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Abstract. We report our recently developed 27 kV, 20 A 4H-SiC n-IGBTs. Blocking voltages 

exceeding 24 kV were achieved by utilizing thick (210 µm and 230 µm), lightly doped N- drift 

layers with an appropriate edge termination. Prior to the device fabrication, an ambipolar carrier 

lifetime of greater than 10 µs was measured on both drift regions by the microwave 

photoconductivity decay technique. The SiC n-IGBTs exhibit an on-state voltage of 11.8 V at a 

forward current of 20 A and a gate bias of 20 V at 25 °C. The devices have a chip size of 0.81 cm
2
 

and an active conducting area of 0.28 cm
2
. Double-pulse switching measurements carried out at up 

to 16 kV and 20 A demonstrate the robust operation of the device under hard-switched conditions; 

coupled thermal analysis indicates that the devices can operate at a forward current of up to 10 A in 

a hard-switched environment at a frequency of more than 3 kHz and a bus voltage of 14 kV. 

Introduction 

Recent advances in material quality have led to the availability of ultra-thick 4″ 4H-SiC epi-

layers capable of supporting devices with blocking voltages in excess of 20 kV [1]. Devices in this 

blocking voltage regime are of interest to reduce the number of series-connected devices in future 

power transmission applications [2].  Although using unipolar power switches such as power 

MOSFETs confer a benefit to the maximum possible switching frequency, to achieve simultaneous 

high current and high voltage handling capability, bipolar devices such as IGBTs or thyristors are 

preferred. 

4H-SiC Ultra-high blocking voltage device development has been hindered in the past by low as-

grown ambipolar carrier lifetimes, which are typically on the order of 1 µs for as-grown material [3]. 

A reduction of lifetime limiting deep levels can be achieved by changing epitaxial growth 

conditions [4], at the cost of poor surface morphology, which is not conducive to the fabrication of 

large-area devices capable of handling high on-state currents. The development of lifetime 

enhancement procedures [3,5]  has resulted in ambipolar lifetimes of 10 µs or more for thick 4H-

SiC n-type epitaxial layers. This enables the continued scaling of 4H-SiC device blocking voltage. 

Without high lifetime, minority carrier diffusion lengths are too short to guarantee complete 

conductivity modulation of the drift region. 

This work describes the development of 4H-SiC n-IGBTs designed for a nominal avalanche 

rating of 24 kV fabricated on 210 µm and 230 µm thick epitaxial blocking layers with doping 

concentrations in the range of 1~2.5×10
14

 cm
-3

. A high blocking voltage of 27.5 kV was achieved 

by utilizing a 230 µm drift region. A lifetime enhancement treatment consisting of 15 hours of 

thermal oxidation increased as-grown ambipolar carrier lifetime from 1.6 µs to over 10 µs. On-state 

voltages of 11.8 V at 20 A forward current and 25 °C were achieved, which corresponds to a DC 

rating of 20 A current capability at a thermal power limit of 300 W (370 W/cm
2
). 

Device Design and Fabrication 

A simplified cross-section and macro-photograph of the fabricated SiC n-IGBTs are shown in 

Fig. 1. Two different designs were selected for evaluation: a deep punch-through design (210 µm 
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thick, 1×10
14

 cm
-3

 doped, VPT ≈ 4 kV) and a soft punch-through design (230 µm thick, 2.5×10
14

 cm
-

3
 doped, VPT ≈ 12 kV). It is perceived that soft punch-through drift regions will result in lower dv/dt 

transients during switching [6], and thus lower capacitive current spikes from the antiparallel diode 

and increased Electromagnetic Compatibility (EMC). Both drift region designs result in calculated 

parallel plane breakdown voltages greater than 24 kV [7]. The n-type field-stop buffer was 

approximately 1-2 µm thick, and doped sufficiently to avoid reach-through breakdown at the 

avalanche voltage. A 1.5 mm wide edge termination consisting of floating guard rings was used to 

alleviate high electric fields at the active region edge. Prior to device fabrication, a lifetime 

enhancement procedure consisting of 15 hours of thermal oxidation at 1300 °C was performed to 

increase the as-grown drift ambipolar lifetime from less than 2 µs to more than 10 µs. Details of the 

device fabrication can be found in reference [1]. 
 

Device Static Characteristics 

The static IV characteristics measured in pulse mode for both device blocking layers are shown 

in Fig. 2. A positive temperature coefficient is observed for both device blocking layers. At room 

temperature, the on-state forward voltage drop at 20 A for the n-IGBT with a 210 µm drift region  

was 11.7 V, and 11.8 V for the IGBT with a 230 µm thick drift region.  

 

 
Fig. 2. IV characteristics of IGBT with 210 µm drift region (left) and 230 µm drift region (right) 

The devices have approximately the same on-state forward voltage drop with 20 V gate bias across 

the range of operating currents, indicating that the minority carrier lifetime is sufficient to guarantee 

conductivity modulation of the drift region.  The static forward blocking current-voltage 

characteristic for the best measured device is shown in Fig. 3, showing under 10 µA of leakage at 
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Fig. 1 (a). Cross section of fabricated 4H-SiC n-IGBTs including 

passivation scheme to achieve high blocking voltage. 
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Fig. 1 (b). Plan view 

macro-photograph of 

fabricated n-IGBT die. 
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27.5 kV. Device threshold voltages at 1 µA of current and VC=10 V were greater than 2 V, 

guaranteeing normally-off operation. 

Device Dynamic Performance 

The inductive load double-pulse turn-

off switching waveforms at a bus voltage 

of 14 kV and load current of 20 A at 

25 °C, 75 °C, and 125 °C are shown in 

Fig. 4. Two series 10 kV JBS diodes with 

balance resistors were used as a 

freewheeling device; the air-core load 

inductor used had a value of 13.8 mH. 

The current “notch” observed 

immediately after the initial voltage rise 

is a result of the diode capacitance; 

computations of current flow through the 

diode capacitance exactly match the 

observed current drop. A low impedance gate drive was used to switch the device as quickly as 

possible. As can be seen, increasing temperature leads to increased stored charge for both devices, 

and thus increased switching times and larger turn-off losses. Switching times for both devices are 

comparable across the range of temperature, however, the deep punch-through device (WD=210 µm) 

has a faster transition to the bus voltage upon punch-through, which is desirable from a turn-off 

energy standpoint. The soft punch-through design (WD=230 µm) requires more voltage to reach the 

punch-through condition, and thus has a higher instantaneous power loss for a longer period of time 

during the switching transient. 

It should be noted that although the deep punch-through design has a fast transition to the blocking 

voltage upon punch-through, the values of dv/dt observed for this device are not dissimilar to the 

values observed for the soft-punch through design. The peak value of dv/dt for the deep-punch 

through device is 120 kV/µs, and occurs during the fast transition to the bus voltage after punch-

through; this peak is comparable to the dv/dt of 100 kV/us that occurs immediately after switching. 

Conversely, as a consequence of its slightly higher transconductance (Fig. 2), the soft punch-through 

design has a peak dv/dt of 170 kV/us that occurs early in the turn-off transient. Thus, the deep punch-

through design is preferred not only from a turn-off energy standpoint, but for EMC as well. 

Performance Evaluation and Discussion 

Based on the measured current-voltage characteristics and switching loss characteristics across 

current and temperature, the static current rating as well as dynamic thermal performance of the 

fabricated IGBTs in a converter application can be evaluated. The static current rating can be 

 
Fig. 3. Static blocking characteristics for n-IGBT with 

230 µm thick drift region at with VGS=0 V. Inset: 

Calculated electric field with applied voltage of 27.5 kV. 

 
Fig. 4. 14 kV, 20 A double pulse switching waveforms for n-IGBT with 210 µm deep punch-through 

drift region (left) and 230 µm soft punch-through drift region (right). 
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determined by considering a thermal power limit of 300 W (370 W/cm
2
 for the 0.81 cm

2
 die). This 

rating corresponds to a thermal resistance of 0.2 K/W, a junction temperature of 150 °C, and a 

module base-plate temperature of 90 °C. Based on this and the IV characteristic shown in Fig. 2, the 

devices can be rated at 20 A DC at TJ=150 °C and VF=14.0 V. 

Thermal analysis was conducted to the switching and conduction loss components of both the 

deep punch-through and soft-punch through devices. Linear models were fit to the measured 

conduction and switching losses of both device types and evaluated for a boost chopper application 

at 50% duty cycle; the resultant coupled thermal system was solved for a junction temperature of 

150 °C. To ensure thermal stability, the inequality 1/),,( ≤⋅∂∂ THF RTTIfP   must be satisfied [8]; 

the operating points shown in Fig. 5 are far below this limit. The analysis indicates that the deep 

punch-through design with a thinner drift region is capable of operation at 10 A and a switching 

frequency of more than 3.0 kHz at TJ=150 °C, and the soft-punch through design is capable of 10 A 

at 2.3 kHz. The deep punch-through device was switched at a bus voltage of up to 16 kV. The turn-

off and -on switching loci for the 16 kV bus voltage and 20 A forward current are shown in Fig. 6. 

Conclusion 

4H-SiC n-IGBTs with an avalanche breakdown voltage of 27.5 kV and total area of 0.81 cm
2
 

have been successfully fabricated. Devices with 210 µm, lighter doped drift regions had superior 

overall performance to devices with 230 µm, heavier doped drift regions with no penalty to the 

maximum observed switching dv/dt, and are thus a preferred design for ultra-high voltage 

applications. 
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