
Innovative Silicon (i-Si) Power Device with Time-Spatial Carrier Control 

Tomoyuki Miyoshi1, Tomoyasu Furukawa1, Masaki Shiraishi2, and Mutsuhiro Mori2 

1 Research & Development Group, Hitachi, Ltd. 

7-1-1, Omika-cho, Hitachi-shi, Ibaraki-ken, 319-1292, Japan

Phone: +81-70-2484-9718 E-mail: tomoyuki.miyoshi.pt@hitachi.com 
2 Hitachi Power Semiconductor Device Ltd. 

5-2-2, Omika-cho, Hitachi-shi, Ibaraki-ken, 319-1221, Japan

Abstract 

An innovative silicon power device (i-Si) is proposed 

that breaks through the loss limitation of conventional 

insulated gate bipolar transistors (IGBTs). By applying 

time-spatial control of a stored carrier at the state of 

conduction and switching of IGBT with a structure of 

additional control gate and divided drift combining gate 

driving technology, the power loss performance 

overcomes the trade-off between lower saturated voltage 

and lower turn-off loss. A proposed dual side-gate high-

conductivity IGBT (HiGT) through time and space 

control of a stored carrier (TASC), which is a component 

of 6.5 kV rated i-Si, showed -40% turn-off loss from the 

leading-edge IGBT. Proposed i-Si can provide higher-

power with low-cost solution. 

1. Introduction

For more than 37 years, IGBTs have been improved in

terms of reduced power dissipation with lower conductive 

and switching losses by various technologies such as a scaling 

rule for the IGBT [1] and HiGT concept [2]. Figure 1 shows 

the historical changes of IGBTs and an applied 3.3kV power 

module’s inverter loss and rated currents that have the gate 

structures of a planer-gate [3], a trench-gate [4], and a 

leading-edge side-gate [5]. The conventional planar-gate and 

trench-gate have shown lower saturated voltage (VCEsat) due 

to enhanced conductivity modulation at the conduction of 

IGBTs. Furthermore, side-gates, which have a side-wall gate 

structure surrounded by a thick gate oxide layer, have 

achieved a lower turn-off loss (Eoff) and turn-on loss (Eon) due 

to a lower feedback capacitance (Cres) characteristic. 

However, further improvement of loss performance has 

reached a limitation because of the trade-off relationship 

between VCEsat and Eoff due to the stored carrier density at the 

conduction state of IGBTs. For a technology breaking 

through IGBT’s limitation, we have proposed the concept of 

dynamically controlling carrier density with additional side-

gate, named i-Si [6,7] using low cost silicon semiconductor. 

In this paper, we demonstrate the lower-loss performance of 

6.5 kV rated dual side-gate HiGT through TASC (TASC 

HiGT) that is a component of i-Si power device. 

2. Concept on Time-spatial Carrier Control

There is a trade-off relationship between VCEsat and Eoff

due to stored carrier distribution caused by conductivity 

modulation of IGBT. Figure 2 shows the trade-off of the 

leading-edge side-gate HiGT. With a highly hole injection 

type from a high-dose p-collector, the promoted conductivity 

modulation at IGBT conduction generates low VCEsat 

performance, whereas a high turn-off current generates high 

Eoff at the switching. On the other hand, a lowly hole injection 

type shows high VCEsat with low Eoff. Therefore, to break 

through the limitation on IGBT losses, a method on mode 

control with time-spatial scale was proposed. In the 

conductive state of IGBT, a large amount of carriers should 

be stored for low VCEsat, while at the right before turn-off 

switching, stored carrier density near the emitter surface 

region of the drift layer should be reduced to promote the 

depletion of the drift and reduce the turn-off current for low 

Eoff. A combination of TASC HiGT and gate driving 

technology optimizes the carrier density in accordance with 

the states, thereby enabling drastic low-loss performance.  

 

 

 

 

 

 

 

Fig. 1 Historical changes of IGBT structure and performance. 

 

 

 

Fig. 2 Trade-off of IGBT generated by stored carrier and our target. 
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Fig. 3 Proposed structure of TASC HiGT, and applied gate driving 

technology. 

Fig. 4 Experimental turn-off waveforms of TASC HiGT with the 

parameter of td_off, and trade-off performances on VCEsat and Eoff.  

3. Low-loss of TASC HiGT

Figure 3 shows the configuration of 6.5 kV rated TASC

HiGT and gate drive technology. Our proposed TASC HiGT 

consists of two chips connected in parallel; one is a high-

conductivity (Hc) chip with a high-dose p-collector layer, and 

the other is a high-speed (Hs) chip with a low-dose p-collector 

layer. This has two isolated gate terminals; one is a switching 

gate (Gs), and the other is a carrier control gate (Gc) that can 

control the stored carrier density during conduction and right 

before turn-off switching. The gate driver, converting a PWM 

command signal to an isolated two driving signals, are 

designed to switch between conduction and switching mode 

with timing delay of td_off. During the conduction mode of 

TASC HiGT, both Gs and Gc bias of +15 V inject electrons 

from an emitter to the drift to promote conductivity 

modulation in an Hc chip and obtain low VCEsat performance. 

During the switching mode right before turn-off, the 

preceding Gc bias of -15 V extracts the hole carriers from a 

Hc chip, moves them to a Hs chip to suppress conductivity 

modulation, and then creates the fast switching profile. This 

is the time-spatial carrier control that enables higher 

controllability of stored carrier density [7]. Figure 4 shows 

the experimental turn-off current, voltage waveforms, and 

trade-off of a TASC HiGT. By setting td_off longer, lower 

stored carrier density creates the lower turn-off tail current 

leading to lower Eoff. Considering the temporary conduction 

loss increase at the period of td_off, 65 s. is the optimal 

driving parameter. TASC HiGT shows -40% lower Eoff than 

the leading-edge side-gate HiGT, maintaining low VCEsat of 

3.7 V. Breaking thorough the loss limitation of 6.5 kV IGBT 

could be demonstrated with the proposed TASC HiGT. 

Proposed carrier control concept could also be applied to a 

freewheeling diode (FWD), named MOS controllable stored-

carrier diode (MOSD) [7]. Our i-Si, which is composed of 

TASC HiGT, MOSD, and their driving technology, can 

provide a low-loss and high-power module with low-cost for 

innovative power semiconductor devices. 

4. Conclusions

In this paper, i-Si power device technology with time-

spatial carrier control concept was proposed for breaking 

through the conventional IGBT loss limitation. TASC HiGT 

with gate driving technology can optimize the stored carrier 

density at the state of conduction and right before switching. 

Experimental results show -40% lower Eoff from the leading-

edge side-gate HiGT, maintaining low VCEsat performance, 

breaking through the conventional trade-off of IGBT. The 

feasibility of the innovative low-loss and low-cost Si solution 

was demonstrated. 

References 

[1] M. Mori, N. Sakurai, K. Hanaoka, Y. Nakazawa, T. Kurosu, T.

Shigemura, and H. Ohkubo, “A new generation IGBT module

with low loss, soft switch and small package,” in Proc. 1995 Int.

Power Electronics Conf., pp. 916–920, 1995.

[2] M. Mori, K. Oyama, T. Arai, J. Sakano, Y. Nishimura, K. Masuda,

K. Saito, Y. Uchino, and H. Homma, “A planar-gate high-

conductivity IGBT (HiGT) with hole-barrier layer,” IEEE Trans.

Electron Devices, Vol. 54, pp. 1515–1520, 2007.

[3] M. Mori, R. Saito, and T. Yatsuo, “A High Power IGBT Module

for Traction Motor Drive”, Proc. 5th ISPSD, pp. 287-291, 1993.

[4] K. Oyama, Y. Kohno, J. Sakano, J. Uruno, K. Ishizaka, D.

Kawase and M. Mori, “Novel 600V Trench High-Conductivity

IGBT (Trench HiGT) with Short-Circuit Capability”, Proc. 13th

ISPSD, pp. 417-420, 2001.

[5] M. Shiraishi, T. Furukawa, S. Watanabe, T. Arai, and M. Mori,

“Side Gate HiGT with Low dv/dt Noise and Low Loss”, Proc.

28th ISPSD, pp. 199-202, 2016.

[6] T. Miyoshi, Y. Takeuchi, T. Furukawa, M. Shiraishi and M. Mori,

“Dual side-gate HiGT breaking through the limitation of IGBT 

loss reduction,” in Proc. PCIM Europe2017, pp. 315-322, 2017.

[7] M. Mori, T. Miyoshi, T. Furukawa, Y. Takeuchi, Y. Hotta, and

M. Shiraishi, “An Innovative Silicon Power Device (i-Si)

through Time and Space Control of a Stored Carrier (TASC),”

in Proc. 30th Int. Symp. on Power Semiconductor Devices & ICs,

pp. 520-523, 2018.

0.0

0.5

1.0

1.5

2.0

2.5

3.0

2.0 3.0 4.0 5.0 6.0

E
o

ff
(J

)

VCEsat (V)

6.5 kV devices, VCC = 3600 V, 

Ic = 200 A (rated), Tj = 150 ℃

Dual side-gate HiGT

through TASC

(This study)

Single-gate IGBT

(Side-gate; leading-edge)

−36%

−40%

SiC-MOSFET

(Simulated)

Single-gate 

IGBT

(Planar-gate)

VCE: 2 kV/div.

VGsE: 20 V/div.

VGcE: 20 V/div.

1 s./div.
td_off : 70 s.

Vcc = 3600 V, 200 A, 125℃, 

td_off = 10 s. ~ 70 s. (10 s. step) 

Single plate measurement

td_off : 10 s.

3600 V200 A

IC: 100 A/div.

E

n-

p

n+n+

p+

C

E

n-

p

n+

a
n+

p-

C

Short

lifetime

High Low

E

n-

p

n+n+

p+

C

E

n-

p

n+

a
n+

p-

C

Short

lifetime

High Low

High-conductivity
Hc chip 

High-speed 
Hs chip

GsGc

Device structure

Carrier 

density 

control 

TASC HiGT

Drive signal and mode control

High carrier density

→Low VCEsat

Switching modeConductive mode

Gc: +15V, Gs: +15V Gc: -15V, Gs: +15V
Stored carrier 

density 

Controlled 

by Gc bias

time

HsHcHsHc

Gc

Gs

Low carrier density 

→ Low Eoff

Turn-offConduction

Stored carrier 
density 

- 256 -


