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1. Introduction

Power semiconductors, which serve to supply and control electric power, are indispensable for
energy conservation and the realization of carbon neutral in all types of electrical equipment.
The demand for power semiconductors is expected to continue to grow in the future as
automobiles become electrically powered and industrial equipment become more efficient and
smaller. In the context of the expanding demand mentioned above, Silicon Carbide(SiC) is
attracting attention as a next generation power-semiconductor material that can withstand
higher voltages and lower losses than conventional Silicon(Si).

Continuing from our second generation(2G), our third generation(3G) SiC MOSFET adopts a
structure in which a Schottky barrier diode (SBD) is built in parallel with the PN diode that exists
between the drain and source of the SiC MOSFET to solve the reliability problem of the device.
In addition, by adopting the latest device structure, we have significantly improved the switching
performance index Ron*Qgq¢ and the on-resistance per unit area R,,A, compared with our 2G
products. The wide gate-to-source voltage (Vgs) rating and the high gate threshold voltage (Vi)
make it less susceptible to the malfunction due to switching noise, which means it is an easy-
to-use product with high capability to noise.

3G SiC MOSFET has the above-mentioned features, contributing to lower-power-dissipation
and higher-output in the applications such as switching-mode power supplies, uninterruptible
power supplies (UPS), solar inverters, and EV charging stations.
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2. Product list

As shown in Table2.1, the 3G SiC MOSFET includes a lineup of TO-247 packaged products
with 650V, 1200V withstand voltage.

Product Package | Vpss(V) RDS((gq')ngp' In(A) (\G“) Q(g:é’;) )
TWO015N120C 15 100 158
TWO030N120C 30 60 82
TW045N120C 1200 45 40 57
TWO060N120C 60 36 46
TW140N120C 140 20 24
TWO015N65C 107247 15 100 301050 128
TW027N65C 27 58 65
TWO048N65C 650 48 40 41
TWO083N65C 83 30 28
TW107N65C 107 20 21
TW015Z120C 15 100 158
TW030Z120C 30 60 82
TW0452120C 1200 45 40 57
TW060Z120C 60 36 46
TW140Z120C 140 20 301050 24

TO-247-4L
TWO015265C 15 100 128
TW027265C 27 58 65
TW048265C 650 48 40 41
TW083265C 83 30 28
TW107265C 107 20 21

Table2.1 3G SiC MOSFET products

3. Features of 3G SiC MOSFET
3.1 Improvement of conduction loss and switching loss

Fig. 3.1(b) shows the structure of the 3G SiC MOSFET. Compared to the 2G SiC MOSFET
structure (Fig. 3.1(a)), nitrogen is injected under the wide p-type diffusion region (p-well) to
reduce the p-well bottom spreading resistance Rqpreaq @and increase the current capability of the
SBD. In addition, by injecting nitrogen into the JFET N°* 1! region, the area of the JFET is reduced,
thereby reducing the feedback capacitance without increasing Rg,A.
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(a) 2G SiC MOSFET (b) 3G SiC MOSFET
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Nitrogen injection into the bottom of the p-well

Fig. 3.1 Structure of 2G and 3G SiC MOSFET

Compared to the 2G product, as shown in Fig. 3.2, by applying this state-of-the-art device
structure, the 3G SiC MOSFET of 1200V has a 43% reduction in on-resistance per unit area R, A
and an 80% reduction in the switching performance index Ron*Qqg¢. Fig. 3.3 shows the results
of evaluating the switching loss of the 2G and 3G products. The switching loss of the 3G SiC
MOSFET(1200V, 45mQ (typ.)) is about 11% lower than that of the 2G SiC MOSFET(1200V,
70mQ (typ.), even though the R,, is reduced by about 35%. Fig. 3.4 shows the inductance (L)
load circuit for evaluating waveforms and losses during switching. Fig. 3.5 shows turn-on

waveforms and turn-off waveforms.

Notel JFET: An abbreviation for Junction Field Effect Transistor, which is a voltage-controlled transistor.
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Fig. 3.2 Reduction results of 3G RonA and Ron*Qga against 2G
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Fig. 3.4 L-load circuit for evaluating waveform and loss during switching

Measured conditions: Vpp=800V, Ip=20A, L=100pH, Vss=18V/0V, Ry (external gate resistor)
=4,7Q
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Fig. 3.5 Waveform comparison of L-load switching for 2G and 3G 1200V SiC MOSFET
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3.2 Easier gate drive design by wider Vgs rating and higher Vi,

As shown in Fig. 3.6, our 3G SiC MOSFET has a wider Vgs rating: (-10V(min) to 25V(max)
and a higher Vy:3V(min) to 5V(max) over competitor’s latest generation products, making it
less susceptible to malfunction due to switching noise and easier to design gate drives.

. Gate-source voltage(Vgs) - Gate threshold voltage(V.,)
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Fig. 3.6 Vgs ratings and Vi, standards for our 3G product and the latest-generation products of
other competitors

3.3 Built-in SBD achieves both low forward voltage(Ve) and high reliability

The 3G SiC MOSFET adopts a structure (Fig. 3.7) in which an SBD is built in parallel with the
PN diode of the SiC MOSFET. This achieves low Vg characteristics and greatly suppresses R,
fluctuation due to defect expansion in the SiC crystal. Fig. 3.8 shows the on-resistance (Rps(on))
fluctuations of a conventional SBD non-integrated SiC MOSFET and our SBD built-in SiC MOSFET
when current density of 250 A/cm2 is applied from source to drain for 1000 hours. In
conventional SBD non-integrated SiC MOSFET, we have confirmed that the Rpson) fluctuates by
up to 42% after 1000 hours of current conduction. On the other hand, we were able to suppress
the Rps(on) Variation up to 3% with the SBD built-in SiC MOSFET that we have adopted. This is
because the built-in SBD suppresses PN diode-operation up to a high current and prevents
crystal-defect extension.

MOSFET area SBD area MOSFET area

I 1 |
1 r \ r

gy, B .,

Fig. 3.7 Cross-sectional structure of a MOSFET with a built-in SBD
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Fig. 3.8 Rps(on) of 3G SiC MOSFET after drain reverse current flow

4. Superiority of 3G SiC MOSFET

4.1 Temperature characteristics of Rps(on)

The Rpson) temperature characteristics (Fig. 4.1) of our 3G product and competitor’s latest
generation products under the following measurement conditions are shown below. The higher
the temperature, the higher Rpsony Of each company's products. Taking the Rpsion) at 25°C as
1, we confirmed that our 3G product has the lowest Rpsiony increase rate at each temperature
point. Even at Ta = 175°C, the Rpsiony Of our 3G product increased by only 17% compared to
the Rpsony at 25°C, and the Rpsony of Company C which has the second lowest increase rate,
increased by 43%. The temperature characteristics of Rps(on) is found to be the advantage over
all competitors.

Measured conditions: Vgs=18V, I,=20A
Our measured sample: TW048N65C
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Fig. 4.1 Temperature dependence of Rpson)
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4.2 Switching characteristics

We conducted a comparative evaluation of turn-on switching loss (Eon) and turn-off switching
loss (Eo) between our 3G product and the latest generation products of our competitors. Fig.
4.2 shows the Ry dependence curve of Eg, loss and Eq¢loss. Since the 3G product has a built-in
SBD, the output capacitance is slightly larger than the latest generation products of the
competitors, and E,, is higher than the latest generation of competitors under the Ry conditions
(4.7 Q to 20 Q) evaluated this time. On the other hand, we confirmed that our 3G product has
faster current fall speed at turn-off, and the E.is lower than the latest generation products of
competitors in the entire Ry range. As shown in Fig. 4.3, we have confirmed that the total
switching loss (Eon+Eo) Of our 3G product is equal to or lower than that of competitor’s latest
generation products under the Ry conditions evaluated this time.

Measured conditions: Vpp=400V, Ip=20A, Ta=25°C, Vgs=20V/0V, L=100uH

The source-drain diode of each product is used as a freewheeling diode in parallel with the
inductive load.

Our measured sample: TW048N65C
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Fig. 4.2 Ry dependence of turn-on (E,n) and turn-off (Eqs) switching Loss
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Fig. 4.3 Ry dependence of total switching loss (Eon+Eef)
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4.3 Vg of source to drain

Our 3G SiC MOSFET has a built-in SBD to achieve low reverse conduction loss due to low
source to drain V. Ipr-Vr (Vgs=0V) curve in Fig. 4.4 shows that our 3G product has a lower Vg
than the latest generation products of competitors in the entire Ipr region. When there is a
reverse conduction period, for example, during the dead-time period in synchronous rectification
mode, current flows between the source to drain, so the low Vg characteristics helps reduce the
reverse conduction loss.

40
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20

Ipr (A)

10

Ve(V)

Fig. 4. 4 Ipr-VE curve

4.4 Evaluation results with totem pole PFC evaluation board

Totem pole PFC is a power supply PFC circuit topology that can achieve both high efficiency
and a small number of components and has been attracting attention in recent years due to the
widespread use of SiC and GaN. Fig. 4.5 shows the totem-pole PFC and its operation. High-
frequency leg (Q1,Q2) performs high-frequency (to hundreds of kHz or MHz) switching
operations, and low-frequency leg (Q3,Q4) performs rectification operations at commercial
frequency (50-60Hz). Because Q1 and Q2 perform hard-switching operation at high frequencies,
a deadtime is provided to prevent Q1 and Q2 from turning on simultaneously. During this period,
the body diode will be conducted, resulting in a loss due to reverse recovery current. Therefore,
to reduce the loss of totem pole PFC, products with excellent reverse recovery characteristics
such as SiC MOSFET and GaN should be used. In addition, Q3 and Q4 shown in Fig. 4.5 are
alternately performed synchronous rectification every half cycle of the input AC power supply
and the switching occurs at the zero-cross point. Therefore, a low Rps(on) product can be selected
without the need for the high-speed reverse recovery characteristics of a parasitic built-in diode.
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Fig. 4.5 PFC circuit of totem pole connection and explanation of the operation

This time, we installed our 3G SiC MOSFET (TW048N65C) in Q1 and Q2 for high frequency
switching and compared the efficiency with that of our competitors. Table 4.1 shows the
evaluation conditions for the totem pole PFC evaluation board.

input voltage 230VAC, 50Hz
output voltage 400V

output power 3600W(max)
switching frequency 72kHz

Table 4.1 PFC evaluation conditions

Fig. 4.6 shows the efficiency curve comparison between our 3G product (TW048N65C) and
the latest generation products of competitors. We have confirmed that each company has
achieved a high efficiency of 98% or more at 1.8 kW with a 50% load. Also, as shown in Fig.
4.7, under heavy load conditions of more than 1.8 kW(50% load) our 3G product is more
efficient than the latest generation products of competitors, and the efficiency advantage is
remarkable. This is believed to be the result obtained from the features of our 3G product,
such as reduced conduction loss due to good temperature dependence of Rps(on), reduced
switching loss due to high-speed switching characteristics, and reduced dead time loss due to
low Ve characteristics.
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Fig. 4.6 Efficiency result of totem pole PFC Fig. 4.7 Benchmark against other companies
evaluation board based on the efficiency of our 3G product
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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”.

¢ 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.

e« 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.

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

e 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.

¢ 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.
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