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Application Note

Comparison of SIC MOSFET and Si IGBT

Description

This document explains the comparison of Toshiba SiC MOSFET TW070J120B and Si IGBT, by
switching loss, conduction loss, diode loss, and total power loss simulation.
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1. SiC Power Devices

Silicon carbide (SiC) comprises silicon (Si) and carbon (C) atoms. Each atom is surrounded by four different
atoms in the form of a regular tetrahedron. SiC is a compound semiconductor with the densest tetrahedral
arrangement. SiC has many crystalline structures called polytypes that exhibit different physical properties
because of periodic differences in the overlap of tetrahedrons.

Compared to silicon, SiC has a wider energy gap where no electron states can exist (called a bandgap)
between the valence band (i.e., an energy band filled with valence electrons) and the conduction band (i.e., an
empty energy band in which electrons can be present). A wide bandgap provides a strong chemical bond
among atoms and therefore a high electric breakdown field. SiC has an electric breakdown field roughly ten
times that of silicon. Because of a strong atomic bond, SiC has greater lattice vibration and consequently
conducts energy more easily than silicon. Therefore, SiC is a semiconductor material with good thermal
conduction. The polytypes of SiC include 4H-SiC and 6H-SiC that are hexagonal crystal structures and 3C-SiC
that is a cubic crystal structure. Table 1-1 compares the physical properties of silicon and other semiconductor
materials. 4H-SiC is commonly used as a semiconductor material because it provides a better balance among
electron mobility, dielectric breakdown strength, saturation velocity, and other physical properties than other

polytypes of SiC.

Table 1-1 Physical Properties of Typical Semiconductor Materials

Property Unit Si 4 H-SiC 6H-SIC 3C-SiC GaN GaAs Diamond
Bandgap eV 1.12 3.26 3.02 2.23 3.39 1.43 5.47
1000 450
Electron mobility e cm?/Vs 1400 l;"zcc’)%"is “;6’06’“5 1000 900 8500 2200
|| to c-axis || to c-axis
Hole mobility pn 600 120 100 50 150 400 1600
Electric breakdown field E. V/cm 3.0x10° | 2.8x10° | 3.0x10° | 1.5x10° | 3.3x10° | 4.0x10° | 1.0x107
Thermal conductivity A W/cmK 1.5 4.9 4.9 4.9 2.0 0.5 20
Saturated electron drift velocity Vsa cm/s 1.0x107 | 2.2x107 | 1.9x107 | 2.7x107 | 2.7x107 | 2.0x107 | 2.7x107
9.7 9.7
. . . 1 to c-axis 1 to c-axis
Relative dielectric constant ¢ 11.8 10.2 10.2 9.7 9.0 12.8 5.5
|| to c-axis || to c-axis

As shown in Table 1-2, the resistance of the drift region accounts for a large percentage of the on-resistance
per area of high-voltage power devices. To reduce on-resistance, it is necessary to either increase the dopant
concentration in the drift region or reduce its thickness. However, the dopant concentration is inversely
proportional to the withstand voltage. In the case of silicon with low breakdown strength, it is impossible to
further increase the dopant concentration without compromising the withstand voltage. It is also difficult to
reduce the thickness of the drift region of a silicon device because the expansion of the depletion region could
cause punch-through (between drain and source) when a reverse bias is applied across the drain and source.
SiC power devices with breakthrough performance have been appearing lately because the dielectric
breakdown strength of 4H-SiC is nearly ten times that of silicon as shown in Table 1-1. For example, the
withstand voltage of a MOSFET can be simply expressed as:

Withstand voltage = maximum electric breakdown field x depletion region thickness + 2

(The assumption is a triangular electric field distribution.)

This equation indicates that because of a higher electric breakdown field than that of silicon, SiC makes it
possible to increase the dopant concentration in the drift region and thereby reduce its thickness to obtain the
same withstand voltage. Electron and hole mobilities (u) characterize how quickly an electric field can
accelerate the velocity of an electron or a hole (velocity = mobility (u) x electric field (E)). A higher mobility (u)
means that an electric current flows more easily, resulting in lower resistance. The maximum velocity
attainable is called the saturation velocity.
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Table 1-2 Simulated on-resistances of
a double-diffused Si MOSFET

Withstand
Voltage

Rch 1% 0. 3% Electric field strength 2

— | Depletion Regio)
Reer  18%  14%  Divmer| T g VA Fa—

n = Withstand voltage .
Rarift 81%  86% \........._T'TPEE'.'?.‘_‘!’_"_“.FE‘_"_!' "~5|Lpe ! ’ Prain
Rsub 0. 1% 003% = i R = Impurity concentration

Drain
TTL 100% 100% .
(a) Si-MOSFET (b) SiC-MOSFET

Figure 1-1 Structure of a double-diffused MOSFET

In addition, the high thermal conductivity (A) of SiC makes it ideal as a material for high-power semiconductor
devices.

SiC makes it possible to create high-voltage power devices with unprecedentedly low on-resistance thanks to
a heavily doped thin drift region as shown in Figure 1-1 (b).

2. SiC MOSFET Features

Since the dielectric breakdown strength of SiC is about 10 times as high as that of Si, a power device with
high withstand voltage and low voltage drop can be realized. In the case of the same withstand voltage, the
on-resistance per unit area can be reduced compared with that of Si. In addition, while Si MOSFET is generally
commercialized only up to about 1000V, SiC MOSFET is commercialized up to about 3300V because it can
keep on-resistance low even at high withstand voltages. IGBT, the bipolar device, is commonly used as Si
high-voltage transistors of 1000V or higher. IGBT have bipolar operation with two types of carriers, electron
and hole, by injecting minority carriers, holes, into the drift layer, thereby lowering the resistance in the drift
layer. However, the disadvantage of bipolar operation is that the tail current generated at turn-off due to the
accumulation of minority carriers, which make increase turn-off loss.

On the other hand, SiC can realize MOSFET, the unipolar device that operates only with electrons even in
high-voltage products, and the turn-off loss is smaller than bipolar devices because no tail current is generated.
For this reason, SiC MOSFET is attracting attention because it can operate in the high switching frequency,
which was difficult for Si IGBT, and it also contributes to the miniaturization of passive components.

This report makes comparison for the switching loss, conduction loss, and diode loss of SIC MOSFET and Si
IGBT, and introduces examples of power loss simulation.

3. Power Loss Comparison of SiC MOSFET and Si IGBT

3.1 Rg-dependency of Turn-on and Turn-off Switching Loss (Note 1)
For both turn-on and turn-off switching loss, SiC MOSFET (TW070J120B) can reduce them compared to Si
IGBT (Company A: High Speed Switching type).

(Note 1) IGBT test conditions:

Vce=800V, Ic=10 A, Ta=25 °C, 150 °C, Vge =20 V /-5 V, Inductive Load: L = 1 mH,

IGBT emitter-to-collector diode is used as freewheeling diode (FWDs) in parallel with inductive load.
SiC MOSFET test conditions:

Vopb=800V, Ip=10 A, Ta=25°C, 150 °C, Vgs =20 V/ -5V, Inductive Load: L = 1 mH,

TWO070J120B source-drain diode is used as freewheeling diode (FWDs) in parallel with inductive load.
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Figure 3-1 SiC MOSFET and Si IGBT, Rg-dependency of turn-on switching loss
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Figure 3-2 SiC MOSFET and Si IGBT, Rg-dependency of turn-off switching loss

3.2 Turn-on Switching Waveforms and Turn-on Switching Loss (Note2)

(Note 2)

IGBT test condition: external gate resistance Rg = 150 Q, others are the same test condition as (Note 1).

SiC MOSFET test condition: external gate resistance Rg = 47 Q; others are the same test condition as (Note 1).

In order to equalize current slope at turn-on, the test conditions is set as above.

IGBT Collector Current Ic (A)

Ta=150°C
T itchi i ;
Drain, ct:::;:?:r?;rtlltig:‘gcurrent /SIC MOSFET Drain Current Io (A)\
25 / }[ 1000 25 | \ \ 1000
. . //// 200 20 LL st “ﬁ% Q\ 800
=" A /17 s =Y “ 5
3w i e L - Lm w0 = Tow Hﬂh w‘-‘-w} A a0 Y
. \ A, w > T | / o >
1 S \ AN
0 J A down| © j \ )
= T T S a 1 )
0 00 X (4:: ) 0 \ 800 0 200 /40 600 800
IGBT Collector Emitter Voltage Vce (V)
Figure 3-3 Turn-on Switching Waveform of SiC MOSFET and Si IGBT
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3.3 Turn-off Switching Waveform and Turn-off Switching Loss (Note3)

(Note 3)

IGBT, SiC MOSFET test conditions:

The external gate resistor Rg is 47 Q. Otherwise, the test conditions are the same as (Note 1).
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Figure 3-5 Turn-off Waveform of SiC MOSFET and Si IGBT
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3.4 On-resistance Characteristics
SiC MOSFET (TW070J120B) can reduce the on-voltage characteristic V psn) (V cesay) in the area
below Ta =150 °C, Ip (Ic) = 25A compared to Si IGBT (Company A: High Speed Switching type).

ID ' IC - VDS,VCE

=

SiC MOSFET: Ves =20 V

SiIGBT: Vee =15V \
30 \

30
~
Common source Common source \\ N \,/
; ~ N
/ / T, =150°C >§
25 7t 25 o7
Pulse test / y Pulse test /5/
/ ‘Ir / l'
20 / 4 20 2 ’
~ /L N
5 A = ! 2 P ,/
= 15 / 4 = 15 £ / -
- i N / 7
o // If' = // /
10 £ # 10 4 -~
// ,
5 :" 5 v !
/ l, /
/ ’I /
0 = 0 =
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
VDS ’ VCE (V) VDS y VCE (V)
Figure 3-7 Ip- Vps Curve of SiC MOSFET and Ic - Vce Curve of Si IGBT
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3.5 Diode Forward Voltage Characteristic
SiC MOSFET (TW070J120B) has a lower diode-forward voltage V¢ than Si IGBT (Company A: High
Speed Switching type) when T, =25 °C, I = 0.8 A or higher, and is comparable when Ta= 150 °C, Ig=

3 A or higher.
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_— \
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= cs» Ve / / = s, Vee ~ l
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c c y7)
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e ) /
= )
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: AREE ~
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© / / © V
2 . s,
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Figure 3-8 Ig- Ve Curves of SiC MOSFET and Si IGBT

4. Power Loss Simulation

Using the switching characteristics, on-resistance characteristics, and diode-forward voltage characteristics
of SIC MOSFET (TW070J120B) and Si IGBT, Power Loss is simulated with conditions as V¢. = 400V, lob=7.0
Arms, P.F. = 1, three-phase modulation, and T; = 150 °C.

SiC MOSFET (TW070J120B) can reduce approximately 28W power loss compared to Si IGBT, contributing to
efficiency improvement of equipment.

50
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35
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25
20
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5
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B Tum-off loss

B Turm-on loss

Power loss (W)

B Conduction loss
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Figure 4-1 Power Loss Simulation Results
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RESTRICTIONS ON PRODUCT USE

Toshiba Corporation and its subsidiaries and affiliates are collectively referred to as “TOSHIBA”.
Hardware, software and systems described in this document are collectively referred to as “Product”.

o TOSHIBA reserves the right to make changes to the information in this document and related Product without notice.

e This document and any information herein may not be reproduced without prior written permission from TOSHIBA. Even with TOSHIBA's
written permission, reproduction is permissible only if reproduction is without alteration/omission.

e Though TOSHIBA works continually to improve Product's quality and reliability, Product can malfunction or fail. Customers are responsible for
complying with safety standards and for providing adequate designs and safeguards for their hardware, software and systems which minimize
risk and avoid situations in which a malfunction or failure of Product could cause loss of human life, bodily injury or damage to property,
including data loss or corruption. Before customers use the Product, create designs including the Product, or incorporate the Product into their
own applications, customers must also refer to and comply with (a) the latest versions of all relevant TOSHIBA information, including without
limitation, this document, the specifications, the data sheets and application notes for Product and the precautions and conditions set forth in
the "TOSHIBA Semiconductor Reliability Handbook" and (b) the instructions for the application with which the Product will be used with or for.
Customers are solely responsible for all aspects of their own product design or applications, including but not limited to (a) determining the
appropriateness of the use of this Product in such design or applications; (b) evaluating and determining the applicability of any information
contained in this document, or in charts, diagrams, programs, algorithms, sample application circuits, or any other referenced documents; and
(c) validating all operating parameters for such designs and applications. TOSHIBA ASSUMES NO LIABILITY FOR CUSTOMERS'
PRODUCT DESIGN OR APPLICATIONS.

¢ PRODUCT IS NEITHER INTENDED NOR WARRANTED FOR USE IN EQUIPMENTS OR SYSTEMS THAT REQUIRE
EXTRAORDINARILY HIGH LEVELS OF QUALITY AND/OR RELIABILITY, AND/OR A MALFUNCTION OR FAILURE OF WHICH MAY
CAUSE LOSS OF HUMAN LIFE, BODILY INJURY, SERIOUS PROPERTY DAMAGE AND/OR SERIOUS PUBLIC IMPACT
("UNINTENDED USE"). Except for specific applications as expressly stated in this document, Unintended Use includes, without limitation,
equipment used in nuclear facilities, equipment used in the aerospace industry, lifesaving and/or life supporting medical equipment, equipment
used for automobiles, trains, ships and other transportation, traffic signaling equipment, equipment used to control combustions or explosions,
safety devices, elevators and escalators, and devices related to power plant. IF YOU USE PRODUCT FOR UNINTENDED USE, TOSHIBA
ASSUMES NO LIABILITY FOR PRODUCT. For details, please contact your TOSHIBA sales representative or contact us via our website.

e Do not disassemble, analyze, reverse-engineer, alter, modify, translate or copy Product, whether in whole or in part.

* Product shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is prohibited under any applicable
laws or regulations.

e The information contained herein is presented only as guidance for Product use. No responsibility is assumed by TOSHIBA for any
infringement of patents or any other intellectual property rights of third parties that may result from the use of Product. No license to any
intellectual property right is granted by this document, whether express or implied, by estoppel or otherwise.

e ABSENT A WRITTEN SIGNED AGREEMENT, EXCEPT AS PROVIDED IN THE RELEVANT TERMS AND CONDITIONS OF SALE FOR
PRODUCT, AND TO THE MAXIMUM EXTENT ALLOWABLE BY LAW, TOSHIBA (1) ASSUMES NO LIABILITY WHATSOEVER,
INCLUDING WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING
WITHOUT LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF DATA, AND (2)
DISCLAIMS ANY AND ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO SALE, USE OF PRODUCT, OR
INFORMATION, INCLUDING WARRANTIES OR CONDITIONS OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE,
ACCURACY OF INFORMATION, OR NONINFRINGEMENT.

* Do not use or otherwise make available Product or related software or technology for any military purposes, including without limitation, for the
design, development, use, stockpiling or manufacturing of nuclear, chemical, or biological weapons or missile technology products (mass
destruction weapons). Product and related software and technology may be controlled under the applicable export laws and regulations
including, without limitation, the Japanese Foreign Exchange and Foreign Trade Law and the U.S. Export Administration Regulations. Export
and re-export of Product or related software or technology are strictly prohibited except in compliance with all applicable export laws and
regulations.

e Please contact your TOSHIBA sales representative for details as to environmental matters such as the RoHS compatibility of Product. Please
use Product in compliance with all applicable laws and regulations that regulate the inclusion or use of controlled substances, including without
limitation, the EU RoHS Directive. TOSHIBA ASSUMES NO LIABILITY FOR DAMAGES OR LOSSES OCCURRING AS A RESULT OF
NONCOMPLIANCE WITH APPLICABLE LAWS AND REGULATIONS.

Toshiba Electronic Devices & Storage Corporation
https://toshiba.semicon-storage.com/
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