [2]. [5]. [6]. [7]. [8].

Table 1. Comparison of the material properties of silicon and 4H-SiC

Material Properties Silicon 4H-SiC Units
Energy Bandgap (at 0K) 11 3.265 eV
Critical Electric Field 0.24 1.88 MV/cm
Electron Mobility (at room temp.) 1450 950 cm’/V-s
Hole Mobility (at room temp.) 480 124 cm’/V-s
Thermal Conductivity 15 4.5 W/em:-K

Since Schockley recognized the potential of SiC at the First International Conference on Silicon Carbide in

April, 1959, many researchers devoted significant time to achieve large diameter wafers with low defect density



[9]. Finally, Cree, Inc, which currently controls the majority of the SiC wafer market, commercialized a 100mm
Zero-Micropipe 4H-SiC substrate in May, 2007 and demonstrated high quality 150mm 4H-SiC substrates in
August, 2010 [10]. Cree launched industry’s first commercial 4H-SiC power MOSFET destined to replace
silicon devices in high-voltage (> 1200V) power electronics, which has motivated power electronics design
engineers to develop high voltage circuits with extremely low switching energy losses [10]. The
commercialized SiC MOSFET can be used in various applications such as solar inverters, high voltage power
supplies, wind plant stations, and electric vehicles. It is expected that, with high voltage SiC Schottky Barrier
Diodes, the SiC MOSFET can play an important role in designing high power switching circuits and systems
[10].

However, the total on-resistance of SiC MOSFET is still high compared with the theoretical prediction, which is
attributed to the poor channel mobility [11]. The poor interface quality between SiC and SiO2 results in large
amounts of interface surface states and low inversion layer mobility. The low channel mobility is the major
limiting factor for realizing efficient MOS gated power devices. Many approaches to improve the channel
mobility have been conducted for many years, but the practical channel mobility with achievable current

technologies is only in the range of ~30 cm?V-s [12], [13], [14], [15], [16], [17].

2. Application of high power, high frequency 4H-SiC devices

It should be noted that the channel resistance as a fraction of the total resistance becomes very small when the
device breakdown voltage is close to 10kV as shown in Fig. 9.9 in [18]. As the drift layer resistance is the major
component in the total resistance in >10kV rated 4H-SiC devices, one can ultimately exploit the benefit of high
doping and thin drift layer provide by 4H-SiC. As a result, high voltage (>10kV) MOS gated switching devices
can avoid the major barrier of low channel mobility in MOS structures. 4H-SiC devices a blocking capability of
~15kV can be used in applications that require fast, efficient switching, such as industrial motor drives, high
power DC data center power architectures, PFC (power factor correction), boost and high frequency DC/DC
conversion circuits in industry, and computing and communications power systems. As an example of

application, development of the 15kV 4H-SiC switching devices capable of 10 kHz switching frequency



enables the development of novel power electronics applications such as a solid state transformer [19]. Fig. 1
shows the proposed baseline topology for a single-phase 20kVA solid state transformer (SST) used in the
FREEDM system [20]. The first stage is an AC-DC rectifier that converts 7.2kV single phase AC to 10kV DC
and the second stage is a high frequency (5 kHz — 10 kHz) DC-DC converter that converts 10kV DC to 400V
DC. 15kV n- or p-IGBTSs, or n-MOSFETS can be used as switching devices in the AC-DC rectifier and the DC-
DC converter in the single-phase 20kVA SST. Several high voltage n-channel switching devices such as 13kV
asymmetric n-IGBT [21], and 10kV SiC n-channel MOSFET [22] have been reported. However, these studies

only focus on the blocking capability, forward I-V characteristics, and switching characteristics.
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Fig. 1. Proposed Generation-11 20kVA SST topology in the FREEDM System utilizing 15kV 4H-SiC IGBTSs in
the primary side

3. Outline of dissertation

There are many research opportunities in developing 15kV 4H-SiC switching devices. In this dissertation, the
design, fabrication, and ruggedness improvement of 15kV 4H-SiC switching devices are extensively
investigated. The dissertation consists of ten chapters.
Chapter 1 provides background and motivation of the research of high voltage 4H-SiC power devices.
Chapter 2 consists of an extensive study of the material properties and simulation parameters of 4H-
SiC. Device simulation usually precedes the fabrication process because it can predict the electrical
characteristics of the fabricated device. Therefore, in order to avoid errors in the design stage saving time to

develop a device, simulation parameters are required to reflect the actual material properties. In this section, in-



depth study of material properties of 4H-SiC is provided. A simulation model is also established to match the
experimental results found in previous literature. Parameters and simulation model of other groups are also
considered for the comparison purposes. The established simulation parameters for 4H-SiC device are
summarized.

Chapter 3 describes the design of the edge termination structures for high voltage (15kV) power
devices in 4H-SIiC. A modification of the conventional single zone junction termination extension (JTE) by
intervening charges with a variable window for the implant allows wide range of doses (almost one order of
magnitude) that provide ~ 90% of ideal parallel plane breakdown voltage. Important parameters for the non-
equally spaced floating field rings (FFRs) structure such as space between rings, increment in space, and width
of rings are optimized to implement a structure less sensitive to changes in dimensions due to process
variations. A novel design procedure for edge termination structures based on the analytical approach by way of
examining the ratio of space and width is discussed. The fabrication and experimental results of a 10kV PiN
rectifier using the proposed edge termination techniques is also presented.

Chapter 4 discusses the frequency capabilities of 15kV 4H-SiC asymmetric, symmetric n-IGBTs and
n-MOSFET when they are used in Full-Bridge AC-DC rectifier and Dual Half-Bridge DC-DC converter
applications. For the asymmetric IGBT, it was found that the frequency capability of the device was affected
most by adjusting the buffer region parameters such as doping concentration, thickness, and lifetime. For the
symmetric IGBT, the p+ substrate doping concentration and drift region lifetime were investigated to obtain
maximum switching frequency capability. A comparison of frequency capabilities between asymmetric,
symmetric n-IGBTs, and n-MOSFET has been made at junction temperatures of 400K and 500K. As the
junction temperature increases, the power loss of the MOSFETSs increases dramatically compared with that of
IGBTSs. Taking into account the process complexity of the asymmetric IGBT, the symmetric n-IGBT turns out
to be the best candidate for a 10kHz 15kV 4H-SiC switching device.

Chapter 5 presents a new 4H-SiC high voltage (15kV) IGBT structure for with robust short circuit
capability. A maximum allowable saturation current level of 15kV 4H-SiC IGBT for strong short circuit
capability (~20us) has been studied based on the material properties of 4H-SiC. A novel structure with tight cell

pitch to reduce the saturation current is proposed. The proposed structure provides a greatly improved trade-off



between saturation current and forward voltage drop. Furthermore, reduced saturation current in the IGBT
limits the reverse recovery current of the freewheeling diode; as a result, several hundred of di/dt (A/us) in turn-
on switching mode can be achieved without substantial increase of the turn-on energy loss.

Chapter 6 introduces a novel 4H-SiC MOS controlled thyristor with current saturation capability. A
novel thyristor structure with a built-in lateral JFET region, so called JFET Embedded Base Resistance
Controlled Thyristor (JE-BRT) is proposed to reduce the on state forward voltage drop. The JE-BRT has inbuilt
current saturation capability due to its embedded JFET region. The thyristor regenerative action and the current
saturation capability greatly improve the trade-off between saturation currents and forward voltage drops. A low
saturation current level for high voltage switching devices is desirable for strong short circuit capability.
Furthermore, reduced saturation current in the IGBT limits the reverse recovery current of the freewheeling
diode without substantial increase of the turn-on energy loss at reduced di/dt and prevents the snappiness of the
diode during reverse recovery. In this chapter, the viability of the new structure is demonstrated using 15kV 4H-
SiC devices by 2-D simulations. The new structure with incorporated JFET region can be applied to devices in
other materials and other voltage ratings.

Chapter 7 suggests a novel way of power distribution system protection using 4H-SiC switching
devices. The concept and the requirements of solid-state circuit breaker aimed to use in the power distribution
system are explained. Possible topologies for this application are suggested. As an ideal candidate device for
this application, the 4H-SiC Field Controlled Diode (FCD) has been chosen, and the advantage of the FCD is
explained. Two different gating techniques (conventional vs. cascode circuits) are compared by means of the
on-state voltage drops versus short circuit capability trade-off. Non-iso thermal device simulation results are
also presented.

Chapter 8 describes the fabrication results of the 10kV normally-on vertical JFETSs. Various JFETS
structures such as surface gate (SG) type, surface-buried gate type (SBG), and buried gate (BG) type have been
fabricated. A comparative study on the fabricated JFETs in terms of R, blocking characteristics, and
switching energy loss has been conducted and is reported in this section. The fabrication and subsequent

measurement results of the aforementioned JFET types verifies the viability of the buried channel concept and



the blocking capability of the proposed FCD structure as discussed in chap. 7. In addition, it is shown that the
JFET itself can serve as a switching device in the primary side of the SST.

Chapter 9 introduces a new concept of a JBS diode with a lateral current conduction path which is
shielded from the cathode potential. The fabricated JBS diode enters bipolar conduction at high current levels,
providing robust surge capability. It was found that the new JFET design is effective in controlling the bipolar
conduction through geometry variations in the JFET region. It should be emphasized that the forward voltage
drop of the proposed JBS diode in the unipolar mode is very close to that of the pure JBS diode. The proposed
JBS diode is also a good candidate device for the primary side of the SST.

Chapter 10 summarizes the major contributions of this work, as well as discussing possible future

work.



Chapter 2

Material Properties and Simulation parameters of
4H-SIC

Device simulation usually precedes the fabrication process because it can predict the electrical characteristics of
the fabricated device. Therefore, in order to avoid errors in the design stage saving time to develop a device,
simulation parameters are required to reflect the actual material properties.

In [23], M. Ruff et al, compares material properties of SiC and Si, but, it is confined to 3C-, and 6H- polytypes.
Extensive study of simulation parameters based on material properties of 4H-SiC is lacked. Furthermore, some
parameters for 4H-SiC such as mobility, lifetime, and impact ionization factor are still controversial and
different research group use differently. Since unified set of simulation parameters are not well established for
4H-SiC unlike the one for silicon device simulation, material properties of 4H-SiC should be carefully
examined and be tabulated for the accurate simulation.

In this section, in-depth study of material properties of 4H-SiC is provided. Simulation model is also established
to match the experimental results found in previous literatures. Parameters and simulation model of other
groups are also considered for the comparison purpose. Established simulation parameters for 4H-SiC device

are summarized in Table 1.

1. Energy Bandgap

Energy bandgap directly determines the turn-on voltage of p+n junction and intrinsic carrier density of SiC.
Therefore, dependence of energy bandgap on the temperature and the value at 0K (Eg0) is the main interest of
energy bandgap model. It has been reported that the photoluminescence measurement of the energy gap near OK
gives 3.265eV [24]. Electrons can gain more energy from phonon at elevated temperature to overcome the
bandgap such that the effective energy bandgap tends to decrease with increasing temperature. Two different

models have been reported to accommodate the EgO, and its temperature dependence:
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Since the ISE TCAD program uses the form of (1), but the energy bandgap near OK of (1) doesn’t match with

the measured value (Eg0=3.265eV), we propose the model for the energy bandgap as (3);
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Fig. 1 compares the energy bandgap model of (2) and (3), and they are well matched together as shown.
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Fig. 1. Temperature dependence of energy band gap.

2. Intrinsic Carrier Density

@)



Intrinsic carrier concentration can be calculated as a function of effective density of states of conduction band,

N¢, and that of valence band, Ny, and energy bandgap ;

N =N (TN, (T) *e =27 )

Intrinsic carrier density is strongly dependent on temperature since the effective density of states and energy

bandgap are represented as a function of temperature.

T 3/2

N (T) = N s00 (300) v N¢ 300 =1.689€19 5)
T 3/2

Ny (T) = Nv,3oo*(3ooj /Ny 500 = 2.494€19 (6)

Nc 300 and Ny 300 Can be calculated by measuring the effective mass of density states of electrons and holes,

respectively. ;

N 213
m, = | —=% *m, (M
2.54e19
N 2/3
mh - v,300 * mo (8)
2.54€19

where, m.=0.762m,, and m,=0.988m,.

Intrinsic carrier density is positively dependent on the temperature because the energy bandgap is a quadratic
function of temperature and intrinsic carrier density is a exponentially dependent on the energy bandgap. Fig. 2
shows the calculated intrinsic carrier density as a function of temperature. It compares the intrinsic carrier
density model of Dr. Cooper group at Purdue University [32]. The slight difference is attributed to the different
effective masses of density states of electrons and holes (Cooper group use m=0.3713m,, and m,=1.0001my).

Comparing these two curves, different effective density of states doesn’t affect much on the intrinsic carrier
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concentration. In other words, the intrinsic carrier concentration is a strong function on the energy bandgap

rather than on the density of states.
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Fig. 2. Intrinsic carrier concentration as a function of temperature.

3. Electron Mobility

Carrier mobility is the most important parameter for the high voltage unipolar device because electrical
characteristics of unipolar device, the MOSFET in this study, are mainly determined by the carrier mobility.
Mobility model of electron has the form of eq. (9), which is dependent on the doping concentration in the drift

layer and the temperature with the maximum value of pay.

py = — e (TI300) T ey ) ©)
1+[(Np + N, /N I

Even though there is a commonly agreed value for the pma, 950 cm?V-s [29], [30], [31] based on the

measurement, different group use different model for the doping and temperature dependence of mobility. The

most effective and reliable way of establishing the model for the mobility is to refer the measured data. First of

all, we tried to match the doping dependence of the electron mobility with the measured data. Fig. 3 shows the



11

electron mobility as a function of the donor density including the measured data by Schaffer et. al [31]. N, of
1.94x10*cm™ and y of 0.61 give good fitting with the measured data. The doping dependence of electron
mobility of Cooper group is referred to the Mnatsakanov's mathematical fitting which is also based on the
experimental data of Schaffer’s measured data, but it’s slightly deviated from the actual measured value [31],

[32], [33], [34].
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Fig. 3. Electron mobility model as a function of donor density in the drift layer.
At T=300K, pmax =950cm?/V:s.

Temperature dependence is very important because the current-voltage characteristic at high temperature is a
great concern for the MOSFET, and the electron mobility directly determines the on-state voltage drop. To
determine the temperature coefficient a, the electron mobility model is fitted with the measured data of Choyke
et al [30]. As shown in Fig. 4, the fitted mobility according to temperature with o of 2.8 is well matched with
the measured data. Fig. 4 also depicts the mobility model of other research group, and some of them are far
deviated from the measured data especially at high temperature [32], [33], [34], [35], [36]. It should be pointed
out that the electron mobility rapidly decreases with the increase of temperature. For example, at 400K, which

the junction temperature is usually likely to be, the electron mobility is only about 400cm?/V-s. Accordingly,



12

we can predict the current-voltage characteristics of the MOSFET at high temperature such that the on-state

voltage drop at 400K is about 2.35 times larger than that at the room temperature.
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Fig. 4. Electron mobility model as a function of temperature.

Drift layer doping concentration of 5x10™cm™ is used.

4. Hole Mobility

Hole mobility model can be represented with the same form with the electron mobility.

(ecm?/V -s) (10)

(T 1300)
M TN, TN N T

Based on the measured data by Schaffer et. al. [31], umax, and the doping dependence can be determined. Fig. 5
shows the fitted mobility model of hole with the measured data. s Of 124 cm?%/V-s, Ny 0f 1.76x10 cm™ and
v of 0.34 give good match with the measured data. Next, to determine the temperature dependence, i.e. to
determine the alpha, we need a measured data of hole mobility as a function of the temperature. Unfortunately,

no measured data for the temperature dependence of hole mobility can be found. Therefore, we decided to use
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the same coefficient with electron mobility model, a=2.8. Fig. 6 compares the hole mobility model of different

groups [31], [32], [33], [34], [36]. Established hole mobility model is the same as Cooper group’s one.
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Fig. 5. Hole mobility model as a function of Acceptor density in the drift layer.
At T=300K, pmax =124cm?/V:s.
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Fig. 6. Hole mobility model as a function of temperature.

Drift layer doping concentration of 5x10"cm™ is used.
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5. Mobility in High Field (Velocity Saturation)

In the previous section, electron and hole mobility in low electric field were reviewed. It is assumed that the
electric field is low enough such that the mobility is constant. However, at high electric field, the mobility tends
to decrease by the velocity saturation. The mobility of 4H-SiC in high field has the same form of empirical

relation of Si mobility to electric field and temperature [37].

_ HowField (11)
HhighField = L
1+ (#LowField E j
Vsat
T Vsat,exp
Vsat = VsatO (300} (12)
T ﬂexp

_ e (13)
p=h 35
Vear = :uhighFieIdE (14)

Khan et. al. measured the velocity of electrons as a function of electric field at 23°C, and 320°C [38]. By setting
the coefficient such as Vo, Vsatexps Po, @Nd Pexp to fit with the measured data, the high field mobility model can
be established. Fig. 7(a) and 7(b) show the measured electron velocity and fitted velocity based on the
established high field mobility model, respectively. As can be seen, established model is well matched with the
measured curve. Fig. 8 shows the electron mobility according to the electric field. It should be noted that the
maximum mobility at low electric field is only about 450cm?V-s because Khan measured the electron velocity
in highly (1.3x10%cm™) doped drift layer. As expected, the electron mobility decreases rapidly at high electric
field. Similarly, coefficients for hole mobility in high field can also be determined by fitting with measured data

[39]. The determined coefficients for both electrons and holes are summarized in Table 1.
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Fig. 8. Electron mobility model as a function of electric field. The doping concentration of the drift layer,

1.3x10% cm™ is used to reflect the experiment condition of Khan et. al [38].

6. Lifetime

Electron and hole lifetime are important especially for the bipolar devices because conductivity modulation is
significantly affected by the carrier lifetime. Electron and hole lifetime are also dependent on the doping

concentration and temperature.

T (T/300)
"P 14+ [(Np +N,) /N T

(s) (15)

Unfortunately, no experimental results for the doping dependence of the lifetime can be found. However, N of
3x10% cm™, and y of 0.3 are commonly used for 4H-SiC device simulation [33],[36], which originates from the
measured value for 6H-SIiC [23]. Fig. 9 shows the dependence of the lifetime model on the doping
concentration. Since tma« (tau_max in the Fig. 9) may vary with the process condition or techniques of epitaxial

growth and may be degraded with the damage induced by ion implant process, various T, are examined. The
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maximum lifetime in epitaxially grown layer is in the range between 1.5~2us with the state-of-the-art epitaxy
technology. Lifetime decreases with increase of the doping concentration following the power law with a factor
of 0.3. The lifetime in the highly doped region, for instance, 1x10*'~1x10* ecm?, is about only half of the
maximum value. Reflecting the fact that the usual doping concentration of the buffer layer of asymmetric
IGBTSs is in between 1x10'"~1x10" cm™®, the lifetime in the buffer layer is significantly lower than that in the
drift layer, which limits the injection efficiency. On the contrary, the low lifetime in the buffer layer is
beneficial for fast turn-off because the stored carriers in the buffer layer should be removed by recombination
process, which duration is proportional to the lifetime in the buffer layer. Overall, the trade-off between on-state
voltage drops and turn-off time should be considered in design of the buffer layer.

The coefficient for the temperature dependence, B, can be derived from the experimental data as shown Fig. 10
[41], [42], [43]. From Fig. 10, B is extracted as 3.2.

It is worth studying the ambipolar diffusion length since it directly determines the conductivity modulation.

Ambipolar diffusion length can be derived from the electron and hole mobility, and ambipolar lifetime.

La=+/D,*7, =\/k—T*M*1A (16)
q Mt 4,
Fig. 11 shows the carrier lifetime as a function of temperature. Electron and hole mobility are also depicted in
this figure according to temperature. Figure 12 shows the ambipolar diffusion length calculated from eq. (16)
using the relationship with temperature of each parameters. The increase of lifetime defeats the decrease of the
mobility (=3.2 in eq. (15), a=2.8 in eg. (9) and (10)) resulting in the increase of ambipolar diffusion length as
temperature increases. Therefore, on-state voltage drop to achieve the nominal current is lower at higher
temperature. In other words, the temperature coefficient of on-resistance of bipolar devices is negative
theoretically. However, sometimes the temperature coefficient of bipolar devices appears to be positive, which

may be attributed to the modified decrease rate (increase in o) of mobility as a function of temperature.
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Fig. 11. Carrier lifetime as a function of temperature. Lifetime increases with the increase of temperature.
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7. Impact lonization Coefficient for Hole

The avalanche breakdown happens when the integral of impact ionization coefficient at any path in the
semiconductor device reaches unity. For 4H-SiC, the impact ionization coefficient of hole is much greater than
that of electron. In other words, ionization integral of impact ionization coefficient of hole usually reaches unity
earlier than that of electron as electric field increases. Konstantinov et. al. measured the impact ionization

coefficients as a function of electric field, and eq. (17) formulates the measured data empirically [45].

—2.52
B=k,*0.143*Ee cm™ 17)
’ X'DL.056><1013E2 +1.17x107 E} Lom™]

Fig. 13 depicts the impact ionization coefficients as a function of electric field. When k=1.1 the empirical
formula (17) is well matched with the measured data. Since the ISE TCAD program only follow the Van

Overstaeten De Man model [40] (eq. (18)), coefficients are adjusted to match the model with the measure data.

£ =6.0x10° exp{— (1?’5;107)} [cm™] (18)

As shown in Fig. 13, the established model for the impact ionization of hole is well matched with the measured

data by Konstantinov et. al [33], [40], [45], [47].
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Fig. 13. Impact ionization coefficient for hole as a function of inverse of electric field.

8. Impact lonization Coefficient for Electron

Konstantinov et. al. also measured the impact ionization coefficient for electrons, and also provides its empirical

formula as a function of electric field.

6 2
A:ka*o.l*Eexp{_(mEwa } on] 19

Van Overstaeten De Man model of impact ionization coefficient for electron is also modified to match with the

measured data.

A=7.3x10%exp {— (%ﬂ [cm™] (20)

Fig. 14. shows the impact ionization coefficient for electron as a function of electric field [33], [40], [45], [47].

Established model for impact ionization coefficient for electron is slightly different from the measured data.
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However, as mentioned earlier, since it is much lower than that of holes, the slight deviation from the measured

data does not affect the avalanche breakdown for 4H-SiC devices.
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Fig. 14. Impact ionization coefficient for electron as a function of inverse of electric field.



Table 1. Simulation parameters and models for 4H-SiC

Parameter Models Values References
42 [24] for EgO,
Energy E.-E, _ 6.5x107°T [eV] Eg0=3.265
Bandgap ¢ 9 1300+T [25] for model
> Ebgn=9e-3 [eV]
Bandgap AE, = E,[In lJr In N +05 Nref=1el7 [27]
Narrowing ¢ i N,y
[ecm-3]
_ * n—Eg/2kT
| ne=yN(MN (T) ve Nc,300=1.689¢19
Intrinsic Carrier T 302 T 312 [28]
Density N(T)=N . * N -N *
= — = — Nv,300=2.494e19
c( ) ¢,300 300 V(T) V,300 300
a=2.8 [29] for model,
Electron s = 75, (T /300)“ 1_max=950 [321]uf0r; ;X &
Mobilit n -
y 1+[(Np + N /N ] Nref=1.94e17
[31] for Nref &
Gamma=0.61 gamma
A=B=0, a=2.8
[29] for model,
/300)% —B 1_max=124
Hole Mobility My = A+1ﬂ”‘aXN(T N )/ N T [31] for
+[(Np +N,)/N] Nref=1.76e19 | mu_max, Nref
& gamma
Gamma=0.34
(electron, hole) [37] for model
Bexo
— luLowFieId ﬂ = ﬂ L BO (1' l) [38] for
High Field Hhighrield = £V 5 °l 300 vsat_electron
T :uLowFieId Bexp (1’ 1)
Mobility {1+(Vsat } o L Veatexp [39] for
sat — Vsaio| ‘30y vsat0 (2.267, 9.5¢6) vsat_hole

vexp (1.3,1.3)
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Parameter Models Values References
[40] for
p=3.2 model
T /300)”
Lifetime Top = e (T ) p (s) N_ref=3e17 [41] for B
1+[(Np +N,)/N, ]
Gamma=0.3 [23] for Nref
& gamma
RecoArlrJ]g?;atio R*=(C.n+C_p)(np—n’,) eroerst [44]
0 n P i,eff Cp=2e-31
Impact 0 =3.32e6
lonization E\"
Factor B =,exp —(ECJ Ec=1.07e7 [45]
m=1.1
(Hole)
Impact a0 =1.69e6
lonization E \"
Factor a=a,exp —(EC] Ec=9.69e6 [45]
(Electron) m=1.6
Incomplete Ny _Ln' n, = Ng exp(— iE'I?) for Np < Np o E_D_0=66meV
lonization 1+49, n—l B g D=2 [46]
(Donor) AE, = AE o —apNY? alpha_D=3.1¢-8
N AE E_D _0=191me
Inco_mp_lete N,=—2—, p,=N, exp(— Aj for N, < N, e \Y
lonization 149, P keT [46]
" g_D=4
(Acceptor) AE, = AE, , —a,N¥3
' ' alpha_D=3.1e-8
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Chapter 3

Improved Edge Termination Techniques for High
Voltage (~15kV) devices in 4H-SIC

Ten times higher critical electric field than that of silicon makes the 4H-SiC a very attractive material for high
voltage and high power applications [48]. The calculated breakdown voltage based on the critical electric field
of 4H-SiC can be achieved only when the edge termination structure properly work to reduce the electric field
crowding at the corner of p+/n junction [49]. Several edge termination structures such as the junction
termination extension (JTE) [50], [51], [52], floating field rings (FFRs) [53], [54], field plates [55], [56], mesa
structures [52], [57], [58], high resistive layer [59], or some combinations of techniques [60], [61], [62] have
been investigated. Among these termination techniques, JTE and FFR have been considered most effective
methods for the high voltage devices on 4H-SiC [62], [63], [64].

The impurity dose in the JTE region should be tightly controlled to reproduce the calculated breakdown voltage,
which is regarded as difficult since the activation of the impurity dose is sensitively dependent on the activation
condition. In addition, the breakdown voltage using equally spaced FFR is a strong function of the gap between
each ring. Deviation from the optimized dose in the JTE regions or the space between floating rings can invoke
the dramatic degradation in the breakdown voltage. Little endeavor can be found in the previous studies aimed
to enhance the effectiveness of the edge termination structures by overcoming the incompleteness of JTE or
FFR mentioned above, especially for the high voltage devices capable of blocking higher than 10kV [65], [66]:
It is mainly attributed to the difficulties in getting reliable convergence with the device simulation in reverse
blocking mode due to the extremely low density of intrinsic carrier in 4H-SiC.

In this chapter, the design and optimization of JTE and FFR for 15kV devices has been conducted by
tremendous simulation works using ISE TCAD. The single zone JTE has been improved in order to widen the
dose range providing high voltage by eliminating the charge periodically and gradually toward the JTE edge.
This new edge termination structure with variable window based on the JTE techniques can be considered as

multiple zone-JTE but with single ion implant process step. Furthermore, FFR structure is optimized to give



26

more freedom in the process sensitivity and to save the area consumed by the termination structures. The
sensitivity of the breakdown voltage to the parasitic oxide charge is also discussed and finally the comparison

between JTE and FFR technologies has been made.

1. Device Structure and Model Parameters for the Simulation

The first step of designing power MOSFET or rectifier is to properly choose the doping concentration and
thickness of the drift layer in order to achieve high blocking voltages. Even though the target of the blocking
voltage required of the devices in this study is 15kV, the drift layer is required to block 18.75kV because of the
assumed 20% reduction from the ideal parallel plane value in actual devices due to imperfect edge termination
and electric field crowding effects. lonization integral method is used for the breakdown simulation based on

the impact ionization coefficient which is adjusted to match the experimental results of Konstantinov et al [67]:

7\11
sz (20 @

N-drift layer is chosen to be 165um thick and doped at 2.5x10* cm™ to block 15kV, and the simulated

breakdown voltage with corresponding design is ~19kV.

2. Junction Termination Extension (JTE) based Edge Termination Techniques

Since the ideal parallel plane junction cannot be implemented in the actual devices, the highest electric field
would not be enhanced at the p+/n vertical junction, but be crowded at the corner of it, which results in the
decrease in the breakdown voltage of the devices. If the junction can be extended to the lateral direction and if
there is no electric field crowding at the edge of the extension, the breakdown voltage can be increased; this

concept of edge termination is called the Junction Termination Extension (JTE).

2.1. Conventional Single and Multiple-Zone JTE

The simplest approach is the uniformly doped, namely single zone JTE [50]. Fig. 1(a) shows the single zone

JTE with total length of 450um which is 2.7 times longer than the drift layer. The vertical doping profile of the
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JTE region is assumed to be the combination of constant doping profile from the surface to 0.5um deep position
and Gaussian profile afterward to the depth of the junction, 1um. With a smaller charge in the JTE region than
the optimum one, little impact on the electric field distribution is expected, whereas JTE with high dose merely
serves as an extension of the main junction as depicted in Fig. 1(b). In other words, in order to get the parallel
plane breakdown voltage which can be achieved by making the highest electric field be happening at the p+/n
vertical junction not at the surface or the corner, the JTE region should be fully depleted right when the electric
field at the vertical p+/n junction reaches the critical electric field of the material. Otherwise, either the electric
field at the main p+/n junction or that at the JTE edge reaches the critical electric field before the electric field at
the bulk reaches the critical electric field. As a result, breakdown voltage is quite sensitive to the dose in the
JTE region having its own peak.

If the charge in the JTE region is gradually decreased from the main p+/n junction toward JTE edge, the shape
of the lateral electric field distribution can be more likely rectangular not triangular. Because the area under the
electric field distribution is interpreted as the breakdown voltage when the maximum electric field reaches to
the critical one, higher breakdown voltage can be attained with rectangular shape of electric field distribution.
Reflecting this idea, to increase the breakdown voltage and to widen the range of dose with which high
breakdown voltage is guaranteed, multiple zone-JTE (MZ-JTE) has been proposed [51], [52]. MZ-JTE allows
breakdown voltage to be less sensitive to the dose in the JTE region since the electric field is shared by multiple
junctions not just by the p+/n main junction and the JTE edge. Triple zone-JTE with the dose ratio of ‘a’ is
shown in Fig. 2(a) as an example. The dose in the 1% zone is a®Na with the dose Na in the 3" zone. The
breakdown voltage as a function of the dose in the 3" zone with various value of ‘a’ is depicted in Fig. 2(b). As
might be expected, breakdown voltage is higher and dose range is wider than the single zone JTE. Comparing
various ‘a’, it should be noted that higher ‘o’ gives wider range of dose because high dose in the 1% zone is
guaranteed even though the dose in the 3" zone is low. However, gradual decrease of charges in the whole JTE
region is not possible with high ‘a’ such that the absolute breakdown voltage tends to decrease as ‘o’ increases.
Even though MZ-JTE is an effective method for the gradual lateral doping profile of the JTE region, this
technique is not preferable in that it needs additional implant processing steps to realize several regions having

different charges.
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Fig. 1. (a) Cross-section of single zone JTE termination structure. (b) Simulated breakdown voltages according

to the dose in the single zone JTE.
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Fig. 2. (a) Cross-section of triple-zone JTE termination structure. (b) Simulated breakdown voltages according
to the dose in the 3rd zone of triple-zone JTE. ‘o’ is the dose ratio between each zone. For example, when the
‘a’ is 1.3, dose of the 1st zone, Nal is 1.69*Na3.
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2.2. Multiple Floating Zones JTE (MFZ-JTE)

An elegant method, so-called multiple floating zone-JTE (MFZ-JTE), to implement the gradual distribution of
the dose in the JTE region is proposed as shown in Fig. 3: Dose in the JTE region is interrupted by variable
masking which is gradually increased in its dimension as it is located toward the JTE edge. This approach has
similar effect to the multiple consecutive JTE zones but only one implant process is needed. Fig. 3(a) shows the
cross-section of the MFZ-JTE with 9-zone. Each zone has the same dose but separated by different space which
is increasing from the main junction toward the edge of the termination structure. In other words, the width of
the JTE in each zone is gradually decreased by the ratio of ‘B’ realizing the gradual decrease in average charges
in the JTE regions. By choosing the ‘B’ properly, implementation of many numbers of zones is possible without
addition of implant processes. The structure of MFZ-JTE with 9-zone is graphically explained in Fig. 3(b) in
detail: The vertical axis indicates the space between each zone while the widths of JTE as well as the
separations are represented with the horizontal axis. The line connecting the vertices gives an insightful way of
designing the structure of MFZ-JTE. Fig. 4(a) shows the graphical expression of 36-zone MFZ-JTE with
various decreasing rate of widths, ‘B’. More area of JTE zones is consumed by the space in the structure with
higher ‘B’ and the minimum ‘B’ is equal to ‘1’ which is corresponding to the conventional single zone JTE
structure. The simulated breakdown voltage of 36-zone MFZ-JTE is represented in the Fig. 4(b) as a function of
dose in the JTE. As might be expected, the level of breakdown voltage and the dose range are dependent on the
value of ‘B’. If the ‘B’ is too high, gradual decrease of charge in the JTE is less feasible while a structure
designed with too small value of ‘B’ becomes to be similar to the conventional single zone JTE structure. ‘B’ of
1.03 provides high breakdown voltage with stable range of dose and the total area consumed by spaces should
be in the range of 150 ~ 200um in this particular study.

From Fig. 4(b), it is also should be noted that the dose range providing high breakdown voltage accomplished
by 36-zone MFZ-JTE is much wider than that of conventional single or triple zone JTE with ‘o’ of 1.3: 36-zone
MFZ-JTE achieves 10 times wider range of dose attaining the breakdown voltage higher than 80 % of the ideal
parallel plane one. The comparison of the electric field distribution can explain the great improvement in the

dose range using the MFZ-JTE. As can be seen in Fig. 5, the electric field in the 36-zone MFZ-JTE is more
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uniformly distributed that that in the 3-zone MZ-JTE since more zones are sharing the electric field. By
examining the breakdown voltage with various numbers of zones in the MFZ-JTE structure, the effectiveness of
numbers of zones can be more clearly explained. Fig. 6(a) shows the graphical representation of 9-, 18-, 36-
zone MFZ-JTE with similar slopes of space and width ratio. First of all, since the spaces near the main junction
is smaller than the ones located in the JTE edge, the structures with different numbers of zones but with similar
slope (space/total width) are considered somewhat similar near the main junction and become quite different as
it proceeds toward JTE edges. In addition, the breakdown voltage with small dose and high dose is governed by
the electric field distribution near the main junction and the JTE edge, respectively. These two perspectives
explain Fig. 6(b). Even though the breakdown voltages have similar shape with low doses, small numbers of
zone cannot provide wide range of dose for high breakdown voltage. Overall, the MFZ-JTE with higher
numbers of zones is believed to be more stable in terms of variation in the dose. However, concerns in the
process controllability such as dimension of space itself and the ratios between each zone are accompanied with
the many numbers of zones in MFZ-JTE structure. As discussed in the following section, smaller numbers of

spaces is a strong benefit of MFZ-JTE compared to the FFR edge termination structures.
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Fig. 3. (a) Cross-section of multiple floating-zone JTE (MFZ-JTE) termination structure.

(b) Graphical representation of MFZ-JTE with 9-zone (‘B’=1.1). Width of each JTE is decreasing by the ratio
‘B’ w2=w1/p, ..., wn=wl/B™(n-1). The red line is connection of the starting points of each JTE which gives
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33

300
B=1.07
250 1
B=1.05
2001
S B=1.03
g 150 1
g B=1.02
100 1
B=1.01
50 -
/ B=1.0
0 . . : : : : : :

0 50 100 150 200 250 300 350 400 450 500
Wwidth + Space (um)

(a)
100%
18000 { 3Z-JTE (a=1.3)
- 90%
16000 -
— 1 + 80%
< 14000 -
() - 70%
()
(U -
Ji 12000 | 60%
g 10000
g - 50%
o 8000 - - 40%
<
© 6000 & 4
® ” 30%
M 4000 /o N B=1.01 -+ 20%
2000 {1 Single Zone JTE (B=1.0) 4 10%
0 T T T T T O%

1.00E+10 1.00E+13 2.00E+13 3.00E+13 4.00E+13 5.00E+13
Dose (#/cm2)

(b)
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structure is also depicted with ‘B’=1. (b) Simulated breakdown voltages of 36-Zone MFZ-JTE with various ‘B’.
Comparing to the conventional JTE structures, 1-order wider dose range is achievable with optimized ‘B’, 1.03
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Fig. 5. Comparison of electric field distributions between 36-zone MFZ-JTE structure (dose=2.55x10" cm™,
p=1.03) and 3-zone MZ-JTE structure (dose, Na3=6.7x10* cm?, a=1.3). Electric field is shared by each zone

so that many zones of MFZ-JTE provide stable range of dose.
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Fig. 6. (2) Graphical representation of 9-, 18-, 36-zone MFZ-JTE structures with similar ratio of spaces vs. total

width. (b) Simulated breakdown voltages with different numbers of zones. Each structure shows similar

tendency in breakdown voltage as a function of dose. Note that the 9- and 18-zone MFZ-JTE structure is not

optimized ones.
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3. Floating Field Rings (FFR) based Edge Termination Techniques

The other approach to reduce the electric field at the lateral p+/n main junction is to incorporate floating field
rings (FFR) to share the electric field developed at the main junction. FFR can be designed either equally

spaced from the main junction or non-equally spaced, usually increasing manner in the space between rings.

3.1. Equally Spaced FFR

Fig 7(a) and (b) show the cross-sectional view of the equally spaced FFR (ES-FFR) and non-equally spaced
FFR (NES-FFR), respectively. First of all, important parameters for the ES-FFR are the spacing between main
junction and the first ring (‘1’), width of the ring (‘w”), the space between rings (‘s’), and number of rings. As
can be seen in Fig. 8 (a), (b), and (c), breakdown voltage with ES-FFR tends to sensitively change with
variation in space rather than in width or the first space. On the one hand, if the space is too small, the electric
field at the outermost ring would be the maximum reaching the critical electric field first. On the other hand,
electric field at the main junction reaches the critical electric field firstly when the rings are spaced sparsely, i.e.
‘s’ is too high. Electric field distribution as shown in Fig. 8(d) is quite triangular with high electric field at the
outermost ring as well even though it is believed to be optimized to the maximum. Overall, the ES-FFR cannot
provide uniformly distributed electric field because the electric field at the main junction would continuously be

enhanced as the depletion extends toward the last ring.

3.2. Non-Equally Spaced FFR

The objective of the NES-FFR is to reduce the electric field at the main junction as well as that at the last ring
and make the electric field more uniformly distributed through the termination structure. In other words, NES-
FFR should be designed in order to reduce the electric field enhancement at the main junction by locating the
rings tightly near the main junction. In addition, more spaces should be allocated for outer rings so that they can
share the electric field of the main junction, which also enables to reduce the electric field at the last ring. As
shown in Fig. 7(b), the space in NES-FFR is increasing by the incremental space, ‘S;”” such that S,=S;+(n-1)xS;,

where the dimension ‘S;’ is the space between the first ring and the second ring. Fig. 9 shows the simulated
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breakdown voltage as a function of total width which is summation of widths and spaces. As the incremental
Space, ‘S;” increases, breakdown voltages increase and become less sensitive to the space ‘S;’. However, with
too high value of ‘S;’, for example S;=1pm, the breakdown voltage is limited by the value of the first space ‘S;’.
Coupled with the results depicted in Fig. 10, it is proper to choose the incremental space ‘S;” in the range of
0.05 ~ 0.1um. In addition, stable breakdown voltage over the variation in the space can be attained with width
higher than 3um as shown in Fig. 11. Compared to the ES-FFR, in the NES-FFR, electric field is more
uniformly distributed and the potential is more linearly increased from the main junction toward the edge of the
termination structure. When a positive bias is applied to the cathode electrode, initially, the depletion region
from the main junction punches through to the first ring and the depletion from the first ring extends to the
second ring in such a way, which results in gradual increase in the potential as it propagates toward outer rings.
If the electric field is uniformly distributed, the potential increase would be linear regardless of the location of
each ring. From these simulation results, it is proved that NES-FFR is more effective way to achieve high

breakdown voltage than ES-FFR design.

FFR3 FFR4

N+ substrate

FFR2

N+ substrate

(b)

Fig. 7. (a) Simplified cross-section of equally spaced FFR (ES-FFR). ‘I’ is the space between the main junction
and the first ring, ‘w’ is the width of each ring, ‘s’ is the space between each ring. (b) Structure of the Non-
equally spaced FFR (NES-FFR). Space is increasing by the amount of ‘S;’: S,=S;+1xS;, ..., S;=S;+(n-1)xS;.
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Fig. 9. Simulated breakdown voltages of NES-FFR with different value of incremental space °S;” (w=5pum and
I=3um are used). High °S;” is helpful to widen the range of the space giving high breakdown voltage and to
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Fig. 11. Simulated breakdown voltages of NES-FFR with different value of width ‘w’ (I=3um and S;=0.05um
are used). Each point has different value of ‘S;’: 0.3, 0.5, 1, 1.5, 2, 3, and 4um from left to the right. Width
should be higher than 3um to guarantee stable breakdown voltage which is insensitive to the space.

4. Comparison between MFZ-JTE and NES-FFR

So far, MFZ-JTE and NES-FFR have been optimized and compared with their conventional structures. It is also
worth comparing the MFZ-JTE and NES-FFR in terms of process and design point of view. First of all, MFZ-
JTE is expected to be less sensitive to the process condition than the NES-FFR. For example, 36-zone MFZ-
JTE has much less spaces to be implemented than the 100-Ring NES-FFR. More careful concern should be
taken about the increasing ratio of space as well as the dimension of space itself with the NES-FFR. In addition,
about 1.65 times more area is consumed by the NES-FFR (450um vs. 750um). As a reference, it is also
confirmed that the breakdown voltage with 50-ring NES-FFR which consume about 450um can only provide
about 14.5kV at its maximum. However, MFZ-JTE requires additional processing steps of pattern and
implantation while the FFR can be fabricated simultaneously with the main junction.

Another important aspect of the termination structures is the sensitivity of the breakdown voltage to the

existence of the parasitic charge in the passivation layer which is usually assumed to be positive [63]. Fig. 12
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shows the reduction of breakdown voltage in ratio according to the positive charges in the oxide. 3-zone
conventional JTE structure is also included in this study for the comparison purpose. As can be seen, small
decrease in breakdown voltage is observed up to 1x10™ cm™ of positive oxide charge with both techniques.
With oxide charges higher than 1x10' cm™, the breakdown voltage would dramatically decrease regardless of

the termination structures.

1.2

Single Mask 36-Z JTE

0.8 A

0.6 -
Non Equally Spaced 100-FFR

0.4 A

Normalized Breakdown Voltage

0.2 A

0 T
1E+11 1E+12 1E+13

Oxide Interface Charge (#/cm-2)

Fig. 12. Influence of positive oxide interface charge on the breakdown voltage. JTE based termination structures
are less sensitive to the oxide charge.
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5. Fabrication of PiN rectifier using proposed edge terminations structures

5.1. Layout floor plan and module descriptions

Due to the limitation of the field size in the GCA stepper in the nanofabrication facility at NCSU, the maximum
die size is 11.3mmx11.3mm. Therefore, we designed two different dies which can be printed at the same time
on the wafer. Fig. 13 shows the floor plan of the designed dies.

The first die (Die 1) includes the 36-zone, 72-zone MFZ-JTE with various ‘B’, and 100-ring NES FFR
structures with different incremental spaces. For the comparison purpose, the conventional single zone JTE, and
equally spaced FFR with 100-ring are also included. All of the edge termination structures are PiN diodes in
order to exclude the leakage issue of the Schottky contact. The radius of the circular type main p+ junction is
500um. To measure the contact resistance, and the sheet resistance of the implanted layer, we designed several
types of TLM structures. CV measurement sites on the passivation oxide over JTE, N-drift, and P+/N junction
are designed. The structure to investigate the Schottky contact characteristics such as the barrier height, and
ideality factor is included. Die 1 also includes patterns for SIMS profile and critical dimension measurement,
thickness measurement of oxide and metal.

Die 2 contains diode test structures and large devices capable of being implemented into the SST. The structures
included are listed in table 1.

Each die includes the GCA cross and DFAS targets for the alignment of layers. Table 1 summarizes the module

description of the Die 1 and Die 2.



Fig.

13. Captured image of the designed layouts: Die 1(upper figure) and Die 2 (lower figure)
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Table 1. List of the test patterns in Die 1 and Die 2

Module Name Description
36Z_1p015 36 Zone JTE with beta=1.015
36Z_1p02 36 Zone JTE with beta=1.02
36Z_1p025 36 Zone JTE with beta=1.025
36Z_1p03 36 Zone JTE with beta=1.03
36Z_1p035 36 Zone JTE with beta=1.035
36Z_1p04 36 Zone JTE with beta=1.04
72Z_1p01 72 Zone JTE with beta=1.01
72Z_1p015 72 Zone JTE with beta=1.015
72Z_1p02 72 Zone JTE with beta=1.02
72Z_1p025 72 Zone JTE with beta=1.025
72Z_1p03 72 Zone JTE with beta=1.03
E Single JTE Conventional Single Zone JTE
& 100R_ FFR with 100 Rings, S;=0.04um, S;=1um
FFR with 100 Rings, S;{=0.05um, S;=1um
FFR with 100 Rings, S;{=0.05um, S;=1.5um
FFR with 100 Rings, S;=0.06pm, S;=1um
FFR with 100 Rings, S;=0.07um, S;=1pum
Equally Spaced FFR (100-Ring), Space=3um, Width=4pm
TLM Contact resistance measurement, space=10, 20, 30, 40, and 50pm
CcVv CV measurement on Oxide over JTE, N-drift, and P+/N Junction
Schottky Schottky I-V characteristics, SBH, ideality factor
SIMS On P+/N-drift, and JTE/N-drift
Align Marks Standard Align Marks for GCA Stepper
Monitoring Boxes Step height, Oxide thickness, Metal thickness
MPS 500 sch hcp 3mm?, 2 ampere diode with 500nm Schottky, and 1um ohmic
MPS 350 sch hcp 3mm?, 2 ampere diode with 350nm Schottky, and 1um ohmic
JBS 1po2us fcp 3mm?, 2 ampere diode with 1pm ohmic and 2um Schottky
PiN 3mm? 2 ampere pure PiN diode
MPS 500n 600um? MPS diode with 500nm half cell pitch Schottky contact
E MPS 450n 600um? MPS diode with 450nm half cell pitch Schottky contact
) MPS 350n 600um? MPS diode with 400nm half cell pitch Schottky contact
MPS 300n 600um? MPS diode with 300nm half cell pitch Schottky contact
MPS 250n 600um? MPS diode with 250nm half cell pitch Schottky contact
MPS 500n direct 600um? MPS diode with 500nm half cell pitch Schottky contact
500n Ni only 600um? MPS diode with 500nm half cell pitch Schottky contact
Schottky 600um? pure Schottky diode
PN Junction 600um diameter PN junction with no edge termination
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5.2. Process flow and test plan

Fig. 14 shows the simplified final structure of the 15kV 4H-SiC rectifiers. Active devices such as MPS, JBS,
and PiN will be implemented by the p+ main junction and Schottky contact. There are two types of edge
termination structures, junction termination extension (JTE), and floating field rings (FFRs) which are designed
by the numerical simulation as explained in the previous sections. The 4H-SiC wafers are provided by Cree, Inc.
Table 2 lists the information of wafers supplied by Cree, Inc. 120um thick low yield wafers will be used for the
pilot run. Of course, we can get proper breakdown voltages and I-V characteristics from the devices fabricated
on those wafers. We plan to use the 150um thick wafer for achieving the target 15kV blocking capability, and

will be processed later.

Anode Anode

JTE
S A ) N AL /
Y R Y g
FFR region MPS / JBS . PIN JTE region
N-Drift Layer
Cathode

Fig. 14. The simplified cross-sectional view of the final structure of the fabricated 15kV 4H-SiC rectifiers

Table 2. Wafers provided by Cree, Inc.

# Wafer thickness Blocking Voltage Wafer yield Size

1 5-6um ~600V 4-inch
2 120pum ~12kv 76.4% for 4mm x 4mm devices 3-inch
3 120pum ~12kV 29.8% for 2mm x 2mm devices 3-inch
4 120pum ~12kV 27.7% for 2mm x 2mm devices 3-inch
5 150pum ~15kV 81.7% for 4mm x 4mm devices 3-inch
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The fabrication of 15kV 4H-SIC rectifiers needs 8 pattern steps using 7 masks. Fig. 15 shows the alignment
sequence of each photo steps. The zero layer is purely for alignment purposes. Anode, JTE, and N+ channel
stop layers will be aligned to the zero layer. After patterning, about 0.3um deep etch of the 4H-SiC wafer will
be conducted. This etched step should be preserved for the alignment of following layers. SF6 and oxygen gas
etch about 0.3um of 4H-SiC for 7min in 300W, 30mT by the semi-RIE machine in the nanofabrication facility
at NCSU.

The next step is to form the p+/n Anode junction by implantation. 4H-SiC implantation needs to heat the wafer
(~650°C) to achieve the in-situ anneal. For this reason, silicon dioxide or metals rather than photo resist are
usually used for blocking the implant species on unwanted area. Since it has been reported that the metal
blocking layer may leave some residue on the surface of the wafer after the implant process, we decided to use
the silicon dioxide as the implant blocking material. To block the high energy implant species, the thickness of
the silicon dioxide should be higher than 1.5um. PECVD can deposit 1.5um silicon dioxide with very good
uniformity (~1%). After patterning by the Anode mask, the 1.5um silicon dioxide will be etched. Because the
minimum dimension in the JBS diode is 0.5um, we have to carefully develop the 1.5um oxide etch recipe.
Masking capability of the photo resist in thick oxide etch, etch rate and its uniformity, photo/etch bias, and
critical dimension should be carefully investigated. After 1.5um silicon dioxide etch, PR strip, etch cleaning,
and 300A silicon dioxide will be deposited by PECVD. The implant will be outsourced to Kroko, a specialized
company for 4H-SiC implantation.

The same processes as specified for the Anode formation will be conducted to form the JTE and N+ Channel
stop (N+CS) implantation. After the N+CS implant, the 1.5um oxide will be wet etched and the wafer is ready
to be sent to Cree for the activation anneal. High temperature anneal (~1400-1800°C) is required to reach a
significant amount of electrical activation. Preferential evaporation of Si occurs and the surface morphology
deteriorates in the high temperature annealing. Therefore, graphite or AIN encapsulation is used to prevent
those problems before the annealing. Since implant activation anneal is the most critical step in the whole
process and the nanofabrication facility at NCSU is not capable of such a high temperature annealing, we will

get help from Cree for the activation anneal process.
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After the implant and anneal processes, ~2um passivation oxide will be deposited by PECVD. The N+ ohmic
metal (Ni) will be evaporated on the backside of the wafer, and annealed. The contact area including the ohmic
and Schokky region will be defined by patterning and wet etch process. Ohmic, Schottky, and thick metal layer
will be aligned to the contact opening. P+ ohmic metal (Al) will be formed by the lift-off process using the
negative photo resist, NFR16, followed by the Schottky contact evaporation (Ni) and anneal. For the Schottky
contact formation, we can use the metal mask such that there are Schottky metals under wherever the thick
metal forms. Au based top thick metal will be deposited and etched to define the pads. Table 3 summarizes the

process module tests.

ZERO

Anode

JTE

N+CS

Contact

Ohmic

Schottky

Metal

Fig. 15. Alignment sequence. Zero pattern is purely for the alignment. Therefore, we can use the zero mask
for the two different dies. Metal mask can be used for the Schottky contact process. The total number of mask =
1(zero) + 2x6ea = 13ea.



Table 3. List of process module tests
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Tests Purpose Check Items wafer
SiC Etch Alignment Masking oxide thickness (Selectivity), SiC piece
Depth in SiC
Thick Oxide Dep. Blocking the Implant 1.5um thickness, uniformity Any
Al test To see if the Al would spread | 5um width and space SiC piece
after annealing
Thick Oxide Etch To define the area to be Masking capability of PR for thick oxide Silicon
implanted etch, Etch rate and its uniformity,
Photo/Etch bias, Critical dimension
Thin Oxide Dep. Screening the implant ~300A, thickness and uniformity Any

N+ ohmic contact

To reduce the contact
resistance

Specific contact resistance using TLM
structure

SiC test or pieces

P+ ohmic contact

To reduce the contact
resistance

Specific contact resistance, p+ implant
needed

SiC test wafer

N- Schottky contact To reduce the contact SBH, ideality factor from |-V SiC pieces
resistance
Passivation Ox. Dep. To define the contact area Oxide thickness, amount of lateral etch Any

And Etch
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6. Experimental results of fabricated 10kV PiN rectifiers

To verify the performance of the proposed edge termination techniques, 4H-SiC PiN rectifiers (circular type
with 500um in diameter) using various designs of MFZ-JTE structures were fabricated using 4 mask levels. A 3
inch, 120-pum-thick n-type wafer on n+, 4H-SiC substrate was donated by Cree, Inc (wafer#3 in table 2). The
doping concentration of the n-drift layer, measured by the C-V technique, was 8.96x10' cm™. The p+ main
junction was implanted by aluminum with a total dose of 1x10* cm? and a maximum energy of 200keV. The
MFZ-JTE regions were formed by aluminum ion implantation with four different total doses. One implant
series was done to achieve the total dose in each quadrant of the wafer. The implant doses used in the MFZ-JTE
design were 5x10"2 cm™ , 1x10%* cm?, 2x10" cm?, and 3x10™ cm™. The implantation steps were followed by
a 1650°C, 30min activation anneal with a carbon cap. PECVD passivation oxide was deposited and contact
windows were opened. Finally, the anode and cathode contacts were formed by aluminum and nickel,
respectively. Fig. 16 shows the measured typical reverse blocking characteristics of the 4H-SiC PiN rectifiers
with MFZ-JTE structures and NES-FFR. The maximum breakdown voltage achieved was 10.2 kV at anode
current density of 1 mA/cm? which is 88% of the ideal value for a 1-D structure calculated using
Konstantinov’s form for the critical electric field [67] for our structure [49]. The measured breakdown voltages
of 36-zone and 72-zone MFZ-JTEs with four different implant doses are depicted in Fig. 17. The 72-zone MFZ-
JTE can provide high breakdown voltages for a wider range of implant doses than the 36-zone MFZ-JTE. This
is attributed to the more gradual lateral doping profile achieved in the 72-zone MFZ-JTE structure. One can
expect that improvement in the sensitivity to the implantation dose is feasible if finer photo lithographic
technique is available. It should also be noted that the dose range that can accommodate high breakdown
voltage for the MFZ-JTE structures is much wider than that of conventional single zone JTE. An examination of
the electric field distribution by two dimensional TCAD device simulations can explain the large improvement
in the allowable dose range provided by the MFZ-JTE. The breakdown condition was defined as when the
ionization integral equals unity [49] and Konstantinov’s impact ionization coefficient [67] was used in the
simulation. As can be seen in Fig. 18, the electric field in the 36-zone MFZ-JTE is more uniformly distributed

than that in the single zone JTE since more zones are sharing the electric field.
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Fig. 19 depicts the measured breakdown voltage of PiN rectifiers with different design of NES-FFR. the
Breakdown voltage is maximized when the incremental space (S;) is 0.04um, and decreases as the S; increases.
Compared to the equally spaced FFR, NES-FFR provided 150% improved breakdown voltage. No additional
process is needed to implement the FFR structure, but it needs more area than the MFZ-JTE structure. The
fabrication of 15kV PiN rectifier is planned on a high yield wafer. A detail comparison between MFZ-JTE and
NES-FFR can be performed by means of breakdown yield analysis using the high yield wafer.

The design of the presented MFZ-JTE is similar to the gradual doped JTE that has been used in silicon
technology [68]. However, this approach is not feasible in silicon carbide due to the impracticality of using
thermal diffusion to redistribute aluminum dopants [69], [70]. As a result, the zones of an implanted MFZ-JTE
in SiC cannot be completely merged, unlike JTE structures in silicon. Scanning electron microscopy was used
to confirm the presence of discrete charge zones in our MFZ-JTE structure (see Fig. 20); the micrographs
showed that there was negligible lateral broadening of the implanted profiles.

Visually, the MFZ-JTE structure appears similar to a FFR edge termination, but operates on the physical
principal of the JTE rather than FFR. In a FFR structure, the heavily-doped rings do not support voltage
themselves, as they are not depleted, and only serve to lengthen the lateral distance over which the depletion
region is spread. In MFZ-JTE structures, both the lightly-doped p-implanted zones and the area between them
are depleted, allowing an ideal electric field profile to be achieved with less lateral consumption of area.
Recently, Bolotnikov et al presented a JTE structure implementing drive-in diffusion of boron in SiC [71].
Apart from the fact the diffusion coefficient of boron is higher than that of aluminum [69], this study asserted
that the breakdown voltage is dependent on the activation rate of impurities rather than the redistribution of the
impurities by drive-in diffusion. The fact that drive-in diffusion is not necessary to form a viable edge
termination structure is verified by our experimental results of the MFZ-JTEs. In other words, even though the
zones of the MFZ-JTE were not merged with each other, the individual zones can still contribute to enhance the

breakdown voltage as they are depleted.
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Fig. 16. Measured reverse blocking characteristics of the fabricated PiN rectifiers. S;=0.04um is used in the
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Fig. 20. Scanning microscope image of the MFZ-JTE. Widths of each discrete charge zones decrease by the
ratio ‘a’ approaching the edge of the termination structure. The SEM image is of the final structure. The
contrast mechanism of this image is provided by differing secondary electron emission rates of the p-implanted
regions and the n- epi-region.
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Chapter 4

Investigation of Frequency Capabilities of 15kV 4H-
SIC Asymmetric, Symmetric n-IGBTs, and n-
MOSFET

Silicon carbide is an attractive material for power device applications due to its excellent material properties,
including high critical electric field and high thermal conductivity [48]. It is believed that 4H-SiC IGBTs will
play an important role as switching devices in the future, especially for high voltage applications (>10kV) due
to their low conduction loss, moderate switching time, and superior high temperature operation. For example,
development of the 15kV 4H-SiC IGBT capable of 10 kHz switching frequency enables the development of
novel power electronics applications such as a solid state transformer [19]. Fig. 1 shows the proposed baseline
topology for a single-phase 20kVA solid state transformer (SST) used in the FREEDM system [20]. The first
stage is an AC-DC rectifier that converts 7.2kV single phase AC to 10kV DC and the second stage is a high
frequency (5 kHz — 10 kHz) DC-DC converter that converts 10kV DC to 400V DC.

15kV n- or p-IGBTSs, and n-MOSFET can be used as switching devices in the AC-DC rectifier and the DC-DC
converter in the single-phase 20kVA SST. The high resistance of the p+ substrate caused by incomplete
ionization of introduced dopants and low hole mobility has been an obstacle for the development of n-IGBTS,
prompting a focus on the development of p-IGBTs [32], [72], [73]. However, n-IGBTs have several
characteristics that make them more favorable than p-IGBTSs, especially for high frequency applications, due to
their faster switching speed resulting from the lower current gain of the backside p+np transistor than the n+pn
transistor in p-IGBTSs. In addition, n-channel MOSFET can produce fast switching speed since its conduction is
supported by one carrier; therefore, the frequency capability of the MOSFET is expected to be comparable to
that of IGBTS even though the conduction loss of the MOSFET is much higher. Several high voltage n-channel
switching devices such as 13kV asymmetric n-IGBT [21], and 10kV SiC n-channel MOSFET [22] have been
reported. However, these studies only focus on the blocking capability, forward I-V characteristics, and

switching characteristics. No detailed studies of frequency capability have been reported before on 4H-SiC
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IGBTs or MOSFETS.

In this chapter, 15kV 4H-SiC asymmetric, symmetric n-IGBT, and n-MOSFET structure have been designed
and optimized to minimize power loss and maximize the frequency range by 2-dimensional device simulation.
The frequency capabilities of those switching devices are analyzed and compared for both applications (AC-DC
rectifier, and DC-DC converter) in the solid state transformer. All simulations were conducted at elevated
junction temperatures of 400K and 500K to mirror the actual junction temperature of IGBTs and MOSFETS
under operating conditions. Finally, comparison of three devices in terms of the power loss, device area, and

process feasibility is discussed.

20V / 240V
72KV AC/DC Rectifier DC/DC Converter DC/AC Inverter 1207/ 2400
V- !

____________________ ~
frasttist ot N . N . . . . 4C

|—"ES'T Poit 1

High voltage
FiBridee

Fig. 1. Proposed Generation-11 20k\VVA SST topology in the FREEDM System utilizing 15kV 4H-SiC IGBTs in
the primary side

1. Design and optimization of the device structures

Design of the device structure in order to achieve low on-state voltage drop for improved trade-off with turn-off
energy loss is inevitable for high frequency capability. Drift layer, current enhancement layer, and JFET region
have been optimized by 2-D simulation to reduce the on-state voltage drop while maintaining high breakdown
voltage. In advance, an in-depth review of simulation models and physical parameters of 4H-SiC has been
conducted for obtaining an accurate estimation of on-state characteristics and switching behavior of 4H-SiC
IGBTs and MOSFETSs. The most important physical parameters and models used in the simulation are listed in

Table 1 [23], [24], [25], [29], [31], [41], [45], [46].
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1.1. Design of the Drift Layer

The first step of designing IGBT and MOSFET structures is to properly choose the doping concentration and
thickness of the drift layer in order to achieve high blocking voltages. Even though the target of the blocking
voltage required of the devices used in the SST application is 15kV, the drift layer is required to block 18.75kV
because of the assumed 20% reduction from the ideal parallel plane value in actual devices due to imperfect
edge termination and electric field crowding effects. Fig. 2 shows the cross-section of the designed unit cell
structure of 15kV 4H-SiC asymmetric, symmetric n-IGBT, and n-MOSFET. As can be seen, the main
differences between asymmetric and symmetric IGBTS are the drift region thickness and the existence of buffer
layer. The device structure of the MOSFET is the same as the asymmetric IGBT except for the substrate type.
The breakdown voltage of the MOSFET and the asymmetric IGBT can be derived using a punch-through
electric field distribution. The breakdown voltage is related to the doping concentration (Np) and thickness

(Wp) [49]:

2
Bv — e w, — INoVo €
Esic
for the one-dimensional P-N junction. The empirically derived critical electric field Ec is given by [45];
6
2.49%10 @)

C

T 1-0.25xlog,, (N, /10%°)

It should be emphasized that the space-charge region must not expand through the entire n-drift region when the
collector voltage reaches the DC-link voltage to avoid a high dv/dt during the voltage rising period of the turn-
off process of the asymmetric IGBTs. Therefore, the other constraint in designing the drift layer can be

represented by;
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where, Vpr, Je, Vsat are the punch through voltage, collector current density, and saturation velocity, respectively.
Combining (1), (2), and (3), we can obtain the parameters of the drift layer that are expected to give any desired
breakdown voltage as depicted in Fig.3. However, as shown in Fig.4, the simulated breakdown voltage is about
2.5kV lower than the expected value obtained using the analytical model. Even though the impact ionization
coefficients used in the simulations (Table 1) are based on the Konstantinov’s experimental results, the
numerical simulation results are different from the analytical model. The first reason for the difference is
because the relationship between critical electric field and breakdown voltage (Eqn.(2)) used in the design
procedure is only applicable to the triangular shape of electrical field distribution. In addition, the analytical
model can not reflect the two dimensional effect in electrical field crowding near p-well corner. A conservative
design chosen for the n-drift layer for the asymmetric IGBT and MOSFET is 180um thickness and doping
concentration of 3.8x10™ cm,

To maximize the switching frequency capability of an asymmetric IGBT, it is necessary for the device to have a
thick buffer layer, which causes a moderately high forward voltage drop. This warrants the investigation of
symmetric IGBT structures, even though asymmetric structures are normally favored for their lower forward
voltage drop. For the symmetric IGBT, it is necessary to consider open base transistor design [49], which
produces a dependence of drift layer thickness on the lifetime as shown in Fig. 5 by using the analytical model.
Because the lifetime in the drift layer for a symmetric IGBT is the most important parameter for the switching
characteristic, symmetric IGBTs with different lifetimes of 0.25, 0.5, and 1us were investigated using numerical
simulations with 255, 264, and 275um thick drift layers, respectively. A 1 um thick heavily doped n-type
current enhancement layer (CEL) was placed on the top of the drift layer for both the asymmetric and
symmetric IGBTS to reduce the resistance of the JFET region and enhance the conductivity modulation of the
drift layer in the conduction state. The channel length for all structures was 0.7 um and the width of the JFET
region between the two p-well regions in a unit cell was 2 um. The thicknesses of gate oxide and poly silicon
gate were assumed to be 500 A and 5000 A, respectively. A power MOSFET was also analyzed for comparison

of electrical characteristics and frequency capability with the same cell parameters.
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1.2.Design of the Current Enhancement Layer

A current enhancement layer (CEL) was optimized to reduce the on state power loss using the asymmetric
IGBT structure. In the on state, between the p-well and n- drift junction is reverse biased and the hole carrier
concentration at the p-well and n- drift junction is nearly zero without CEL [73]. An epitaxially grown current
enhancement layer with moderate doping concentration beneath the p-well region makes the two dimensional
distribution of holes more laterally uniform. The current enhancement layer, which acts as a hole barrier,
induces the injection of electrons from the channel, providing a better trade off between forward voltage drop
and energy loss. The high doping concentration gradient between the p-well and CEL junction results in a high
electric field which must be considered when computing breakdown voltage. If the doping concentration of the
CEL is high enough such that electric field at the junction between the p-well and CEL reaches the critical

electric field before that of the p-well/n-drift junction, the breakdown voltage is given by;

chV\/c2 _ qNDWD2 _ N WeWp

BV =E. (W, +W,) -
2¢5ic 2¢5ic Esic (4)

where the critical electric field is given by Eqgn. (2). This results in a breakdown voltage dramatically less than
that of a standard asymmetric design without a CEL.

Therefore, the doping concentration of the CEL should be kept low enough to ensure the electric field of the
junction between the CEL and n-drift reaches the critical electric field first. If this constraint is applied, the

breakdown voltage is almost constant with doping concentration of the CEL;

AN W * _ 9N o Wo
265 265 (5)

BV =E.,(W, +W,)+

where Ec; is the critical electric field at the junction of CEL and n-drift layer.
Various pairs of doping concentration (Nc) and depth of the CEL (W¢) have been evaluated in terms of

breakdown voltage and forward voltage drop. Reduction of breakdown voltage as a function of depths of the
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CEL with various doping concentrations is shown in Fig. 6. There can be two possible approaches to design the
CEL.: one is a heavily doped shallow CEL which has been adopted in a previous study [74] and the other one is
a relatively low doped deep CEL. Fig. 7 shows the trade-off between forward voltage drops and breakdown
voltage with varying CEL depth with different doping concentrations. To prevent reduction of breakdown
voltage, doping concentration of the CEL should be kept lower than 1x10* cm™ when the depth of the CEL is
chosen as 1um. Comparing the asymmetric IGBT with conventional JFET region, a 30% reduction of forward
voltage drop can be achieved when a doping concentration of 1x10® cm™ and the depth of 1um is used for the

CEL.
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1.3 . Optimization of JFET Width

JFET width between p-wells must be optimized in terms of forward voltage drops, breakdown voltage, and
switching energy losses. As depicted in Fig. 8, the forward voltage drop abruptly increases when the JFET
width decreases below 2um because the depletion width from each p-well at zero bias of collector is about
0.6um. When the JFET width is larger than 2um, the forward voltage drop decreases slightly due to the
decrease of the specific resistance of drift layer. In contrast, breakdown voltage is maximized when the JFET
width is very small as the depletion region extended from each p-well tends to merge so that the electric field
crowding effect is reduced. The JFET width also affects the switching characteristics as shown Fig. 9. Since the
voltage rise time is determined by the discharging of the capacitance between the gate and collector (Cgc), a
narrower JFET width produces shorter rise time because of the smaller specific capacitance of the gate-

collector. However, if the rise time is too fast, the dv/dt produces oscillation in the switching waveforms.

Overall, considering all factors described above, we chose a JFET width of 2um as the optimum value.
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2. |-V Characteristics

Figure 10 shows the simulated forward I-V curves of the 15kV asymmetric, symmetric IGBTs and MOSFET at
a temperature of 400K. The simulation study shows the 15kV IGBTSs can achieve lower forward voltage drops
than the MOSFET: for example, the forward voltage drop of the asymmetric IGBT with a lifetime of 1 s in the
drift layer at collector current density of 30 A/lcm? is 11.3V, while the MOSFET has a forward voltage drop of
21.6V at the same current density. At elevated temperatures, the decrease of mobility and increase of lifetime
compete to produce a net reduction of forward voltage drop for high temperature operation of IGBTSs. In
contrast, the specific on-resistance of MOSFETS increases by 2.2 times at elevated temperature (for MOSFET,
VF=40.24V at 500K, refer to the physical model of electron mobility in Table 1), which makes IGBTs more
attractive for high temperature applications. As a result, compared to the 15kV MOSFET, IGBTs show superior
conduction characteristics especially at high temperature and high current density. This phenomenon is

discussed in section V in detail.
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For IGBTSs, the forward conduction J-V characteristic has a strong dependence on drift-region lifetime. As can
be seen in Fig. 10, as the carrier lifetime in the drift layer increases, the extent of the conductivity modulation is
enhanced such that the forward voltage drop is reduced. On the other hand, a highly modulated carrier
concentration makes it take a longer time for the collector voltage to reach DC-link voltage for the asymmetric
IGBT during the turn-off switching transient. In addition, for the symmetric IGBT, increased carrier lifetime
makes the recombination process slower, which results in higher turn off energy loss. The effect of the carrier
lifetime in the drift layer on the 15kV symmetric IGBT’s turn off switching energy loss/forward voltage drop
trade-off was investigated as described in the next section. However, as shown by other studies [32], it was
found that the lifetime in the drift layer has little effect on the frequency at which the asymmetric IGBT’s
performance crosses that of the MOSFET; only the trade off performance and frequency capability with

different parameters of the buffer layer is presented in the next sections.
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Fig. 10. Forward J-V curves of 15kV IGBTs and MOSFET at T=400K
Asymmetric IGBT: NyW,=5x10" cm™?/ W,=5.6um / 7,=10ns
Symmetric IGBT: P+sub. doping 2x10*® cm™® / 14=0.25ps
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3. Trade-off between turn off energy loss and forward voltage drops

To investigate the frequency capabilities of the asymmetric IGBT, symmetric IGBT and MOSFET, the turn-off
characteristics were simulated in a clamped inductive load circuit with a load current of 30 A for a 1 cm?
device, a DC-link voltage of 12kV and an external gate resistor of 5 Q. Turn off waveforms of asymmetric
IGBT and symmetric IGBT are shown in the Fig. 12. As can be observed, the symmetric IGBT has a long
current tail following the rapid drop of collector current. For the asymmetric IGBT, to prevent high dv/dt during
the voltage rising period of the turn off process, the drift layer is designed to be fully depleted when the
collector voltage reaches 12kV, which is the same as dc-link voltage. After the collector voltage reaches 12kV,
the stored charge in the buffer region is removed by recombination, resulting in the slow decrease of collector
current. Therefore the lifetime in the buffer layer is a key parameter to control the turn off process, and
therefore turn off energy loss. On the contrary, because the drift layer of the symmetric IGBT is a lot thicker
than the asymmetric IGBT, even after the collector voltage reaches 12kV, the drift layer is not fully depleted.
As a result, the recombination of the excess charge in the un-depleted drift layer is strongly dependent on the
lifetime in drift layer. Fig. 13 shows the trade-off curves between the forward voltage drop at 30 A/cm? and
turn-off energy loss in the asymmetric and symmetric IGBTs at 400K. In the case of asymmetric IGBTs, when
the carrier lifetime in the drift layer is 1 ps and the charge density (Ng-Ws) in the buffer layer is 5x10* cm?,
the turn-off energy decreases and the forward voltage drop increases with the increase of the buffer layer
thickness (Wg). As expected, lower lifetime in the buffer layer provides better performance when comparing the
two curves of the asymmetric IGBTs. The symmetric IGBT shows a strong dependence on p+ substrate doping,
which should be higher than 2x10% cm™ (5um thick) to prevent premature reach through breakdown at high
collector voltage. A trade-off comparison according to the lifetime in the drift layer for the symmetric IGBTSs is
also provided in Fig. 14. For comparison, turn off energy loss of MOSFET is 10.58mJ which is lower than that
of IGBTs which is attributed to the fact there is no stored charge to be removed when turning off.

Because potential applications of the 15kV IGBT include those that would require the junction temperature to

be 500K, the trade-off relationship at 500K was also investigated. As observed in Fig. 15 and Fig. 16, the trade-
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off performance at 500K is worse than that of 400K because the increase of turn-off energy loss is more

prominent than the decrease of the forward voltage drops due to the increase of lifetime.
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4. Comparison of Frequency Capabilities

The maximum frequency capabilities for each device have been analyzed for different application of AC-DC
rectifier and DC-DC converter. The optimum structure (Structure A, B, and C) for maximum frequency
capability in each curve in the trade-off comparison can be chosen by using simple relationship;

P

loss

=V, *J, *5+E, *f (dutyratiod =0.5) 6)

The frequency capability is limited by the maximum allowable power loss which can be dissipated by the
system. The maximum allowable power loss is related with the thermal resistance of the system, Ry, by;

T o — Vambi

th

P|OSS =
where T; ma IS the maximum junction temperature in the device, T, is the ambient temperature which is usually
taken as 300K [75]. It is worth noting that higher junction temperature allows more power loss dissipated by the
system. As a consequence, at a given thermal resistance of 0.3 K/W-cm? [76], maximum power losses of

300W/cm? for 400K and 600W/cm? for 500K of maximum junction temperature are allowed.

4.1.Frequency capabilities of IGBTSs applied to the AC-DC Rectifier

An AC to DC rectifier which is a part of solid state transformers was chosen as a possible application of the
designed high voltage switching devices, prompting an investigation of frequency capability when used in this
circuit. In the AC-DC rectifier, the switching device is turned on and off repeatedly resulting in change of
current density, forward voltage drops and duty cycles. The maximum frequency capability can be obtained
using;

et VFn ><‘]Cn x Dn

Ploss = fi x Etotal = fi x z ( f + 2><Eoff,n) (8)
n=1

sw

Where, fy,, fi, Ng, are the switching frequency, input frequency (60Hz), and number of switching events during

half cycle, respectively. The input current in the AC-DC rectifier is in form of sinusoidal wave and current of
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power devices is bounded by the input current as shown in Fig. 17. The switch current, switching time, and duty

cycle are given by (9), (10), (11);

1, 4sin(2At) (9)

“" Area Area
t,=ox— n:1,2,...,(Nswfl),for0<t<% (10)
D, =0.9*sin (2t x60xt,) (11)

The magnitude of the input current is assumed to be 4A and Vg, and Eq, can be derived from J-V curve and
Eof vs. J. curve. Fig. 18 and Fig. 19 show the comparison of the maximum frequency capabilities as a function
of the active area of the switching device at junction temperature 400K and 500K, respectively. The turn on
switching loss is assumed to be the same as the turn off energy loss in this analysis. The cross-over frequencies
between IGBTs and MOSFET are summarized in table 2. The optimized structure for the maximum frequency

capability of each device is also provided.

4.2. Frequency capabilities of IGBTSs applied to the DC-DC Converter

Frequency capabilities can be evaluated by using equation (6) for power switches in the DC-DC converter. A
comparison of frequency capabilities of the asymmetric IGBTS, symmetric IGBTs and MOSFET can be made
by investigating of the cross-over frequency which has been done for devices in AC-DC rectifier. The cross-
over frequencies between IGBTs and MOSFET and the optimized structures for each device are summarized in
table 3. To improve the frequency capabilities, ZVS (Zero Voltage Switching) soft switching techniques can be

adopted; allowing the turn-on energy losses to be ignored.
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Table 2. Device performance and descriptions for AC-DC Rectifier

Asymmetric IGBT Symmetric IGBT MOSFET
T, 400K 500K 400K 500K 400K 500K
?rgasu;‘é;r 11 kHZ 18.2 kHZ 12.6 kHZ 23.4 kHZ NA NA
Pgt""f(;k'ﬁzss 28.7W 342 W 27.8W 354 W 30.6 W 54 W
Pgt""legk';iozss 36.6 W 444 W 36.2 W 432 W 337W 57 W
N=3.8x10™
Wy=180pum _ 14
Device t=1us ':'/\‘}"fét’;l?n Ng=3.8x10%
Description N,=5.6x10"" Ly W,;=180pm
W,=9um 14=0.25ps
1,=0.025us
Table 3. Device performance and descriptions for DC-DC Converter
Asymmetric IGBT Symmetric IGBT MOSFET
T, 400K 500K 400K 500K 400K 500K
CF?ZZZ%J 10 kHZ 17 kHZ 10.5 kHZ 21.7 kHZ NA NA
Pgt""legk"HO:S 50.1 W 60 W 495 W 61.2 W 50.1 W 88.8 W
Pgt""legk"HO;S 87.9W 79.8 W 61.5 W 75.6 W 54.6 W 93 W
N=3.8x10™
Wd:180pm _ 14
Device T¢=1ps [:l/\d/_fztzl% N,=3.8x10"
Description Np=5.6x10" ey W,=180um
W,=9um 14=0.25ps

1,=0.025us
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5. Discussions on the Results

As summarized in Table 2 and 3, the frequency capability of the symmetric IGBT is comparable to that of the
asymmetric IGBT because the optimum structure of the asymmetric IGBT has a thick buffer layer to reduce the
gain of the p+np transistor; i.e. the asymmetric IGBT loses the benefit of low forward voltage drop when
designed for high frequency applications. At high current densities (small device area), IGBTs have lower
conduction loss than MOSFET, resulting in lower total power loss. It is observed that up to ~11 kHz, both the
asymmetric and the symmetric IGBTs have lower power loss than power MOSFET when the junction
temperature is assumed to be 400K. At 500K maximum junction temperature, the cross-over frequency can be
increased up to ~22 kHz. This increase is attributed to the higher allowable power loss even though the trade-off
between switching loss and conduction loss is worse than that with junction temperature of 400K.

Fig. 20 shows the comparison of power losses for each device when they are operating for AC-DC rectifier at
10 kHz and 15 kHz, respectively. As might be expected, at junction temperature of 400K, IGBTs and MOSFET
provide similar frequency capabilities when they are operated in the range of 10~15 kHz. However, the power
loss of the MOSFET increases with the junction temperature because the mobility is severely degraded at high
temperature. Overall, it can be concluded that IGBTs are more favorable than MOSFETS especially when the
junction temperature can be increased, so the power handling capability does.

It should be noted that the power losses of asymmetric and symmetric IGBTs are nearly the same even when the
lifetime in the buffer layer of asymmetric IGBT is assumed as 10ns. Because the maximum frequency
capability of symmetric IGBT turns out to be similar or somewhat superior to that of asymmetric IGBT, it is
valuable to discuss the strength and weakness of using the symmetric devices. First of all, the symmetric device
doesn’t need a buffer layer in its structure; hence there is no need to attain proper parameters in buffer layer
such as thickness, doping concentration, and the lifetime. Asymmetric IGBTs can achieve high frequency
capability only when the three parameters described above are well matched ending up with one specific
combination. Furthermore, the asymmetric IGBT needs very low lifetime in buffer layer (10ns in this analysis)
which is doubtful; In fact, practical lifetime in the buffer layer has been reported as 90ns [73]. In contrast, the

lifetime in the drift layer is the primary parameter that determines the frequency capability of symmetric IGBTS,
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and its optimum value of 0.25us can be accomplished using current epitaxial technology. Based upon these

considerations, it can be concluded that the symmetric IGBT is the best candidate for the 15kV power devices

operating at high frequency and high temperature.
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Fig. 20. Power loss comparison for AC-DC Rectifier when the switching devices are operating at (a) 10kHz and

(b) at 15kHz
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Chapter 5

A Novel 4H-SiC IGBT Structure with Improved
Trade-off between Short Circuit Capability and On-
state Voltage Drop

Superior material properties of 4H-SiC such as 10 times higher critical electric field, 3 times wider band gap,
and 3 times higher thermal conductivity compared to Si make itself as a very promising material in high power,
high voltage applications [48]. Especially, high critical electric field enables 4H-SiC power devices to block
ultra high voltage higher than 10kV. As the blocking voltage rating increases, it is getting more important to
consider short circuit capability that would tend to decrease with the increase of dc bus voltage, thus the power
dissipation [77], [78], [79]. Several high voltage MOSFETSs and IGBTSs have been reported with the capability
of blocking >10kV. However, these studies only focused on the blocking capability including edge termination
techniques, forward |-V characteristics, and switching characteristics [21], [32], [73].

In this chapter, first of all, short circuit capability of 15kV power device has been studied. With fixed dc link
voltage, the saturation current becomes the only parameter can be handled [80]. The maximum allowable
saturation current density has been calculated to guarantee a specific short circuit capability. Review of material
parameters such as critical temperature, intrinsic carrier density, thermal conductivity, and thermal capacitance
is provided for the calculation of the maximum allowable saturation current density. Short circuit capability of
Si device is also calculated for comparison purpose. Second, a new structure of 4H-SiC 15kV IGBT having a
capability of controlling the saturation current level is proposed. Parameters for designing the proposed IGBT
are discussed. Trade-off between saturation current and forward voltage drop of proposed IGBT and
conventional IGBT is compared. Finally, the effect of the reduced saturation current on the switching
characteristics of proposed IGBT is discussed by examining the turn-on switching waveforms and turn-on
locus. Switching characteristics in terms of the turn on energy loss and di/dt are compared between proposed

and conventional IGBT.
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1. Short Circuit Capability of 15kV IGBT and Maximum Allowable Saturation

Current

When a short circuit condition happens at a system, dc bus voltage becomes to be applied to the switching
device which gate voltage is still on [77]. As a result, both high voltage (dc bus voltage) and correspondent high
current to the gate voltage produce substantial power dissipation resulting in an increase in the junction
temperature [75]. The time for the junction temperature to reach the critical temperature of the corresponding
material can be defined as a short circuit capability [77]. Fig.1 shows the short circuit condition in a power
device and the definition of the short circuit capability. The critical temperature can be calculated by examining
the built-in potential as a function of the junction temperature. Fig.2 shows the built-in potential (1) and

intrinsic carrier concentration (2) as a function of the junction temperature based on the material properties of

4H-SiC.
Vbi:kT/q*InLst 1)
n(T)
N (T) =N (TN, (T) *exp(-Eg(T)/ 2kT) @

where, Eg(T), Nc(T), and Nv(T) are the energy band gap, the density of states of conduction and valence bands
as a function of temperature, respectively as summarized in Table 1 [24], [26], [27]. Na and Nd are the impurity
doing concentration of the p+ region and drift region which are assumed to be 1x10* cm?, and 1x10" cm™®,
respectively. As the junction temperature increases, the intrinsic carrier density also increases becoming similar
to the background doping concentration and the built-in potential reaches to zero. The temperature at which the
built-in potential collapses is defined as the critical temperature and the device starts to undergo a thermal
runaway [78]. The critical temperature of 4H-SiC is about 1700K which is 2.4 times higher than that of Si
(~700K) [78], which is attributed to wide band gap and thus low intrinsic carrier density of 4H-SiC. High
critical temperature of 4H-SiC gives much more margin in short circuit capability compared to silicon and

confirms the material superiority of the 4H-SiC.
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At the critical temperature, the collector current would dramatically increase and the device will be destructed.
So the short circuit capability should be enhanced as long as possible, and 20us has usually been accepted as an
enough time for the gate driver to clear the short circuit condition. The short circuit capability can be expressed
as a function of dc-bus voltage and saturation current density (5) by introducing a simple thermal system which
is 200um thick 4H-SiC with thermal resistance and capacitance as depicted in Fig. 3. Thermal impedance (3)

increases as time goes by which results in the increase of the junction temperature (4).

-t
Zy ()= Ry o * L0 (s— )] e
th,j th, j Rth,jc *Cth,jc
AT :TJ _TC = F)d *Zth,jc(t)7 Pd :VdC*Jsat [\N /CmZ] (4)
t = Rin.je % Cin jc (5)

* Inl 1— 1 « Tj,crit, _Tc
Rth,jc Vdc X Jsat

From (5), at a given dc-bus voltage and critical temperature, in order to get a strong short circuit capability,
saturation current density should be reduced as much as possible. Inversely, maximum allowable saturation
current density can be calculated to get a specific short circuit capability. Fig. 4 shows the calculated maximum
allowable saturation current density according to the short circuit capability. Table 1 summarizes the thermal
resistance and capacitance used in the calculation. Saturation current with various dc-bus voltage is also
provided in Fig. 4. As can be observed, lower level of saturation current is required as the voltage rating
increases: about 300A/cm? can guarantee 20ps of short circuit capability using 4H-SiC IGBT with 10kV dc bus
voltage. It is also interesting to compare the maximum allowable saturation current of 4H-SiC with that of Si.
To obtain 20ps of short circuit capability, saturation current should be kept below 70A/cm? with Si which is
almost impossible. Even though 4H-SiC allow 4 times higher saturation current density than Si, it is still too

low to achieve with conventional IGBT structure.
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Fig. 1. (a) Operating conditions of a power device. (b) Definition of short circuit capability. When a power
device is revealed to the short circuit condition, saturation current is flowing under high dc voltage until the gate

voltage is cleared by external circuitry.
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Fig. 2. Comparison of built-in potentials and intrinsic carrier densities between 4H SiC and Si as a function of

junction temperature. The critical temperature of 4H-SiC at where the built-in potential collapses is 2.4 times

higher than that of Si.
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Table 1. Comparison of material properties between 4H-SiC and Si. For the thermal resistance and thermal

capacitance, a simple physical model with 200um thick, 1cm? area is assumed.

4H-SiC Si unit
Thermal Conductivity
() [25] 3.7 1.5 W/cmK
Specific Heat (c) [25] 0.69 0.7 J/gK
Density (p) 3.211 [81] 2.4 [23] g/cm3
i d
Thernzgltrll?ejscl)stance hje = A =0.0054 0.0133 K/W
' th
Therm?(':g]a?s)c'tance Conjo =C*p*d* A=0.0443 0.0336 JIK
Therrn(aZIt:]mj%;:dance Z, . (t) =0.005 4(1_e—t/ 0.00024) 00133(L- ot 0_000448) KIW
6.5x107'T? 4.73x107T?
E,=3265——F— 11696 ——F—
Energy Bandgap (EQ) g = 3265 1300+T 636+T Y
[24], [25] [82]
Effective Density of _ « T 3 _
States of Conduction Ne(T) = Ne oo [ﬁj Nc,BO[a;?.Belg cm®
Band (Nc) Nc,300=1.689¢19 [28]
Effective Density of B « T e _
States of Valence Band N, (T) = Nys00 [ﬁj Nv,300=1.04e19 cm’®

(Nv)

Nv,300=2.494e19 [28]

[48]
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Fig. 3. (a) Physical model used in the calculation of short circuit capability and saturation current. (b) Thermal
equivalent circuit diagram. Junction temperature increases by the product of the power consumption (P) and

thermal impedance (Z) as a function of time.
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Fig. 4. Calculated maximum allowable saturation current density. To achieve 20us of short circuit capability,

saturation current density should be kept below 300A/cm? with dc bus voltage of 10kV.
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2. A New IGBT Structure to Reduce the Saturation Current

Various approaches such as IEGT, CSTBT, and HiGT have been reported to reduce the saturation current and
to fortify the short circuit capability in silicon technologies [80], [83], [84]. Most effort, however, are taken for
the trench gate structures by widening the cell pitch while maintaining the forward voltage drop low. A new n-
type IGBT structure with small cell pitch is proposed in this section for the purposed of reducing the saturation
current. Fig. 5 shows the half-cell structure of conventional IGBT (a) and proposed IGBT (b). Conventional
IGBT with p+ diverter structure is also depicted in Fig. 5(c) which is designed in the same dimension with the
proposed IGBT except for the existence of the p+ buried layer and the doping concentration in the JFET region.
Conventional IGBT with p+ diverter has a similar gate to collector capacitance, Cgc with that of the proposed
IGBT so that one can expect the voltage rising or falling time in switching characteristics of both structures
would be similar. All the structure adopt a current enhancement layer (CEL) to reduce the forward voltage drop
which is 8x10% cm™ doped [85]. In the conventional IGBT structure, the collector current is saturated by carrier
velocity saturation in channel and drift layer together with channel resistance [86]. So the only and most
effective way to obtain low saturation current is to reduce the channel density, which results in substantial
increase in the forward voltage drop. However, by incorporating a normally on JFET region in between channel
and the collector region, the proposed IGBT can control the saturation current density. When a positive bias is
applied to the collector electrode depletion region from the p+ buried region and p+ diverter extends toward
adjacent N-drift layer making the JFET channel pinches off: the saturation mechanism in the proposed IGBT is
governed by the JFET pinch off because all the electron current would flow through the JFET region from the
channel to the N-drift layer [87]. Therefore, low saturation current level can be achieved even with tight cell
pitches. As an example, Fig. 6 shows the comparison of forward 1-V characteristics between conventional IGBT
with various cell pitches, 30, 50, and 70um and proposed IGBT with cell pitch of 14.5um. As can be observed,
the saturation current density in the proposed IGBT is 5X lower than that of conventional IGBT with 30um cell
pitch. It is also should be noted that the forward voltage drop of the proposed IGBT is comparable to that of
conventional IGBT even though it is expected that there should be substantial voltage drop due to the resistance

in the JFET region. The resistance in the JFET region can be effectively reduced by increasing the doping
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concentration in it. When increasing the doping concentration of the JFET region, a concern about reduction in
the breakdown voltage can be raised because the electric field at the p+/N JFET junction would be more
enhanced with high doping concentration in N JFET region. However, the JFET region between p+ diverter and
p+ buried layer is shielded by the depletion region extended from the p+ buried layer in the forward blocking
mode such that high breakdown voltage is effectively sustained.

Important parameters in designing the proposed IGBT are p+ diverter junction depth, p+ buried layer doping
concentration, and the JFET region doping concentration since these parameters influence the depletion
thickness in the JFET region and thus, the saturation current and forward voltage drop. Fig. 7 shows the trade-
off comparison between conventional IGBTs with various cell pitches and proposed IGBT with various design
parameters. For the proposed IGBT, deeper p+ diverter junction, higher doping in the p+ buried layer, and
lower doping in the JFET region result in lower saturation current level resulting in slightly higher forward
voltage drops. All the structures of proposed IGBT which have the same cell pitch of 14.5um provide better
trade-off compared to that of conventional IGBTSs. For example, to obtain 300A/cm?, 60um wide cell pitch is
needed for the conventional IGBT while 10% higher forward voltage drop is accompanied compared to that of
the proposed IGBT. The trade-off performance is much worse in the case of the conventional IGBT with p+
diverter structure because JFET resistance increases due to the existence of p+ diverter. Overall, even though
the proposed IGBT possibly needs 1 more additional pattern process to implement the special structure
involving the p+ buried layer, effectiveness to reduce the saturation current with small cell pitch deserves to
sacrifice one more photo step. Furthermore, the unique switching characteristics described in the next section

make the proposed IGBT more attractive.
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simplicity, collector regions are not shown. Each IGBT is asymmetric IGBT with 8e17 cm-3 doped, 8um thick
buffer layer. N-drift layer is designed to block 19kV (155um, 4.5e14cm-3) considering 20% reduction due to

electric field crowding and imperfect edge termination.
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Fig. 6. Comparison of J-V characteristics of conventional and proposed IGBT. By adjusting the junction depth

of p+ diverter, JFET region doping concentration, and P+buried layer doping concentration, the saturation
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structures of proposed IGBT have cell pitch of 14.5um. With conventional IGBT, 50um cell pitch is needed to

get 350A/cm2 of Jsat.
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3. Switching Characteristics of the Proposed IGBT

Low saturation current density provided by the proposed IGBT may bring some modification in the turn-on
switching waveform or energy loss because the reverse recovery current density of the freewheeling diode is
practically comparable to the saturation current level of the proposed IGBT. When turning on the IGBT, the
diode should be turned-off and the stored charge in the drift layer in the diode, i.e. the reverse recovery current
is transferred to the IGBT. It is interesting to investigate the turn-on switching waveform when the saturation
current of the IGBT is lower than the diode reverse recovery current. The turn-on switching waveforms of
conventional IGBT and the proposed IGBT are shown in Fig. 8 with a PiN freewheeling diode with the reverse
recovery current density of 350A/cm2. Inductive load with the gate resistor of 5ohm and dc bus voltage, 10kV
was used for the simulation. The saturation current density at 10kV of collector voltage of conventional and
proposed IGBT are 1200A/cm2 and 350A/cm2, respectively. As can be observed, the collector current seems to
be bounded by the saturation current level in the proposed IGBT. As a result, the reverse recovery falling time
becomes long and a soft recovery characteristic of the diode can be achieved providing low di/dt. Furthermore,
the conventional IGBT shows long tail of collector voltage for charging the gate-collector capacitance because
conventional IGBT has wider area underneath the gate than the proposed IGBT or the conventional one with p+
diverter. The turn-on switching waveform of the proposed IGBT can be easily understood by investigating the
turn-on loci as depicted in Fig. 9. The reverse recovery current is bounded by the saturation current of the
proposed IGBT whereas the saturation current of conventional IGBT is much higher than the reverse recovery
current, which has no effect on the switching locus. To clarify the effect of the low saturation current in the
proposed IGBT mentioned above, the trade-off between turn-on energy loss and di/dt has been investigated.
Various gate resistances are used because it is the most commonly used method to decrease the di/dt. As can be
seen in Fig. 10, proposed IGBT can achieve low di/dt (~several hundred A/us) with moderate increase of the
turn-on energy loss. However, the Eon vs. di/dt of conventional IGBT is much worse than that of the proposed
one. To obtain a 1kA/us of di/dt, the turn-on energy loss is dramatically increased wth large Rg used. In

addition, the Eon vs. di/dt tradeoff performance of the proposed IGBT is even better than that of the p+ diverter
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IGBT. Overall, the switching characteristic of the proposed IGBT is much improved in terms of the energy loss

and the di/dt.
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Fig. 8. Comparison of turn-on wave forms of proposed and conventional IGBT. Cell pitches are 14.5um for
both devices. P+ diverter depth is 0.2um, P+buried layer is 1e18 cm™ doped for the proposed IGBT. Inductive
load with gate resistance of 50hm is used for the switching simulation. PiN freewheeling diode has reverse

recovery current of 350A/cm?.
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Fig. 9. Turn-on loci of proposed IGBT and conventional IGBT. The reverse recovery current desity of the PiN
diode is 350A/cm? in the conventional IGBT. However, it is limited by the saturation current in the proposed
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Chapter 6

A Novel 4H-SiC MOS Controlled Thyristor with
Current Saturation Capability — JFET Embedded
Base Resistance Controlled Thyristor (JE-BRT)

An order of magnitude higher critical electric field of 4H-SiC compared to silicon enables the 4H-SiC power
devices to block ultra high voltage (>10kV) [48]. In addition, the wide bandgap of 4H-SiC allows power
devices to withstand a high junction temperature so that they can operate at higher current densities without
violating the power dissipation limit [3]. In other words, in order to exploit the benefit provided by wide
bandgap, thus higher operational junction temperature of 4H-SiC, power devices in 4H-SiC should be operating
at higher current densities while maintaining low forward voltage drops [88], [89]. Unipolar power devices such
as the JFET or the MOSFET, however, suffer from dramatic decrease of mobility of the majority carrier at
elevated temperature. As a result, the forward voltage drops of majority carrier devices at high current densities
substantially increase with temperature [85]. Although the bipolar mode devices, like the IGBT and BJT, can
provide lower voltage drops than unipolar devices by means of the conductivity modulation, it is well known
that thyristor based devices such as the MOS Controlled Thyristor (MCT) [90], the Base Resistance Controlled
Thyristor (BRT) [91], and the Emitter Switched Thyristor (DC-EST) [92] can reduce the on-state forward
voltage drops further since they have both npn and pnp bipolar transistors in their inherent structures, which
generate the regenerative actions [93]. However, the MCT and the BRT do not provide current saturation
capability resulting in poor safe operating area (SOA).

In this chapter, a novel device, so-called JFET Embedded Base Resistance Controlled Thyristor (JE_BRT) is
proposed. By incorporating the normally on JFET region in the BRT structure, current saturation capability is
achieved while sustaining the thyristor regenerative action. The device structure and operation mechanism of
the JE-BRT are explained in the first section. The improved trade off between the saturation current density and

forward voltage drop of the 15kV 4H-SiC JE-BRT was verified by the 2-D simulation and comparison with the
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IGBT has been made. Finally, the ruggedness of the JE-BRT including the short circuit capability and improved

turn-on switching characteristics with low di/dt are discussed in detail.

1. Device Structure and Operation Mechanism of the JE-BRT

A novel thyristor with current saturation capability called JE-BRT is proposed for the purpose of reducing the
forward voltage drop. Fig.1 compares the half cell structures of the IGBT (a), the BRT (b), and the JE-BRT (c).
The major structural difference between the IGBT and the BRTSs is the doping concentration of the p-base
region. The p-base of the IGBT should be highly doped underneath the n+emitter to prevent the premature
latch-up of parasitic n+emitter / p-base / n-drift / p+collector thyristor. On the other hand, the p-base of the BRT
and the JE-BRT is lightly doped to initiate the thyristor regenerative action. The BRT and the JE-BRT can be
turned on by applying a positive bias to the gate and creating an n-channel MOSFET. Once the p+anode injects
holes into the n-drift layer, these holes flow underneath the n+cathode in the orthogonal direction to the

p+cathode short, where the cathode metal contacts the p-base region.

. Gate Gate . Gate )
Emitter Cathode p+diverter Cathode p+diverter
Ln+] n+ ] [ nt | |
p-base p-base p-base Lyrer
p+buried layer |
N-drift layer N-drift layer Normally On
155um, 4.5x10%cm® 155um, 4.5x10%cm™® JFET region
N-drift layer
155um, 4.5x10%cm™
Buffer layer (8um, 5x10*"cm’) Buffer layer (8um, 5x10""cm™®) Buffer layer (8um, 5x10*"cm™)
P+Substrate P+Substrate P+Substrate
Collector Anode Anode
(a) (b) (c)

Fig. 1. Half cell structures of the 15kV 4H-SiC (a) IGBT, (b) BRT, and (c) JE-BRT. In the BRT and the JE-

BRT structures, the p+cathode shorts the p-base region in the orthogonal direction.
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At low current levels, the BRT and the JE-BRT work like the IGBT. Fig. 2 shows the electron current flow in
each operation regime of JE-BRT. As can be observed from Fig. 2(a), the electron current only consists of the
NMOS channel current. At higher current levels, the hole current flowing through the p-base produce voltage
drops by p-base resistance such that the n+cathode / p-base junction can be forward biased latching the
n+cathode / p-base / n-drift / p+anode. After the thyristor latches up, the on-state current in the BRT continues
to flow with a low forward voltage drops. Fig. 2(b) shows the electron current flow after the n+cathode / p-base
junction forward biased. However, unlike the BRT, the embedded JFET region in the JE-BRT can saturate the
anode current. With a positive bias applied to the anode electrode, depletion region from the p+buried layer and
p+diverter extends toward the adjacent JFET region making the JFET channel pinch-off. Therefore, the
saturation mechanism in the proposed JE-BRT is governed by the JFET pinch off. It should be noted that most
of the electron current injected from the NMOS channel should flow through the embedded JFET to get the
current saturation capability (see Fig. 2(c)). Since the highly doped p+buried layer under the p-base is
incorporated in the JE-BRT, the current gain through the lateral n+cathode / p-base / n-drift transistor is much
higher than that of vertical n+cathode / p-base / p+buried layer / n-drift thyristor. As a result, the proposed JE-
BRT can achieve low on-state forward voltage drops using thyristor regenerative action while the thyristor
current would be saturated by the embedded JFET region, which improves the trade off between forward

voltage drop and the saturation current as discussed in the next section.

0 2 4 B 0 2 4 B 0 2 4 6
(@) Va=2V, J,=1x10"® Alem? (b) V,=5V, J,=18 Alcm? (c) V,=20V, J,=312 Alcm?

Fig. 2. Electron current flow of the JE-BRT in (a) IGBT regime, (b) thyristor regime, and (c) saturation regime.
In the saturation regime, most of the electron current flows through the embedded JFET region achieving
current saturation capability. The p-base resistance in the orthogonal direction is emulated by external resistance
Ry, in the 2-D simulation. R, of 1IMQ/um is used in this case.
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Turn off of the JE-BRT is accomplished by applying a negative voltage to the gate creating p-channel
MOSFET. Hole current flows to the p-channel with a lower resistance path resulting in reduction of the forward
bias of the n+cathode / p-base junction. As a result, the regenerative action is ceased and the thyristor can be
turned off. The turn off of the JE-BRT is verified by simulation as shown in Fig. 3. When the gate voltage is
stepped down to zero, the thyristor is still in its on-state since the regenerative action is sustained even though
the positive gate bias is removed. If a negative bias is applied, the PMOS shunts the hole current in the p-base
breaking the regenerative action and the thyristor current decays in a finite time, which is decided by the

removal of minority carrier stored charges from the n-drift layer.
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Fig. 3. Verification of the thyristor action in the JE-BRT. Appliance of negative bias to the gate electrode turns
off the JE-BRT by shunting the hole current to the p+diverter.

2. Comparison of J-V characteristics between the JE-BRT and the IGBT

Fig. 4. depicts the simulated J-V curves of the IGBT and JE-BRT with various design parameters. The
simulation models and nominal device parameters are summarized in Table 1, and Table 2, respectively. As
explained in the previous section, the JE-BRT can saturate the current producing much lower forward voltage
drops than the IGBT especially at high current density. It should be noted that the JE-BRT can control the
saturation current level by adjusting the device parameters in the JFET region. Important parameters in

designing the JE-BRT are the spacing between p+buried layer and p+diverter, the JFET channel length, and the
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JFET region doping concentration since these parameters influence the depletion thickness in the JFET region,
and thus, the saturation current and the forward voltage drops. On the other hand, the collector current in the
IGBT is saturated by carrier velocity saturation in the channel and drift layer together with the channel pinch
off. So the only and the most efficient way to control the saturation current level is to reduce the channel
density, which results in substantial increase in the forward voltage drops. Fig. 5 compares the trade-off
between saturation current density and forward voltage drops of the JE-BRT and the IGBT. The IGBT
saturation current density can be reduced by increasing the cell pitch sacrificing the forward voltage drops. For
the JE-BRT, smaller spacing between p+buried layer and p+diverter, longer JFET channel length, the lower
JFET region doping concentration result in lower saturation current levels with slight increase in forward
voltage drops. All the structures of the JE-BRT which have the same cell pitches of 14.5um provide better

trade-off performance compared to that of the IGBT.

Table. 1. Simulation models and parameters

Bandgap energy [eV] E_E 6.5x107T?
[24], [25] 97 7% 1300+T
Electron mobility B 950(T /300)>®
[cm?/Vs] [29], [31] Hn 1+[(N, +N,)/1.94x10"]°%
Hole mobility = 124(T /300)>®
[cm?/Vs] [29], [31] ? 1+[(Np +N,)/1.76x10"]"*
o 7, (T/300)%
Lifetime [s] [23], [41] Top = 1+[(Ny +N,)/3x107 ]
N = Np
Incomplete ionization [cm™] ° 1+2exp[(Er, —E; +0.066-3.1x10 °N3°) /kT]
[46] . N,

N =
" 1+4exp[(E, —Eg, +0.191-3.1x10°N}®) /KT]

6 1.6
an=1.69><1066xp{—{9'69x10j 1

Impact ionization
coefficients

-1 7\
[em1143] a, =3.32x10° exp|:_(1'07;10J }

E
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Table. 2. Nominal device parameters used in simulations

Cell Parameters Doping Concentrations
Cell Pitch 14.5 um
NMOS channel length 1um
PMOS channel length 1um
JFET channel length 2 um JFET region 6x10"°cm*
n+ cathode junction depth 0.2 um n+ cathode 5x10* cm®
p+ diverter junction depth 0.2 um p+ diverter 1x10%¥cm*®
p-base junction depth 0.7 um p-base peak doping 1x10%cm?
p+ buried layer thickness 0.5 um p+ buried layer 5x10"% cm’®
n- drift layer thickness 155 pm n- drift layer 45x10%cm*
n buffer layer thickness 8 um n buffer layer 5x10" cm’
1200 1200
N N
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Fig. 4. J-V curves of the 15kV 4H-SiC JE-BRT with various (a) JFET doping concentration, and (b) JFET
channel length, Let. J-V curve of the IGBT is also shown for comparison. The cell pitches of all structures are
14.5um and the simulation were done at temperature of 400K.
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Fig. 5. Trade-off between saturation current density and forward voltage drop in the 15kV 4H-SiC JE-BRT and
the IGBT. All the JE-BRT structures have the cell pitch of 14.5um. Structure A and B are indicated for further
comparison in next sections.

3. Short Circuit Capability of the 15kV 4H-SiC JE-BRT

As the blocking voltage rating increases, it is very important to study short circuit capability since it tends to

decrease with the increase of the DC bus voltage [77], [78]. When a short circuit condition occurs in a system,

the DC bus voltage is applied to the switching device while the gate voltage is still on [77]. As a result, both

high voltage (DC bus voltage) and correspondent high collector current corresponding to the gate voltage

produce substantial power dissipation resulting in an increase in the junction temperature. The time for the

junction temperature to reach the critical temperature of the corresponding material can be defined as a short

circuit capability [77]. The critical temperature can be calculated by examining the built-in potential as a

function of the junction temperature. Fig.6 shows the built-in potential (1) and intrinsic carrier concentration (2)

as a function of the junction temperature based on the material properties of 4H-SiC.

Vbi = KT /q*In >

— %N+
A ND

n,(T)°

n,(T) =N, (N, (T) *exp(~Eg (T)/ 2kT)

)

@
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where, Eg(T), Nc(T), and Nv(T) are the energy band gap, the density of states of conduction and valence bands
as a function of temperature, respectively as summarized in Table 3 [24], [26], [28]. Na and Nd are the impurity
doing concentration of the p+ region and drift region which are assumed to be 1x10*® cm?, and 1x10% cm?,
respectively. As the junction temperature increases, the intrinsic carrier density also increases becoming similar
to the background doping concentration and the built-in potential reaches to zero. The temperature at which the
built-in potential collapses is defined as the critical temperature and the device starts to undergo a thermal
runaway [78]. The critical temperature of 4H-SiC is about 1700K which is 2.4 times higher than that of Si
(~700K) [78], which is attributed to wide band gap and thus low intrinsic carrier density of 4H-SiC. High
critical temperature of 4H-SiC gives much more margin in short circuit capability compared to silicon and
confirms the material superiority of the 4H-SiC.

At the critical temperature, the anode or collector current would dramatically increase and the device will be
destroyed. So the short circuit capability should be enhanced as much as possible for the gate driver to clear the
short circuit condition. The short circuit capability can be expressed as a function of DC bus voltage and
saturation current density (5) by introducing a simple thermal system which is 200um thick 4H-SiC with
thermal resistance (R, jc) and capacitance (Cyjc) [25]. Thermal impedance (Zijc(t)), (3) increases as time goes

by which results in the increase of the junction temperature (T;), (4).

_t 3)
Zpy o @) =Ry o *[L-eXp(=—— )] (
i " Rth,jc *Cth,jc
AT =T, T, =P, *Z, (1), P, =V, *Jsat [W/cm?] 4)
t Ry, jic X Cu, ic )

* Inl 1— 1 % Tj,crit. _Tc
Rth,jc Vdc X ‘]sat

From (5), at a given DC bus voltage (Vq) and critical temperature (T ), in order to get a strong short circuit
capability (ts), saturation current density (Js) should be reduced as much as possible. Inversely, maximum
allowable saturation current density can be calculated to get a specific short circuit capability. Fig. 7 shows the
calculated maximum allowable saturation current density according to the short circuit capability. Saturation

current with various V. is also provided in Fig. 7. As can be observed, lower level of saturation current is
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required as the voltage rating increases. About 600A/cm? can guarantee 10us of short circuit capability using
4H-SiC with 10kV V. It is also interesting to compare the maximum allowable saturation current of 4H-SiC
with that of Si. To obtain 10ps of short circuit capability, saturation current should be kept below 130A/cm?
with Si which is almost impossible. Even though 4H-SiC allows 4X higher saturation current density than Si, it
is still too low to achieve with the conventional IGBT structure. As discussed in the previous section, the JE-
BRT can achieve a very low saturation current level without substantial increase in the forward voltage drop.
Therefore it is verified that the 4H-SiC JE-BRT is a very attractive high voltage device having strong short

circuit capability.

Table 3. Comparison of material properties between 4H-SiC and Si. For the thermal resistance and thermal

capacitance, a simple physical model with 200um thick, 1cm? area is assumed.

4H-SiC Si unit
Thermal C?;g]uctlwty ) 37 15 W/emK
Specific Heat (c) [25] 0.69 0.7 JIgK
Density (p) 3.211[81] 2.4 [23] glem?
d
Thermal Resistance (R ic) Ry jc WRT 0.0054 0.0133 K/W
th
Thermal Capacitance (Ci jc) Cije =C*p*d*A=0.0443 0.0336 JIK
Thermal Impedance (Zs, jc) Zy 1o () =0.0054(1-e 090 0.0133(1-e¥0000449) K/W
6.5x107T? 4.73x107'T?
Energy Bandgap (E,) By =320 =00+ T L1696 T eV
[24], [25] [23]
T 3/2
Effective Density of States N, (T) = N¢ 300 *(ﬁj Nc,300=2.8e19 om?®
of Conduction Band (N 48
(No) N 300=1.689x10" [28] [48]
3/2
Effective Density of States N, (T) = N, 300 *[%) Nv,300=1.04e19 om?®
of Valence Band (N 48
(N) Ny,300=2.494x10" [28] [48]
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Fig. 6. Comparison of built-in potentials and intrinsic carrier densities between 4H SiC and Si as a function of

junction temperature. The critical temperature of 4H-SiC at where the built-in potential collapses is 2.4 times

1600

higher than that of Si.
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Fig. 7. Calculated maximum allowable saturation current density. To achieve 10us of short circuit capability

with 15kV power devices in 4H-SiC (DC bus voltage=10kV), saturation current density should be kept below

600A/cm? with the DC bus voltage of 10kV.
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4. Switching Characteristics of the JE-BRT

Switching characteristics of the JE-BRT were simulated in a clamped inductive load circuit with a load current
of 100A for a 1cm? device, a DC bus voltage of 10kV and an external gate resistor of 5Q. Structure A(JE-BRT)
and structure B(IGBT) from Fig. 5 were used for the comparison. Structure A of the JE-BRT not only has a
lower on-state forward voltage drop but the saturation current density is much lower than that of the structure B

of the IGBT. Both structure A and B have the same cell pitch of 14.5um.
4.1. Trade-off between turn off energy loss and forward voltage drop

The turn off switching characteristics of the JE-BRT were investigated to evaluate the trade off performance
between turn off energy loss and forward voltage drop. Fig. 8 compares the turn off switching wave forms of
the JE-BRT and the IGBT. The turn off energy loss of the JE-BRT is much lower than that of the IGBT (119mJ
vs. 197mJ) because the gate-anode (collector) capacitance is much smaller. Fig. 9 shows the comparison of the
trade off between turn off energy loss and the forward voltage drop of the JE-BRT and the IGBT. Doping
concentrations in the buffer layer were varied to control the injection efficiency for both structures. As
observed, the trade off performance of the JE-BRT is superior to that of the IGBT and the difference is more

prominent at higher forward voltage drops.

12000 120
10000 = % 100
JE-BRT 1T IGBT
8000 180
S §
< 6000 <==Va Ve }eo <
- (8]
s g
4000 Ja, Jc ==> +40 »~»
2000 1 20
0 0
0.0E+00 5.0E-07 1.0E-06 1.5E-06 2.0E-06
time (s)

Fig. 8. Comparison of turn-off wave forms of thel5kV 4H-SiC JE-BRT (structure A in Fig. 5) and the IGBT
(structure B in Fig. 5).
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Fig. 9. Comparison of trade off performance between Eoff and VF of the 15kV 4H-SiC JE-BRT and the IGBT.

4.2. Turn on switching waveforms of the JE-BRT

Low saturation current density provided by the JE-BRT may bring some modifications in the turn-on switching
waveform or energy loss because the reverse recovery current density of the freewheeling diode is practically
comparable to the saturation current level of the JE-BRT. When turning on the JE-BRT of the IGBT, the diode
should be turned-off and the stored charge in the drift layer in the diode, i.e. the reverse recovery current is
transferred to the JE-BRT or the IGBT. It is interesting to investigate the turn-on switching waveform when the
saturation current of the JE-BRT is lower than the diode reverse recovery current. The turn-on switching
waveforms of the JE-BRT and the IGBT are shown in Fig. 10 with a PiN freewheeling diode with the reverse
recovery current density of 650A/cm?. The saturation current density at 10kV of the anode (or collector) voltage
of JE BRT and the IGBT are 550A/cm? and 1850A/cm?, respectively. As can be observed, the anode current is
bounded by the saturation current in the JE-BRT. As a result, the reverse recovery fall time becomes long and a
soft recovery characteristic of the diode can be achieved providing low di/dt. Furthermore, the IGBT shows a
long tail of collector voltage for charging the gate-collector capacitance, Cy because the IGBT has a wider area
underneath the gate than the JE-BRT. The turn-on switching waveform of the JE-BRT can be easily understood

by investigating the turn-on loci as depicted in Fig. 11. The reverse recovery current is bounded by the
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saturation current of the JE-BRT whereas the saturation current of IGBT is much higher than the reverse

recovery current, which has no effect on the switching locus.
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Fig. 10. Comparison of turn-on wave forms of thel5kV 4H-SiC JE-BRT (structure A in Fig. 5) and the IGBT
(structure B in Fig. 5).
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Fig. 11. Comparison of turn-on loci of thel5kV 4H-SiC JE-BRT (structure A in Fig. 5) and the IGBT (structure
B in Fig. 5). Diode reverse recovery current is bounded by the saturation current of the JE-BRT.
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To clarify the effect of the low saturation current in the JE-BRT, the trade-off between turn-on energy loss and
di/dt has been investigated. Various gate resistances (Ry) are used because it is the most commonly used method
to decrease the di/dt. As can be seen in Fig. 12, the JE-BRT can achieve low di/dt (~several hundred A/us) with
moderate increase of the turn-on energy loss. However, the Eon vs. di/dt of the IGBT is much worse than that of
the proposed JE-BRT. To obtain a 1kA/us of di/dt, the turn-on energy loss is dramatically increased when a
large Ry is used. Use of large value of Ry also increases the turn off energy loss as well as the turn on energy
loss. Since the voltage rise time in the turn off event is determined by the discharging of the capacitance
between gate-anode (or collector), large Ry values delay the voltage rise time. Fig. 13 shows the relation
between the turn on energy loss and the turn off energy loss when using various value of Rq. As observed, the
JE-BRT is much less sensitive to the Rg because the gate-anode capacitance is small. Overall, the switching

characteristic of the JE-BRT is much improved in terms of the energy loss and the di/dt.
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Fig. 12. Trade-off between turn-on energy loss and di/dt. The JE-BRT can achieve several hundred di/dt with
relatively small turn on energy loss.
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Chapter 7

A Novel 4H-SiC Fault Isolation Device with
Improved Trade-off between On-state VVoltage Drop
and Short Circuit SOA

A solid-state fault isolation device designed to protect the loads in a power distribution system is required to
block ~15kV and to have a low saturation current (i.e. strong short circuit capability) while maintaining a low
forward voltage drop due to its normally-on operation. 4H-SiC provides 10 times higher critical electric field, 3
times wider band gap, and 3 times higher thermal conductivity compared to Si. The superior material properties
of 4H-SiC enable the development of a solid-state FID, which can be expected to isolate a fault much faster
than a conventional mechanical circuit breaker. This section introduces a solid-state fault isolation device (FID)
for short circuit protection applications in power distribution systems. The key performance characteristics of a
FID are to have a low on-state loss and a strong short circuit safe operating area (SCSOA). As a FID, a novel
15kV 4H-SiC field controlled diode (FCD) with a p+buried layer is proposed to provide an improved trade-off
between the on-state forward voltage drop and the saturation current. Since the proposed FCD can clear the
fault by turning itself off, it is interesting to examine the influence of the different gating techniques to the
transient behavior of the FCD in a fault condition. As a result, it was found that the cascode gating circuit with a
low voltage silicon n-MOSFET more favorable for enhanced SCSOA than the conventional gating method. The

operation of the proposed FCD is verified by the non-iso-thermal 2D device simulation.

1. Requirement for a Fault Isolation Device (FID)

Fig. 1 shows a schematic view of a power distribution system. When a fault shorts the load, the current from the
converter increases. Since the power between the input and output side of the converter should be balanced, the
input current flowing into the converter will also increase, which can damage the converter. Therefore, the fault

isolation device should be designed to limit the current and isolate the converter by turning itself off.
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Fig. 1. Simplified diagram of a power distribution system.

Table 1 summarizes several options and requirements for the FID. The traditional way to isolate a fault is to use
a mechanical circuit breaker (option 1). When a solid state transformer (SST) is used for the converter block,
the SST can inherently limit the current, and the FID is relegated to isolating the fault (option 2). By
configuring the current limiting device (CLD) in series with the FID, the current limiting function as well as
fault isolation can be achieved (option 3). The most efficient way to achieve both current limiting and fault
isolation functions is to develop a FID that has a strong current limiting function (option 4). For example, it
takes about 150ms (9cycle/60) for the conventional mechanical circuit breaker to respond to the fault while the
FID needs in the range of 10 milliseconds or less to detect the fault and isolate it. In this study, option 3 and 4
are of interest and possible topologies to implement these two options are summarized in table 2. Forward /
reverse conducting, and forward / reverse blocking capabilities can be attained by configuring solid-state
devices as shown in each topology. It should be noted that the additional conduction loss is present in option 3
due to the CLD’s forward voltage drop, when compared with option 4. Therefore, it is necessary to develop a

switching device which is able to lower the saturation current while maintaining a low on-state forward voltage.
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Table 1. Options and requirements for the FIDs

Requirements for the FIDs
Options for the Fault Isolation Device Low
*SSSD : Solid State Switching Device Reverse Reverse Saturation
**SST : Solid State Transformer Blocking Conducting Capability COMMENTS
1 — Mechanical Circuit Breaker e NA NA NA Conduction loss is Iow
. But, bulky and expensive
2 SST SSSD RB and FB NEED NO NEED SST limits the current
5 Pt P RB NEED | NONEED | eatraion captblty
' CLD SSSD P
4 >ED RB and FB NEED NEED Most efficient
S

Table 2. Possible topologies to implement option 3 and 4 in table 1.

Possible Topologies
Topology 2 Topology 3
Topology 1 Symmetric Switching Complimentary devices
OpthﬂS fOI’ the Fault |SO|atI0n Asymmetnc Sw|tch|ng device device based based
Block based (Reverse Blocking) (Reverse Blocking)
3. O Gl nswm ! — 4 NS
(RB) (RB)
CLD CLD
CLD H SSSD CLD
CLD CLD CLD
Switching device candidate : N_ASYM PIN N SYM
IGBT, BRT, FCD TGZ I (RB) Te2 | olym G1
(RB)
) Gl G1 N_SYM N_SYM
PIN 1 N_ASYM 1 ®e =)
4.
SSSD=FIDs
Switching device candidate : N_ASYM PiN N_SYM P_SYM
FCD with current saturation capability - TGZ GZT (RB) [ G1] (RB)
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2. A Novel 4H-SiC Field Controlled Diode (FCD) as a FID

To satisfy the requirements for FIDs described above, a novel structure of 4H-SiC Field Controlled Diode
(FCD) is proposed which distinguished by the p+buried layer (p+bl) forming a normally-on JFET region
together with the p+top layer (see Fig. 2). As a FID, the proposed FCD has several advantages over other
switching devices such as MOSFETS, or IGBTS;

1. The requirement for the FID in this application is to block 15kV while having low on-state loss. From
this perspective, 4H-SiC is an ideal choice since it guarantees an improved BV versus on-state loss
trade-off than the devices in silicon.

2. The FCD uses conductivity modulation to lower the on-state forward voltage drop. Since switching
event occurs only when there is a fault, low switching energy loss is not critical for this application.
Thus, a bipolar device is a better option than a unipolar device.

3. The FCD is capable of controlling the saturation current with low forward voltage drops. By having an
embedded JFET structure in the FCD, it is possible to control the saturation current level by the JFET
channel length, thickness, and doping concentration.

4. The proposed FCD is normally-on type device, so the gate is shorted to the cathode during normal
operation.

5. The fabrication of the proposed FCD is not as complicated as that of MOS gated power devices. The
p+ buried layer can be done by high energy implants or by the epitaxial re-growth process.

Overall, the FCD is the best candidate for the FID use.
Fig. 3 compares the I-V characteristics of IGBTs, BRTs, and FCDs. Compared to the IGBTS, the proposed

FCDs show lower forward voltage drop as well as lower saturation current.
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Fig. 2. The proposed asymmetric FCD structure. A symmetric device has 247 um thick drift layer without buffer

layer.
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Fig. 3 Comparison of J-V characteristics of FID candidate devices. FCDs have low on-state drops as well as low

saturation currents.

The other contribution that the JFET region in the FCD can provide is to shield the channel region from the
anode side. In the conventional planar gate type FCD (Fig. 4), when the anode voltage increases, the potential

barrier formed by the adjacent p+/N-drift junctions can be lowered allowing significant current flow from the
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cathode to the anode. Fig. 5 compares the forward blocking characteristics of the conventional FCD and the
proposed FCD. The blocking gain (VAK / Vg) of 1000 can be achieved in the proposed FCD while that of

conventional planar gate type FCD is only < 30.
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Fig. 4. Conventional Planar gate type FCD.
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3. Gating techniques to turn off the FIDs

Two different gating techniques (See Fig. 6) were compared to turn off the FCD in a fault condition. In the
conventional gating circuit, a low voltage silicon p-MOSFET is connected to the gate of the FCD in the normal
on-state and short circuit condition. To turn off the FCD, and thus isolate the fault, sufficient negative bias
should be applied to the gate terminal to shut off the channel by extending depletion layer from p+bl, and p+top
into the JFET region. This can be done by turning off the p-MOSFET and by turning on the n-MOSFET which
is connected to the negative gate source (\Vg) in series. It should be noted that the low voltage silicon switching
device connected to the gate of the FCD in normal operation is supposed to block negative gate bias during the
turn-off event. Therefore, a p-MOSFET is used for this purpose and it is in synchronous rectification mode (i.e.
first quadrant) under the normal operation. In the cascode gating circuit, a low voltage silicon n-MOSFET is

connected to the cathode of the FCD. The current flow through the FCD can be stopped by turning off the n-

MOSFET.
nMOSJ_ -Vg+
T
Gate pMOSH__{
+Ve- L
FCDH_ DS Ol

+Vak

10kV
T I:zload § '><

Gate J_
nMOS L
Py R 211118
+V *Vos®

10kV
T RIoad § ><

Fig. 6. Conventional gating circuit (top) and the cascode gating circuit (bottom) for the FCD. In a fault
condition, Vps increases as the load current is increased. The fault can be isolated by turning on the n-MOSFET
in the conventional gating circuit and by turning off the n-MOSFET in the cascode gating circuit.
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When the load is shorted in a fault condition, the load current increases, but is limited by the saturation current
of the FCD. The current increase in the faulted circuit results in an increase of the drain-source voltage (Vps) of
the Si MOSFETS. In the first configuration, the Vps is applied to the gate (p+top and p+bl) in the conventional
gating circuit. Both p+bl/n JFET and p+top/n JFET junctions are forward biased and therefore, the depletion
layers of each junction shrink producing higher saturation current in the FCD. In the second configuration
(cascode gating), since that the Vps is connected to the n+cathode, the depletion layer formed by each junctions
extend toward each other lowering the saturation current of the FCD. As a result, the short circuit current
converges to a value where the 1-V of the MOSFET crosses the saturation current of the FCD correspond to the
Vps (see Fig. 7). As shown in Fig. 7, one can expect that a longer short circuit capability (SC SOA) can be
achieved by using the cascode gating circuit than the conventional gating circuit. To examine the trade-off
between on-state forward voltage drops and the short circuit capability, transient responses to the short circuit
using both gating techniques were studied by the non-iso thermal device simulation. Fig. 8 shows an example of
the transient response to the fault of the FCD gated with the cascode circuit. In this simulation, the load is
shorted at 1us. The anode current as well as the junction temperature abruptly increase right after the fault. As
the junction temperature increases, the intrinsic carrier density also increases, becoming similar to the
background doping concentration causing the built-in potential to reduce to zero. The temperature at which the
built-in potential collapses is defined as the critical temperature; upon reaching this temperature the device
starts to undergo thermal runaway. The time for the junction temperature to reach the critical temperature of the
corresponding material can be defined as short circuit capability. From this non-iso thermal transient simulation,
the short circuit capability in a given FCD structure using different gating techniques can be calculated. The
trade-off between on-state voltage drops and short circuit capability (see Fig. 9) shows that the cascode gated
FCD with low voltage Si n-MOSFET provides a further enhanced SCSOA than the conventional gated one. It
should be noted that the cascode gating circuit produces additional voltage drop during normal operation.
However, because the blocking capability of the Si MOSFETS is determined by the pinch off voltage of the
FCD, a low voltage rated (<30V) Si MOSFET can be used, for which forward voltage drop is negligible

compared to that of the 15kV 4H-SiC FCD.
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The turn off of the FCD was also verified by the non-iso thermal transient simulation. Fig. 10 shows the
transient response to the fault of the FCD having JFET channel thickness of 0.45um. The short circuit capability
of this FCD structure using the cascode gating circuit is about 60us (see Fig. 9). The load is shorted at time of
1us and the n-MOSFET is turned off at 50us in this simulation. Fig. 10 verifies that the FCD can be turned off

using the cascode gating approach and the turn-off time is about 100ns.
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Fig. 7. Expectation of the short circuit current in the fault condition. (tch=0.5um)
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Fig. 8. Transient response to the fault of the FCD gated with cascode circuit. The load is shorted at 1us. Anode

current as well as the junction temperature abruptly increase right after the fault. (tch=0.5um)
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Fig. 10. Turn off of the FCD using the cascode gating circuit. The load is shorted at 1us and the n-MOSFET is
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4. Application of the Fault Isolation Devices

In previous sections, a novel solid-state fault isolation device (FID) is proposed. The proposed FID can be
considered a solid state version of the mechanical circuit breaker that’s used to protect a circuit from damage
caused by a short circuit or a power overload. The solid state FID is required to block about 15kV, and to have a
low saturation current to prevent premature device destruction before the fault is isolated. The device should be
capable of turning itself off when a fault is detected.

The application of the FCD as a FID is also simulated by configuring a simple power distribution system having
two loads (see Fig. 11) with DC supply voltage of 10kV. When the power line is shorted, the line current
increases (I, and thus I,). As a result, the voltage between each FIDs will increase following the I-V
characteristics of the FCD as shown in Fig. 12. It should be noted that voltage increase at FID2 is always faster
than that of FID1 since current |, is larger than I,. By detecting the voltage increase of the FIDs, the line where
the faults happen can be disconnected by turning off the FIDs. However, we want only the line downstream of
the fault to be isolated and the line upstream to remain connected. To address this problem, to prevent the
upstream FIDs (FID2 in Fig. 11) from reacting faster than the downstream FIDs (FID1 in Fig.11), a different
delay for each FID can be programmed into the device’s control circuitry. In this way, the FIDs can be
controlled guaranteeing the secure operation of fault isolations. Effects of inductance value (distance), and of
the resistances (loads) are simulated as shown Fig. 13.

As for the application of the proposed FCD, it is a totally innovative concept to use a solid state fault isolation
device in the distribution system to isolate the faulted section. For example, it takes about 150ms (9cycle/60) for
the conventional mechanical circuit breaker to respond to the fault while the FID needs in the range of 10
milliseconds or less to detect the fault. This concept of fault isolation is valid not only for DC but AC power

distribution systems.
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Fig. 11. A simplified diagram of power distribution line having two loads (a) and the initial condition of the
simulation (b).
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Fig. 12. Simulated voltage response of FIDs to the fault. R1 is shorted at t=0.1us.
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Fig. 13. Effect of the distance and load on the voltage response of FIDs to the fault.
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5. Design and Fabrication of the FCD

The proposed 4H-SiC FCD can be fabricated on a n-epitaxial layer on p+ substrate. The possible head (cathode
and gate) structures are depicted in Fig. 14. The channel structures for each type of devices should be carefully
designed to improve the trade off between on resistance and breakdown voltages. To achieve lower Ron, we
need to increase the doping concentration of JFET1, and JFET2 regions, and to have larger channel width (W,
W, and W3). However, heavily doped JFET1 degrades the p+top (or p+bl) / N-JFET1 junction breakdown
voltage. Also, heavy doping in JFET2 may increase the electric field at p+top / N-JFET2 junction. To shield the
electric field increase at p+top / N-JFET2 junction, W¢,3 (EWeno) should be less than 5um when the JFET2
doping concentration is about 1x10*cm™. The P+bl needs to contain enough charge to prevent the reach
through from N-drift layer during the forward blocking mode. In addition, these channel design parameters also
affect the saturation current level of the FCD. JFET1 and JFET2 doping concentration can be varied by an ion
implantation dose/energy split. Considering the trade-off between Ron and BV, channel parameters are
optimized as shown in Fig. 15. To evaluate the impacts of the channel length, channel width, and cell pitch on
the electrical characteristics, many different designs of surface gate (SG), buried gate (BG), surface-buried gate
(SBG) type small devices are designed and included in the mask. Also, the nominal device structures of each
gate type having the edge termination structure are included. The edge termination technique used is floating
field ring with 100 concentric rings, and can be implemented with the Plug implant. Layout examples of the
small (10 fingers), and medium size (30 fingers) devices are shown in the Fig. 16. Fig. 17 shows the 11.3x11.3
mm? mask floor plan which includes small FCDs, medium FCD with edge termination structure, lateral JFET
test structure, and monitoring patterns. The proposed FCD can be fabricated with 9-mask levels. The critical
processing steps and the alignment sequences are summarized in table 3. The stepper photolithography tool will
be used to guarantee the mis-alignment of about +/-0.3um. The major barrier for this FCD fabrication is the
availability of the raw material. We need a thick n-epitaxial layer on p+ type substrate. However, because of the
complexity for making the n- on p+type substrate, it is very expensive (~30K dollars per wafer), and thus it is
not available at the moment of preparation of this thesis. Instead, Cree donated 10kV rated n- epitaxial layer on

n+ substrate for research purpose. Since the head structure of the JFET is the same as that of the FCDs, we
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decided to fabricate the JFET on n-/n+ wafer. From the fabrication of the JFET, we can evaluate the channel
structure, and breakdown characteristics. In addition, using the n-/n+ wafer, we can fabricate many different
type of devices such as Schottky, JBS, MPS, and PiN rectifiers. Detail experimental results are discussed in the

next chapters.

cathode

source

Surface Gate type Buried Gate type Surface/Buried Gate type

Fig. 14. Various head structures for the proposed FCD.
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Fig. 15. Design of the channel structure. Dashed circles indicate the high electric field positions.
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Table 3. Summary of the process flow for the fabrication of the proposed FCDs
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Masks Key processing steps Purpose / Description Aligned to
Wafer preparation To block ~10kV, NA
120um thick, ~9e14cm™ doped
1 Zero Pattern / Etch To make an alignment mark First level
SiC Etch ~0.3um deep, SF6 + O2 gas
2 JFET2 Pattern / Implant JFET2 doping by HT implant, Zero
8e16cm™, ~0.4um, 0.7um deep
3 P+BL / JFETL1 Pattern / P+BL / JFET1 doping by HT implant, Zero
Implant 3e17cm, 1e18cm™ (peak at ~0.4um deep) for
JFET1 and P+BL, respectively
4 P+top Pattern / Implant P+top doping by HT implant, Zero
1e19cm™, ~0.05um deep
5 N+source Pattern / N+source doping by HT implant, Zero
Implant 1e19cm™, ~0.05um deep
6 PLUG pattern / Implant | PLUG formation by RT implant, also serves as the Zero
edge termination rings, heavy doping, as deep as
P+BL
Activation Anneal To activate the implant species, NA
1650C, 30min, will be processed at CREE, Inc
Passivation Oxide dep. ~1.5um PECVD Oxide NA
7 Contact Opening To wet etch the passivation oxide, BOE NA
Backside Ohmic contact Ni/Au, 750C, 15min NA
8 N+ohmic contact Ni/Au, lift-off process Zero
9 P+ohmic contact Al/Au, lift-off process Zero
E-measurement To measure the Schottky related device before the NA
contact annealing process
Contact Anneal 750C, 15min, RTA NA
E-measurement Check the ohmic behavior NA
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Chapter 8

A Comparative Study of Gate Structures for 10kV
4H-SIC Normally-On Vertical JFETSs

Due to its high critical electric field, SiC is a promising material to make high voltage (>10kV) devices for
application in energy conversion systems [49], [94]. MOS gated high voltage devices on 4H-SiC such as 10kV
MOSFETs [22], 12kV p-type IGBTs [95], and 13kV n-type IGBTs [21] have recently been presented.
However, poor MOS interface quality results in low channel mobility, threshold voltage shifts, and reliability
concerns [96]. Issues in interface quality of MOS structures on SiC has motivated intensive research on JFETS
for which current conduction is not controlled by a MOS structure but rather by a p+/n junction [97]. The
channel of JFETSs can be designed to be either fully or partially depleted at zero gate bias to achieve normally-
off or normally-on operation, respectively. From an application perspective, normally-off JFETs are preferred
due to their "fail-safe" operation in the event of loss of gate drive.

Several groups have reported normally-off 4H-SiC JFETs [66], [98]. In the on-state in those normally-off
JFETs, the gate bias exceeds the built-in potential of p+/n junction in order to reduce device on resistance
resulting in bipolar operation of the JFETs [99]. The bipolar mode of operation for JFETS results in the need to
supply substantial gate current which increases the size and cost of the gate drive unit. Furthermore, the
electron-hole plasma introduced in bipolar conduction slows down the switching process.

Normally-on operation of JFETs can be overcome by using a low voltage normally-off device in series with the
JFET [100], [101]. Recently, a 9-kV normally-on vertical channel SiC JFET was reported [102]. The short
channel provides very low on-resistance (104mQ-cm?), but results in triode-like forward current-voltage
characteristics; in addition, the measured DC blocking gain is 100(Vp/Ve, Vp=3190V, V=-32V).

In this chapter, we report novel 10kV 4H-SiC normally-on lateral channel vertical JFETs with forward blocking
gain of 522. Comparison of different JFET head structures is discussed in on-state, off-state, and switching

transient.
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1. Device structures and Fabrication

Fig. 1 shows the cross-section of half cell 4H-SiC lateral-channel vertical JFET with various gate types. Each
JFET structure is named by the location of the gate such as Surface Gate (SG) type, Surface-Buried Gate (SBG)
type, and Buried Gate (BG) type as depicted in Fig. 1(a), (b), and (c), respectively. Fig. 1(d) shows the Dual
Gate (DG) type JFET where the surface gates are split by spacing ‘S’. The lateral channel in each structure is
formed by the p+top layer and p+ buried layer (p+bl). Lateral channel thickness and doping concentration
should be carefully designed to ensure normally-on operation. A Planar Gate (PG) type JFET is also included
for the purpose of comparison (Fig. 1(e)). Similar structures shown in Fig. 1 can be found in previous literatures
[98], [103], but high voltage blocking capability (~10kV) of normally-on JFET has not been previously
demonstrated.

The proposed JFET structures were fabricated on 120um thick, 9x10™cm™ doped 4H-SiC n-type epitaxial layer
on n+ substrate donated by Cree, Inc. Aluminum ion implantation was conducted at elevated temperature to
form the p+bl which was followed the regrowth of a 0.3um, <10*°cm™ doped n-type epitaxial layer. In order to
reduce the resistance in lateral and vertical channel as well as to achieve normally-on operation, Nitrogen
channel implantations were performed. N+ source, and p+top / plug are also formed by N, Al ion implantation,
respectively. The plug not only connects the ohmic metal and p+bl but also serves as floating field rings (FFRs)
in the edge termination region. A 100-ring FFR structure was designed to prevent premature breakdown. A PiN
diode with the same FFR structure was fabricated to evaluate the forward blocking characteristics of the
proposed JFETs. The conditions for the ion implantation processes and nomenclature for each layer are
summarized in Table 1. The implantation steps were followed by a 1650°C, 30min activation anneal with a
carbon cap. After 1um of passivation oxide was deposited, Ni and Al were evaporated to form n+ and p+ ohmic
contacts. Fig. 2 shows various combinations between metal stacks and implanted region in SiC. Purposes of the
different film stacks and TLM structures to measure the sheet resistance are also commented. Fig. 3 shows
measured 1-V curves from various TLM structures. The results indicate that metals on p+ implanted regions
show perfect ohmic behavior. The specific sheet resistance measured from TLM2 is about 2.4 mQ-cm?.

Unfortunately, a TLM structure to evaluate Ni on n+source which serves as a source in every JFET was not
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included. However, the ohmic quality of Ni on n+source can be evaluated by investigating I-V curves of

fabricated JFETSs as discussed in the next sections.

Source Gate Gate Source Gate

W,/2(2.25) W,/2(2.25)
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'.E c .E c
g5 g5
n-drift n-drift
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Fig. 1. Proposed lateral channel vertical JFET structures with various gate types. Dimensions in parenthesis in
the figure represent the nominal design for each JFET structure. Lateral channel length (L.,), and vertical

channel width (W;) are varied for each design. Detailed information for each layer is listed in Table 1.



Table 1. Process summary and layer information

Peak concentrations of implanted regions are calculated without considering incomplete ionization.

Implant energy (keV) /

Peak concentration (cm™) /

Layers dose (cm™) / _
Junction depth (um)
Dopant / Temperature (°C)
p+bl 200/ 2x10%/ 1.63x10™ /
(p+ buried layer) Al /600 0.41 before epi. re-growth

Lateral channel

60, 110, 150, 170, 230 /
7,1.5,1.2,1.2,3.5x10%/
N / 600

3x10"/
Compensated by p+bl

40, 65, 100, 165, 250, 380 /

_ » 1x10"/
Vertical channel 0.4,0.3,0.7,0.9,1.1, 1.7x10™/ 07
N / 600 '
n+ source 20/ 8x10™/ N /600 2x10°°/0.09
p+ top 30/6x10™/ Al /600 2.5x10%/0.07
30, 80, 150, 250, 380 / o
u 7x10°°/
plug 6, 8, 8, 8, 10x10™"/ 08

Al / room temperature
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Fig. 2. Metals on the SiC wafer to evaluate contact resistance. Ni is used for the ohmic metal on n+source

regions for all different types of JFETSs. This contact quality should be evaluated by investigating current

voltage characteristics of fabricated JFETS.
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Fig. 3. Measured I-V curves on fabricated TLM structures.

2. On-state and output characteristics of fabricated JFETs

Various designs of small devicees with 10 fingers were fabricated, and the current-voltage characteristics for

each device type is presented in this section.

2.1. SG, SBG, and BG type JFETs

Fig. 4 shows measured specific on-resistances (Ron, sp) at 30A/cm® of SG type JFETs with various lateral
channel lengths (L¢,), and vertical channel widths (W;). The Rgns, measured from the nominal structure
(structure A in Fig. 4 with Lg,=2pum, W;/2=2.25um) is 158 mQ-cm? and can be lowered to 127 mQ-cm? by
reducing the lateral channel length (structure B, Lg,=0um, Wj/2=2.25um). Due to either the lateral straggle or
damage produced by p+bl ion implantation, the optimum design for the vertical channel width was found to fall
in the range of 6.5 — 8.5um resulting in an Rg, ¢, 0f 133 mQ-cm? (structure C, Lg,=2pm, W;/2=3.75um). Device

simulation shows that R, abruptly increases when W;/2 is less than 1.25pm. In addition, a W;/2 of 1.75um -
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3.75um provides stable Ry, p in the simulation as depicted in Fig. 5. From this comparison, it can be surmised
that at least 1um of margin should be considered in the design of the vertical channel width (W;/2). With
optimized vertical channel width and a with an appropriate short- lateral channel, the lowest Rqns, Can be
estimated as 102 mQ-cm? (structure D, Lgy=0pm, W;/2=3.75um). The ideal Ry, calculated by using the n-drift
region parameters (120pum, 9x10*cm™®) with ideal bulk mobility of 947 cm?V-s [31] is 88 mQ-cm?
Considering the channel, contact, and substrate resistance of the fabricated SG JFET structure, the projected
Ronsp IS Very close to the ideal Ronsp. Table 2 summarizes R, ¢, from various designs of SG, SBG, and BG type
JFETs. The measured Ro, s, 0f SBG type JFETS are higher than that of SG JFETs due to the wider cell pitch. It
should be noted that the Rqn g, Of the BG JFETS is more than 50% higher than that of the SG JFETS. The Ry, Of
BG JFETs as estimated by device simulation is very close to that of SG JFETs. The high Rqng, 0f BG JFETS is
attributed to the design of the source region. The N+ source in the BG JFET is located directly adjacent to the
p+top layer. Misalignment in the patterning process or damage from the high dose p+top implantation may
degrade the ohmic contact quality of n+ source in BG JFETSs. Non-ideal ohmic behavior in BG JFETSs can be

observed in the measured I-V curves.
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Fig. 4. Measured R, s, from SG type JFETs with various lateral channel length and vertical channel width. With
optimized vertical channel width, R, s, can be reduced close to ideal Rqn s, OF the material.



200

190 A
180 -
170 -
160 A
150 A
140 A
130 H
120 A
110 A

Ron,sp (mohm-cm2)

—e— experiment

—=— simulation

100 T T

1.5

2

2.5

3 35 4 45

Vertical channel width (Wj/2, um)

134

Fig. 5. Comparison of measured and simulated Rqns, from SG type JFETS as a function of vertical channel
width (W;/2), Le=2um for both cases.

Table 2. Summary of Ry, s, from SG, BG, and SBG type JFETs

Structures SG SBG BG
<A> nominal structure
158 217 247
Lch:2um, WJ/2:225}1m
<B> short channel
127 162 205
Len=0um, Wj/2=2.25um
<C> optimized W;
133 153 202
Lch=2um, WJ/2=375}J.m
. <D> = <C>-(<A>-<B>)
<D> projected structure
Len=0pm, W;/2=3.75um 102 98 160
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The measured output characteristics from small SG, SBG, and BG type JFETSs are shown in Fig. 6 (a), (b), and
(c), respectively. All of the I-V curves show pentode-like characteristics. However, channel cut-off occurs at
different gate bias for each device type. As might be expected, the SBG type JFET is the most efficient design
to cut-off the channel. In contrast, for the BG type JFET, in which the gate only covers the lateral channel,
additional negative bias is needed to cut the channel off (<-20V). In addition, the p+bl doping concentration is
much less than that of p+top (refer to Table 1) resulting more bias to close the channel. In the case of SG type
JFET, the gate covers whole surface of the channel region, and -14V can cut off the channel. Fig. 7 shows Iy as
a function of V¢ with Vp of 20V. From this plot, the threshold voltage and transconductance can be extracted
which are meaningful quantities to evaluate the switching speed as discussed in section 3. The importance of the
gate design and location for efficient turn-off of JFETs can be more clearly understood by examining the DG

and PG type JFETS in the next section.
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Fig. 6. Measured output characteristics of nominal SG, SBG, and BG type JFETSs
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Fig. 7. 15-Vgs curves of nominal SG, SBG, and BG type JFETs

2.2. DG, PG type JFETs

DG type JFET is a version of SG type JFET where the gate is split into two. The DG type JFET is expected to
provide smaller gate-to drain junction capacitance because the gate overlap with the drain is smaller than the SG
type JFET [103]. Fig. 8 (a) shows the measured R, s, 0f DG type JFET with different spacings (‘S’) between
adjacent two gates. Rqngp is strongly dependent on the cell pitch and no improvement was observed compared
with Rqnsp OF SG type JFET. Fig. 8(b) depicts the output characteristics of nominal DG type JFET with ‘S’ of
2.25um. As shown, even with -30V of gate bias, channel cannot be closed. Compared with output
characteristics of SG type JFET, it is found that the gate should cover the whole lateral and vertical channel
regions to efficiently cut-off the channel.

Vertical-channel vertical planar gate type JFET were also fabricated for the purpose of comparison. A measured
Rongp as low as 111 mQ-cm?® was achieved: this is increased to 360 mQ-cm? when there is no JFET region
implantation as shown in Fig. 9(a). Fig. 9(b) shows the triode-like 1-V characteristics of PG type JFET. The DC
blocking gain (Vp/Vg) is expected to be very low. Although the blocking gain can be increased by proper

design, it is difficult to block 10kV with moderate gate bias with vertical-channel vertical planar type JFETS.
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3. Switching characteristics of SG, SBG, and BG type JFETs

Switching characteristics of SG, BG, and SBG type JFETs are evaluated and discussed in this section. Due to
the pure unipolar operation of the normally-on JFETS, turn-off and turn-on speed with an inductive load are
mainly determined by voltage rising time and voltage falling time, respectively [104]. Analytical models for
voltage rising time (t;) and falling time (t) in the unipolar device are well characterized as stated in [104] and

can be modified considering the polarity of the voltage:

t, =Rg o XCopgp X Vi 1)
Vee|
Vs — 1 Roy Vep) v
'[ZRSXCSXDS L "on GPERSXCSX DS @
f o o N&SUPP'V‘ - ‘VGP‘ o o NG,SuDDIV‘ - NGP‘
|
NGP‘ = ’VG,SuppIy_VTH ‘ + giI_ (3)

where Rgsp Cepspr Vos: Ver, Veswply: Ve I and gn are specific gate resistance, specific gate-drain
capacitance, drain supply voltage, gate plateau voltage, gate supply voltage, threshold voltage, load current, and
transconductance, respectively.

Therefore, once V1, Om, and Cgp are measured, one can compare switching speed for each device at the same
Ve supplys Vos: I, and Re. Fig. 10 shows the measured specific gate-drain capacitance (Cgp,gp) Of the nominal
SBG type. The gate-drain capacitance was measured as a function of drain bias while source is floating. It
shows a characteristic shape at low drain bias where the drain bias is used to deplete the lateral and vertical
channel. Exclusion of the current contribution to the C-V characteristics of the SG and BG type JFET is
difficult because floating of the source in the C-V measurement cannot represent the turn-off switching event.
However, in all SG, SBG, and BG type JFETS, both source and gate p+/n junctions contribute to deplete the
channel and drift layer in the turn-off event, which suggests the C-V characteristic of the SG and BG type
JFETSs should be the same as that of SBG type JFET. As a result, the Cgpg, Of each type of JFET can be

compared by considering the ratio of the gate coverage to the cell pitch.
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Table 3. shows a comparison of the switching performance of SG, SBG, and BG type JFETS. Vg supiy IS
assumed to be -20V. g, is estimated from Ip-Vgs curves as shown in Fig. 11, and a load current density of
30A/cm? is used. As might be expected, due to the lowest value of the Cgp s, Switching of the SG type JFET is
much faster than the other JFETs. Comparing SBG, and BG type JFETS, on the one hand, voltage rising time in
turn-off event of the SBG type JFET is only 55% of that of BG type JFET. This is because the V14 is much
higher in SBG type JFET at the same gate source supply voltage, Vg supiy (higher [Vgp| in equation (1)). By
setting lower value of Vg suppry, turn-off speed of the BG type JFET can be reduced. However, gate to source
breakdown limits the maximum Vg syppiy» @and also the blocking gain will be reduced as discussed in the next
section. On the other hand, in the turn-on transient, voltage falling time of BG type JFET is 53% of that of SBG
type JFET due to lower threshold voltage (higher |V1y|). Combining both the turn-off and turn-on switching

time, both SBG and BG type JFETs show similar switching speed.
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Fig. 10. Measured specific gate-drain capacitance (Cgp,sp) from nominal SBG type JFET.
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Table 3. Comparison of the switching performance

SG SBG BG

[V suppty-Vrrl (V) 6 12 0
O (AVV-cm?) 11.2 12.4 348
Verl (V) 8.68 14.42 8.62
Res (1/ half cell pitch, a.u.) 1 0.65 0.90
Cepsp (ggte overlap / cell 1 411 301

pitch, a.u.)

Estimated t; (a.u.) 1 1.61 2.92
Estimated t; (a.u.) 1 5.41 2.88
Estimated t+t; (a.u.) 1 3.26 2.9
Simulated t+t; (us) 0.46 1.54 1.43

in (a.u.) 1 3.35 31
Extracted Qgasp (UF/cM?) 0.37 1.29 1.19
in (a.u.) 1 3.45 3.18

The turn-off and turn-on switching characteristics of each type of device can also be computed from device
simulations to validate the estimation based on the analytical model. Fig. 12 shows the simulated turn-off and
turn-on wave forms of each type of JFETs with DC voltage of 7kV with an inductive load. Drain voltage rising
time in the turn-off transient, and falling time in the turn-on transient are summarized in Table 3. As shown, the
analytical model used to compare each JFET is well matched with the simulation data. A small deviation
between estimation based on the analytical model and simulation comes from the difference in Vqy, and gn,
value in the simulation. In addition, the internal gate resistance was ignored in the estimation.

It is common practice in the industry to extract the gate charge to compare the switching speed of various
device structures. An integration of the gate current as a function of time during the drain voltage falling period
(for the turn-on transient) provides the gate-drain charge. The extracted gate-drain charges (Qgqsp) for each
device from device simulation are listed in the Table 3, which show good agreement with the estimated
switching speed of each device.

Overall, it is concluded that the switching performance can be fairly compared using the measured Vy, gm, and

gate design of each JFET based on the analytical model.
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Fig. 11. Estimation of the transconductance, g.,. Due to the non-linearity of 15-Vgs curve of the BG type JFET
error in the estimation of the switching loss can be induced.
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Fig. 12. Simulated drain voltage waveforms of SG, SBG, and BG type JFETs during switching transients.
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Fig. 13. Simulated 1p-Vgs characteristics of SG, SBG, and BG type JFETS. Vps=5V

4. Forward blocking capability

Large SG, SBG, and BG type JFETs with 100-finger were fabricated to evaluate the forward blocking
characteristics. As shown in Fig. 14, the Rqng Of large devices are 60-70% higher than that of small devices
with the same channel design. This increase in Ry, is mainly attributed to the non-ideal ohmic contacts. The
device I-V curves are not linear when the drain voltages are close to zero. Fine contact processes and optimum
device design as discussed in section 2 can improve the Rgn sp.

Fig. 15 shows the gate to source reverse blocking capability. It shows that gate to source junction has soft
breakdown characteristics due to the heavy doping in the channel region. However, the leakage current with
gate voltages higher than -20V is very low.

The forward blocking characteristics of SG and SBG type JFETs were measured at a Vg of -18V as shown in
Fig. 16. A PiN diode fabricated on the same wafer is also included in this figure. 100-floating field rings are
used for alleviating the electric field crowding at the main p+/n-drift junction for both JFETs and PiN diode [49].
The PiN diode with the designed 100-FFR achieves 10.4kV, which is 88% of the ideal value for a 1-D structure

calculated using Konstantinov’s form for the critical electric field [45]. The maximum breakdown voltage
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measured from SBG type JFET is 9.4kV at avalanche breakdown condition resulting in a DC blocking gain of
522. The leakage current from both the SBG JFET and PiN diode are somewhat high, which can be attributed to
either surface damage induced by high energy, high dose ion implantation (plug) during formation of FFR in the
edge termination structure, or to nitrogen pile-up during epitaxial re-growth process. Nevertheless, it should be
emphasized that JFET blocking characteristics is very close to that of the PiN diode, which should in theory
provide the most ideal breakdown characteristics. The forward blocking characteristics of SG type JFET shows
higher leakage current than the other two devices. In addition, perfect pentode-like current-voltage
characteristics of lateral channel JFET is confirmed from this measurement. Higher gate bias with small

sacrifice in the current gain Ip/lg, can reduce the leakage current of the SG type JFET.
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Fig. 16. Forward blocking characteristics of SG and SBG type JFETs with gate bias of -18V. Reverse blocking

characteristic of fabricated PiN diode on the same wafer is also shown.
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5. Discussion

On-state characteristics, switching characteristics, and forward blocking characteristics of SG, SBG, and SG
type JFETs were discussed in previous sections. It is known that lateral, and vertical channel optimization can
reduce the Rongp. It is also found that threshold voltage plays an important role in determining switching
behavior. In addition, threshold voltage also determines the forward blocking capability. To make a comparison
of each device, device performance acquired from previous sections, and figure of merit (FOM) are listed in
Table 4. From this comparison, one can know that SG type normally-on JFET provides best performance in
terms of Rynsp, and switching loss. For low voltage devices, this general FOM(1/(Ronsp*Qgasp)) I sufficient to
evaluate devices. However, in a high voltage device, forward blocking characteristics should be evaluated in
essential. When the threshold voltage of normally-on JFET is very close or lower than the gate to source supply
voltage, Vg sypply Which is limited by the gate to source breakdown, such JEFT will produce substantial current
in the forward blocking mode. The proposed lateral channel vertical JFET is likely to be the case because the
channel is heavily doped to reduce the Rq, . From this perspective, Vry is an important parameter to compare
high voltage normally-on JFETs with pentode-like current voltage characteristics.

Considering all aspects described above, one can conclude that SG type JFET is the best choice to get low on-
state, and switching transient power loss. In addition SBG type JFET is a good candidate to provide stable
forward blocking capability, and low off-state loss. Proper channel design to increase gate to source breakdown

and to reduce it’s leakage current can improve the blocking characteristics of SG, BG type JFET.



Table 4. Performance comparison of SG, SBG, and BG type JFETS. Values are in arbitrary units.

SG SBG BG
Ronsp 1 1.37 1.56
Quasp 1 3.45 3.18
V7 1 0.57 1.43
FOM, 1/(Ron.sp*Qqasp) 1 0.21 0.20
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Chapter 9

A surge robust 10kV 4H-SiC JBS diode with a low
forward drop in the unipolar conduction mode

4H-SiC is a very attractive material as a high voltage device platform due to its wide bandgap and thus high
critical electric field [49]. With recent advances in high voltage (>10kV) switching devices such as 10kV
MOSFETSs [22] and 13kV n-channel IGBTs [21], suitable 10kV JBS diodes need to be developed to enable
serve as an antiparallel diode for power conversion applications [105]. In the on-state of a JBS diode, unipolar
current conduction via majority carriers is preferred which guaranties very low reverse recovery compared to
PiN diode. In order to achieve high surge current handling capability, JBS diodes can be designed to conduct in
bipolar mode at high current [106]. In addition, to ensure reverse blocking capability, the most important aspect
in designing high voltage semiconductor devices is to realize an efficient edge termination technique that avoids
premature device breakdown [49]. The most widely used edge termination techniques are Floating Field Rings
(FFRs) and Junction Termination Extension (JTE) [49]. Several high voltage devices (~10kV) in 4H-SiC have
been implemented by using JTE based edge termination structures such as multistep JTE [107], etched JTE
[108], and mesa combined single zone JTE [58]. However, these JTE based edge termination technigues not
only require multiple processing steps, but also require precisely controlled processing conditions. In contrast,
FFRs do not require additional processing steps while providing significant latitude for process parameter
variations.

This chapter is, first of all, aiming to produce a novel JBS diode structure with low forward voltage drop at
nominal unipolar operating condition while providing effective control over the transition to bipolar mode.
Second, we propose a systematic approach to design FFR terminations for 10kV devices based on 2D device
simulation. 10kV JBS and PiN diodes terminated with the optimized FFRs were fabricated, and the results are

discussed.

1. Device structure and Fabrication
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Fig. 1 shows the proposed and conventional JBS structures on 4H-SiC. The proposed JBS structure is
characterized by the embedded normally-on JFET region formed by p+top and p+buried layer (p+bl). At low
current, the electron flows through the JFET region to the drift achieving unipolar operation. P+top nor p+bl are
inactive in this unipolar mode. When the voltage drop induced by electron current and resistance in the current
path exceeds the built-in potential of the p+/n junction, p+top and p+bl can now inject holes increasing the
conductivity of the drift region. Control of the conduction mode transition is possible by adjusting the overlap
between p+to and p+bl. In a conventional JBS structure, the ratio between the p+ ohmic region width and
Schottky width determines the current conduction of the unipolar and bipolar mode. Table 1 summarizes the

design of the proposed and conventional JBS.

N-drift 9 10cm, 120um N-drift 9 10%cm?,
120um
(a) (b)

Fig. 1. Cross-section view of the proposed JBS (a), and conventional JBS (b)
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Table 1. Design variation of the proposed JBS and conventional JBS

A8, A9 are advanced structures as discussed in Section 2.3.

Proposed JBS Lov Conventional JBS S
No. (um) No. (um)
Al 2 Bl 6
A2 0 B2 5
A3 4 B3 4
Ad 8 B4 3
A5 12 B5 2
A6 16 B6 1
A7 20 * for all conventional JBS, P+S=8um
A8 2
A9 2

The proposed JBS structures were fabricated on 120pum thick, 9x10%cm™ doped 4H-SiC n-type epitaxial layer
on n+ substrate donated by Cree, Inc. An aluminum ion implant at elevated temperature was used to form the
p+bl with peak concentration of 1.63x10*cm™. A 0.3um, <10*cm™ n-type doped epitaxial layer was grown to
form the JFET region. In order to reduce the resistance in the JFET region as well as to achieve normally-on
operation, multiple Nitrogen ion implantations were conducted targeting 3x10*cm™ constant doping
concentration. The P+top / plug junctions were also formed by Al ion implantation processes. The plug layer
not only connects the ohmic metal and p+bl, but also serves as floating field rings (FFRs) in the edge
termination region. Schottky and PiN diodes with the same FFR structures were also fabricated to evaluate the
reverse blocking characteristics, which is discussed in section 3. The implantation steps were followed by a
1650°C, 30min activation anneal with a carbon cap. 1um of passivation oxide was deposited, Ni and Al were
evaporated to form Schottky and p+ ohmic contacts. The metals were annealed for 15min at 700C by RTA in
Ar ambient. The forward conduction characteristics of the JBS, PiN and Schottky diodes were measured before
and after the contact anneal to investigate the effect of the contact annealing on the electrical characteristics.
After the contact anneal, Al on p+ implanted regions forms ohmic contacts with specific sheet resistance of 2.4

mQ-cm?and Ni on n-type SiC continues to show Schottky behavior.



151

2. Forward conduction of fabricated JBS diodes

2.1. Proposed JBS diodes

The current-voltage characteristics of the proposed JBS after the contact annealing process were measured at
room temperature as depicted in Fig. 2. The I-V characteristic shows clear distinction in the device resistance in
each unipolar and bipolar mode. Fig. 2 also confirms that transition from unipolar to bipolar mode is
controllable by the overlap between p+top and p+bl (Loy). A longer Loy results in a higher forward voltage
drop in the unipolar mode and lower transition voltage (Vy). In bipolar mode, the conductivity of the drift layer
is enhanced by the hole injection from the p+/n junction which is strongly dependent on the p+/n ohmic contact
quality. Fig. 3 shows the effect of the contact annealing on the current-voltage characteristics of the proposed
JBS diode. Al on p+ layers forms ohmic contacts after contact annealing allowing injection of more holes. To
handle high surge current p+ ohmic formation by annealing process is inevitable. It should be noted that the
transition voltage from unipolar to bipolar mode (V) remains same regardless of the contact annealing process.

This is not observed in the current-voltage characteristics of the conventional JBS.

50

A2, A3, A4, A5, A6, and A7
from left to right
(after contactannealing)

40 -
35 1
30 ~
25 A
20
15 ~
10 1

bipolar mode

Anode Current Density (A/cm2)

Unipolar y Vu
1

0 2 4 6 8
Anode Voltage (V)

Fig. 2. 1-V curves of the proposed JBS after contact annealing according to the Loy design. Measured at room

temperature. Transition voltage (V) from the unipolar to bipolar mode is also defined in this figure.
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Fig. 3. Effect of the contact annealing process on the I-V curves of the proposed JBS structure.

2.2. Conventional JBS diodes

Fig. 4 shows a comparison of the I-V curves of conventional JBS (B1) before and after contact annealing
process. After contact annealing, the knee voltage of device B1 is increased and it operates in bipolar mode at
very low current, which can be attributed to a change in the Schottky barrier height. Investigation of the current-
voltage relationship of the Schottky diode confirms that there is an increase of the barrier height of Ni to n-drift
contact after the contact annealing process as shown in Fig. 5. On the contrary, as shown in Fig. 3, the barrier
height of Ni on the heavily doped JFET region in the proposed JBS is not changed preserving unipolar
operation at low current. Therefore, to enhance the bipolar injection of the conventional JBS, the contact
process for both Schottky to n-drift and ohmic to p+ should be optimized at the same time by proper selection of
the metal for each contact.

The 1-V curves of various conventional JBS diodes are shown in Fig. 6. According to the design, it also shows a
recognizable trend and transition of the operating mode. However, the transition from unipolar to bipolar

operation occurs at a higher voltage at the same current when compared with the proposed JBS.
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Fig. 4. Effect of the contact annealing process on the I-V curves of the conventional JBS structure (B1)
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Fig. 6. I-V curves of the conventional JBS before contact annealing according to the cell design.

2.3. Comparison and Improvement

To compare the unipolar performance of the proposed and conventional JBS, it is worth evaluating the
transition voltage (V) of each JBS because V can not only indicate the resistance in the unipolar regime but it
also predicts the forward drops under the surge event. Based on an assumption that there is no significant
change in Vy during contact annealing process, it is fair to compare the V of the proposed JBS diode (after
contact anneal) and conventional JBS diode (before contact anneal). Fig. 7 shows plots of current densities as a
function of VV; measured from various designs of the proposed and conventional JBS diode. The I-V curve of
the conventional JBS diode operating in pure unipolar mode is also included in Fig. 7 as a reference.

Due to the power dissipation limit, the transition to bipolar operation is preferred to occur at low current density
to enhance the surge capability. This is especially valid in high current, large area devices because current
handling capability is low [105]. As shown in Fig. 7, below the power limit of 300W/cm?, unipolar operation in
the proposed JBS is well controlled by the Loy variation. In the conventional JBS, on the other hand, fine
control of the mode transition by the design cannot be realized. In addition, at the same current level in the

unipolar mode of each JBS diode, the forward voltage drop of the proposed JBS is much lower and even close
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to the pure unipolar JBS diode case. In other words, with the proposed JBS structure, bipolar operation can be

obtained at low current without significant sacrifice in the forward voltage drop in normal unipolar operation.
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Fig. 7. Performance comparison of the proposed JBS diode and conventional JBS diode

An improvement in the forward voltage drop in both unipolar and bipolar mode of the proposed JBS diode can
be achieved by adopting reduced cell pitch and advanced device structure. Fig. 8(a) shows the proposed JBS
diode with reduced cell pitch. By connecting the p+bl to the metal pad in the orthogonal direction, the cell pitch
can be reduced resulting in reduction of the forward voltage drop as shown in Fig. 9. The forward voltage drop
in the unipolar mode is also included in Fig. 7 (device A8). In order to enhance the hole injection from the
p+top layer, advanced JBS structure is proposed as depicted in Fig. 8(b). Another resistive corner made by a
mesa etch process can provide a significant increase of hole injection from p+top the layer. It is worthy noting
that the forward voltage drop in the unipolar mode remains the same as shown in Fig. 9. By combining the mesa
structure with remote contacts, one can achieve low forward voltage drop during normal device opoeration as

well as robust surge current handling capability.
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Fig. 8. Advanced concept of the proposed JBS with reduced cell pitch, A8 (a), and mesa structure A9 (b)
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Fig. 9. I-V curves of the advanced JBS diode structures. High current characteristics of the A8, A9 are also

included in the inset.
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3. Reverse blocking characteristics

The design of a Floating Field Ring (FFR) based edge termination structure and the experimental results of
reverse blocking characteristics are discussed in this section. The FFRs for the proposed JBS diode structure
should be formed with high energy ion implantation which is more vulnerable to deviations from the ideal
reverse blocking characteristics. Therefore, to validate the design methodology of FFRs, fabrication of simple
PiN diode structures on a separate wafer with shallow Al ion implantation (total dose of 1x10* cm? and a
maximum energy of 200keV) was preceded. Both edge termination structures formed by shallow and deep p+/n

junction on re-grown epitaxial layer are depicted in Fig.10.

Passivation Oxide

------

i ! i« Junction depth
Sn Sn—l S3 S, Sy ~0.5um

N-drift, 9x1014cm3

(@)

e : Proposed JBS
Passivation Oxide Active area

' ', ' ' ' ' Al implanted (plug)

— = Junction depth
Sy ~0.9um

n n—1
Re-grown N-drift, 9x10*cm3

epitaxial layer
0.3um, <1x10%6cm-3

(b)

Fig. 10. Cross section of the PiN diode terminated with (a) FFRs formed by shallow p+/n junction, and (b) deep

p+/n junction on re-grown epitaxial layer. Design methodologies of FFRs for both structures are the same.
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3.1. Design of Floating Field Rings

FFRs allow the depletion region to punch through to successive rings with increasing reverse bias, spreading the
lateral depletion profile over a large distance. FFRs can be designed with either equal spacing or non-equal
spacing, the latter case usually entailing increasing space between rings with increasing distance from the main
junction. Equally spaced FFR structures cannot provide a uniformly distributed electric field because the
electric field at the main junction would continuously be enhanced as the depletion extends toward the last ring.
The electric field distribution with equally spaced FFRs has a triangular shape, with the highest electric field
occurring at the outermost ring. Non-equally spaced FFRs can be designed to reduce the electric field at the
main junction as well as that at the last ring, and to make the electric field more uniformly distributed through
the termination structure. In other words, the non-equally spaced FFR should be designed in order to reduce the
electric field enhancement at the main junction by placing the rings tightly near the main junction. In addition,
more space should be allocated for outer rings so that they can share the electric field of the main junction,
which also reduces the electric field at the last ring. As shown in Fig. 10, the space in the non-equally spaced
FFR in our approach is increasing by the incremental space, ‘S;” such that S,=S;+(n-1)S;, where the dimension
‘S;’ is the space between the first ring and the second ring.

Fig. 11 shows the simulated breakdown voltage as a function of S;. The first space Sy, and the width of the rings
are fixed as 1um, and 4pum, respectively. The breakdown condition was defined as when the ionization integral
equals unity [49] and the impact ionization model in the simulation was calibrated to match Konstantinov's
published data [67]. As S; increases, the breakdown voltages increases and becomes less sensitive to S; itself.
However, with too high a value of S;, the breakdown voltage tends to decrease as a result of having higher
electric field enhancement near the main junction. If S; is too small, the lateral electric field shape becomes
close to that of the equally-spaced FFR (S;=0) resulting in a dramatic reduction of the breakdown voltage. This
tendency can be clarified by examining the lateral electric field distribution and the potential distribution at the
breakdown point as shown in Fig. 12. When the S; is chosen as 0.04 in the 100-FFR design, only 67 rings
support voltage. Therefore, the 70-FFR structure designed with S; of 0.04 provides the same breakdown voltage
as the 100-FFR structure does (see the Fig. 11). However, when the 100-FFR structure is designed with a S; of

0.01, all 100 rings support voltage with the peak electric field occuring at the last ring. Therefore, the
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breakdown voltage of the 70-FFR structure with a S; of 0.01 drastically reduced as shown in Fig. 11. Overall,

the FFR should be designed with proper value of S; and with enough total rings to prevent the breakdown

voltages from being sensitive to the design.
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Fig. 11. Breakdown voltages as a function of the incremental space S;. Measured breakdown voltages from the

PiN diode terminated with shallow FFRs are also included.
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Fig. 12. Comparison of the simulated electric field distribution and potential distribution between FFRs
designed with S; of 0.01 and 0.04

3.2. Experimental results and discussion

Fig. 13 shows a comparison of the measured typical reverse blocking characteristics of the 4H-SiC PiN
rectifiers with 100-FFRs. The maximum breakdown voltage from the PiN diode terminated with shallow FFRs
was 10.2 kV at an anode current density of 1 mA/cm?, which is 88% of the ideal value for a 1-D structure
calculated using Konstantinov’s form for the critical electric field [67] for our structure [49]. The measured
breakdown voltages of 100-FFR structure with different values of S; are depicted in the Fig. 2. The results are
well matched with the simulation results.

It should be noted that PiN diode which FFRs were formed by deep p+/n junction (plug) has larger leakage
current. This large leakage can be attributed to either surface damage induced by high energy, high dose ion
implantation (plug) during formation of FFR in the edge termination structure, or to nitrogen pile-up during

epitaxial re-growth process. Buried field ring termination using the proposed design approach can avoid the
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need of high energy implantation on the re-grown epitaxial layer [109]. As in the case of the shallow FFRs,
p+bl ion implantation can form the buried field rings before the epitaxial re-growth process.

Reverse blocking characteristics of the conventional / proposed JBS, Schottky, and PiN diodes are depicted in
Fig. 14. As demonstrated in [110], the Schottky region of the proposed JFET structure is shielded from the drain
potential. Therefore, the leakage current of the proposed JFET can be lower than that of Schottky of the
conventional JBS. A comparison of the leakage current in each diode structure cannot be made due to the large
leakage from the termination structure on this wafer. However, it is noteworthy the breakdown voltages of all

the diode structure are about ~10kV validating the FFR design methodology.
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Chapter 10

Summary and Future work

1. Major Contributions

15kV rated 4H-SiC devices such as MOSFETs, IGBTs, BRTs, FCDs, JFETs, and JBD diodes have been
extensively investigated with the aim of optimize and improve their on-state, off-state, transient, and short-

circuit performance. Major contributions of the research work are as follows.

(1) Design of novel edge termination structures for high voltage devices in 4H-SiC
15kV edge termination techniques on 4H-SiC material based on the conventional JTE and FFR structures are
investigated. Basic physics behind the designing of each structure are explained: Both JTE- and FFR-based
termination techniques are designed in order to realize uniformly distributed electric field in lateral direction of
the main p+/n junction. By incorporating the periodic removal of the charge in the JTE region (MFZ-JTE), the
range of dose providing high voltage (> 80% of ideal BVpp) was 10 times increased compared to that with a
conventional 3-zone JTE structures. FFR is also optimized by designing the space between rings in increasing
manner by introducing the incremental space. Overall, it is proved that the breakdown voltage can be greatly
improved by proper design with both termination techniques. Design methodologies discussed in this study are

believed to also be useful in designing the edge termination structures for other range of breakdown voltage.

(2) Experimental verification of the proposed edge termination techniques
4H-SiC PiN rectifiers with breakdown voltage of 10kV (about 88% of the theoretical value) were fabricated
using MFZ-JTEs and NES-FFR edge termination structures. The MFZ-JTE technique only requires a single
pattern and implant step while providing significant process latitude for parameter variations such as

implantation dose and activation anneal condition. Design of the NES-FFR structure was also verified.
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Compared to the equally spaced FFR, NES-FFR provided 150% improved breakdown voltage. No additional

process is needed to implement the FFR structure, but it needs more area than the MFZ-JTE structure.

(3) Investigation of frequency capabilities of 15kV 4H-SiC asymmetric, symmetric n-IGBTS, and n-
MOSFET
15kV 4H-SiC asymmetric, symmetric n-IGBTs, and n-MOSFET were designed to reduce on-state power losses
and the frequency range of the device was investigated by evaluating structural parameters. Compared to the
MOSFET structure, IGBTs produce lower power loss up to operating frequency of 11 kHz and 22 kHz at
junction temperature of 400K and 500K, respectively. Even though asymmetric IGBT structure provides a
better trade-off between turn-off energy loss and on-state forward voltage drop than the symmetric IGBT, the
achievable minimum energy losses with each device is comparable. Since the frequency capability is mainly
governed by the switching energy loss the symmetric IGBT can achieve similar frequency capability compared
with the asymmetric IGBT structure. Compared to the asymmetric device, the symmetric IGBT is attractive

because no buffer layer is needed.

(4) A novel 4H-SiC IGBT structure with improved trade-off between short circuit capability and on-
state voltage drop

Strong short circuit capability of high voltage 15kV 4H-SiC IGBT can be obtained by reducing the saturation
current. The proposed 15kV n-IGBT has been proved to be effective to reduce the saturation current by
examining the trade-off between saturation current level and the forward voltage drops. Furthermore, the
superior trade-off between turn-on energy loss and the di/dt is another benefit of the proposed IGBT. The new
structure with incorporated JFET region can be applied to devices in other materials and other voltage ratings. A
device structure with low saturation current density is useful because it prevents the snappiness of the diode

reverse recovery.

(5) A novel 4H-SiC MOS controlled thyristor with current saturation capability — JFET Embedded

Base Resistance controlled Thyristor (JE-BRT)
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A new MOS controlled thyristor, JE-BRT has been proposed. The device operation confirms the thyristor
regenerative action and the current saturation mechanism. The JE-BRT has been proved to be effective to
reduce the saturation current by examining the trade-off between saturation current level and the forward
voltage drops. Furthermore, the superior trade-off between turn-on energy loss and the di/dt is another benefit of
the JE-BRT. It is found that the low saturation current of the JE-BRT prevents the snappiness of the diode
reverse recovery. The shielding of the gate structure by the p+buried layer reduce the switching energy losses
with small gate to anode capacitance. It should be noted that the fabrication of the proposed structure is not
much different from that of the IGBT. The JFET region and the p+buried layer can be made either by the

implantation technique or the epitaxial re-growth.

(6) A novel 4H-SiC fault isolation device with improved trade-off between on-state voltage drop and
short circuit SOA

A solid-state fault isolation device (FID) for the short circuit protection application in the power distribution
systems is introduced. The key performance of a FID is to have a low on-state loss and a strong short circuit
safe operating area (SCSOA). As a FID, a novel 15kV 4H-SiC field controlled diode (FCD) with a p+buried
layer is proposed to provide an improved trade-off between the on-state forward voltage drop and the saturation
current. Since the proposed FCD can clear the fault by turning off itself, it is interesting to examine the
influence of the different gating techniques to the transient behavior of the FCD in a fault condition. As a result,
it was found that the cascode gating circuit with a low voltage silicon n-MOSFET is suitable for the enhanced
SCSOA than the conventional gating method. The novelty of the proposed FCD is verified by the non-iso-

thermal 2D device simulation.

(7) A comparative study of gate structures for 10kV 4H-SiC normally-on vertical JFETs
A normally-on lateral-channel vertical JFET was fabricated on a 10kV rated 4H-SiC n-type wafer. An n-
channel JFET has the same head (gate) structure as the FCD proposed for the FID application. Therefore, the
results observed from the fabrication and testing of a normally-on JFET can be used to verify the channel

concept and blocking capability of the proposed FCD. Pentode-like I-V characteristics and a high blocking gain
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of 522 were achieved with the fabricated JFET structure. The surface gate type JFET was shown to be the most
efficient structure, providing low on-state and switching losses. Based on these merits, the fabricated normally-

on JFET is also a good candidate for the switching device in the primary side of the SST.

(8) A surge robust 10kV 4H-SiC JBS diode with a low forward drop in the unipolar conduction mode
A new JBS diode concept distinguished by a lateral low-resistive conduction path was also fabricated. The
built-in normally-on JFET region in the proposed JBS diode enables effective control of the current at which
bipolar conduction initiates. The new JBS diode conducts in unipolar mode during normal operation, and enters
a bipolar conduction mode at high current achieving surge handling capability. It was found that the forward
drop during unipolar operation of the proposed JBS diode is much lower than that of the conventional planar

type JBS diode. The new JBS diode can also serve as a freewheeling diode for the SST.

2. Future work

The fabrication of 15kV PiN rectifiers is planned on a high yield wafer with high temperature implants for all
high dose cases. A detailed comparison between MFZ-JTE and NES-FFR can be performed by means of
breakdown vyield analysis using the high yield wafer. To avoid sample heating, improvement of reverse
blocking test capability should be developed. The optimization of metal contact process with thick source metal
to form an ideal ohmic contact should be performed to demonstrate a large current device. A short circuit test
can also validate the ruggedness of the proposed device structure. In addition, experimental evaluations of SOA
of the fabricated devices and dV/dt capability of the edge terminations are of interest. Novel 4H-SiC device
structures proposed in this dissertation need to be fabricated. The fabrication of the vertical JFET proved the
viability of the lateral channel and blocking capability of the proposed FCD. Based on the experience of the
experimental verification of the JFET, an n-channel FCD can be fabricated on an n- epitaxial layer on p+
substrate. Due to the difficulty to get this n-/ p+ substrate, p-channel FCDs on a p-/ n+ substrate can be
fabricated instead to verify the operation of the proposed FCDs. The key process for the fabrication of the MOS

gated devices such as MOSFETSs, IGBTSs, JE-IGBT, JE-BRT is the MOS gate formation. Provided an adequate
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process for the formation of a MOS gate, all device structures listed above can be made with the same baseline

process.
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