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Description 
This document describes the basic structures, ratings, and electrical characteristics of IGBTs. 

It also provides usage considerations for IGBTs. 
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1. Device structure and characteristics of IGBTs 
An Insulated Gate Bipolar Transistor (IGBT) is a device that combines the MOSFETʼs advantages of 

high input impedance and high switching speed*1 with the bipolar transistorʼs advantage of high 
conductivity characteristics (i.e., low saturation voltage). 

Like MOSFETs and bipolar transistors, the IGBT is also used as an electronic switch. 
 

 *1 The IGBT provides a relatively high switching speed although it is slower than the power 
MOSFET. 
1.1. Basic structure of the IGBT 

Figure 1.1 shows the basic structure and an equivalent circuit of an IGBT. The IGBT has a structure 
similar to that of the MOSFET. Basically, a MOSFET has an n+–n- substrate whereas an IGBT has a p
＋–n+–n- substrate. Therefore, IGBTs and MOSFETs are fabricated using similar processes. 

The equivalent circuit of an IGBT indicates that a thyristor*2 structure is formed by the coupling of 
PNP and NPN transistors. However, as shown by its structure, the thyristor is designed not to function 
since the base and the emitter of the NPN transistor is short-circuited by an aluminum wire (via a 
resistor in the P-base layer). Therefore, an IGBT and its principle of operation can be viewed as 
equivalent to an inverted Darlington configuration realized by an enhancement N-channel MOSFET as 
input stage and a PNP transistor as output stage. 

Since an IGBT has a monolithic structure consisting of a MOSFET and a PNP transistor, its operation 
is characterized by the conductivity modulation of the n- region in addition to the operation 

represented by the equivalent circuit. Conductivity modulation occurs in the n- region because of 

holes (i.e., minority carriers) injected into the n- region from the p＋–n+ region. Conductivity 
modulation causes a decrease in the drain-to-source resistance of the MOSFET. Owing to conductivity 
modulation, the IGBT has a very low on-state voltage drop (low saturation voltage) that is difficult to 
achieve with a high-voltage MOSFET. 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1 Basic structure and equivalent circuit of an IGBT 
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*2 Thyristor 
Typically, a thyristor is a bistable switch (with on and off states) having three PN junctions. 

The current that flows between the anode and the cathode (#2 and #3) can be controlled via the 
current applied to the gate electrode (#1), as shown in Figure 1.2. 
The gate current switches on the lower transistor. Then, the upper transistor switches on, drawing a 
base current from the collector of the lower transistor. This produces a positive feedback in which 
each transistor causes the other to remain on. 
Once the thyristor is on, it cannot be turned off simply by removing the current from the gate. Instead, 
it must be switched off from its load side (for example, by inverting the voltage polarity). 
 
 
 
 
 
 
 
 
 
 

Figure 1.2  Basic structure of a thyristor  

 
From the equivalent circuit, the saturation voltage (VCE(sat)) of the IGBT can be expressed as: 

VCE(sat) = VBE+IMOS(RN-(MOD)＋Rch) ----- Equation 1 

VBE:    Base-emitter voltage of the PNP transistor 

IMOS:    Drain current of the MOSFET 

RN-(MOD): Resistance of the n- region after conductivity modulation 

Rch:    Channel resistance of the MOSFET 

Let the collector current and the DC current gain of the PNP transistor be IC(PNP) and hFE(PNP) 

respectively. Then, IMOS is calculated as: 

IMOS = IC(PNP) / hFE(PNP) ----- Equation 2  

The total current of the IGBT (IIGBT) is: 

IIGBT = IMOS + IC(PNP) 

Equation 1 indicates that the saturation voltage (VCE(sat)) of an IGBT depends greatly on IMOS, 

which is a direct function of the hFE of the PNP transistor as shown by Equation 2. Because there is a 

trade-off between hFE(PNP) and switching characteristics, the hFE of the PNP transistor greatly affects 
the trade-off between the saturation voltage and the switching characteristics of an IGBT. 
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1.2. Comparison of different types of transistors (bipolar transistors, MOSFETs, 
and IGBTs) 

Table 1.1 compares the structures and characteristics of IGBTs, bipolar power transistors, and 
power MOSFETs. 

Table 1.1 Comparison of different types of transistors 
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· Bipolar transistors (NPN transistors) 

See the device structure of a bipolar transistor shown in Table 1.1. In a typical operation, the 

base-emitter junction is positively biased while voltage is applied between the collector and the 

emitter. This causes a current (collector current) to flow from the collector to the emitter.  
In an NPN transistor, carriers (electrons) are injected from the emitter (n+ region) into the base 

region (p+ region). A majority of these electrons cross the PN junction into the collector to form the 

collector current. The remainder of the electrons recombine with holes to form the base current. (The 

direction of current is opposite to the flow of electrons.) The base region is so thin that a majority of 

electrons injected from the emitter diffuse across the base to the collector without recombining with 

holes in the base. This causes the transistor to turn on. 
When the transistor is in the on state, carrier density of the n- region remarkably increases and 

resistance remarkably decreases in the case that the collectorʼs electrical potential is lower than the 
baseʼs electrical potential. The dopant concentration in the n- region changes and resistance varies. 
This phenomenon is called conductivity modulation. 

When a zero or negative voltage is applied across the base-emitter junction, the base current 
becomes zero, decreasing carrier concentration in the device. As a result, both the base-emitter and 
collector-emitter junctions are reverse-biased, and the transistor is turned off. 

 
· N-channel MOSFETs 

See the device structure of an N-channel MOSFET shown in Table 1.1. In a typical operation, the 
gate-source junction is positively biased while voltage is applied between the drain and the source. 
Then, the gate attracts electrons, inducing a conductive channel in the substrate below the oxide film, 
which electrically connects the source region to the drift region, allowing a current to flow. When a 
zero or negative voltage is applied to the gate, the channel disappears, turning off the MOSFET. 

The drain-source current can be controlled via the voltage applied to the gate electrode. The 
current drive capability of the gate control circuit can be as low as necessary to charge and discharge 
the MOSFET gate capacitance. This makes it possible to considerably reduce the size and power loss 
of a gate control circuit of the MOSFET, compared to that of a bipolar transistor. 

Since carrier is not accumulated in the drift region, MOSFETs can switch faster than bipolar 
transistors. The maximum allowable drain-source voltage (VDSS) of a MOSFET can be increased by 
increasing the dopant concentration and thickness of the drift region. A downside of this is an 
increased on-resistance, which cause a substantial increase in conduction loss. 

 
· IGBTs 
As described above, an IGBT is constructed similarly to a MOSFET, except that the IGBT has an 
additional p+ region on the drain side. Consequently, an IGBT has four alternating layers (p-n-p-n). 

IGBT current flows via the internal PNP transistor by turning on the internal MOSFET while voltage 
is applied between the collector and the emitter. 
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This causes conductivity modulation in which holes are injected from the p+ collector region to the 

n- region, reducing the resistance across the n- region. When a zero or negative voltage is applied to 
the gate, the internal MOSFET channel disappears, turning off the IGBT. At this time, the PN junction 
between the p-base and n- drift regions is reverse-biased, interrupting the injection of holes from the 

p+ collector region to the n- region. At turn-off, current continues flowing until the carriers 
accumulated by the conductivity modulation exit the drift region or disappear as a result of 
recombination. (This current is called tail current.) 

Like the MOSFET, the collector-emitter current of an IGBT can be controlled via the voltage applied 
to the gate. Therefore, the current drive capability of the gate control circuit can be as low as 
necessary to charge and discharge the IGBT gate capacitance. As is the case with the MOSFET, this 
makes it possible to considerably reduce the size and power loss of the gate control circuit of an IGBT, 
compared to that of a bipolar transistor. 

IGBTs are ideal for high-voltage applications since their on-state voltage can be reduced due to the 
conductivity modulation effect. However, it takes time for the accumulated carriers to exit the drift 
region at turn-off. Therefore, MOSFETs, which do not have carrier accumulation, can switch faster 
than IGBTs. 
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2. Different types of IGBTs and their structures 
IGBTs can be divided into planar-gate and trench-gate IGBTs according to their gate structures, 

and into punch-through, non-punch-through, and thin-wafer punch-through IGBTs according to their 
vertical structures. 
2.1. Gating structures 

Figure 2.1 compares planar-gate and trench-gate IGBTs. 
In a planar-gate IGBT, a gate is formed on the chip surface. In contrast, in a trench-gate IGBT, the 

gate electrode is buried in a trench that runs through the n+-emitter and p-base regions. The 
trench-gate structure can greatly increase the cell density and therefore reduce the channel voltage 
drop, compared to the planar-gate structure. A JFET*3 is formed between channels in a planar-gate 
IGBT whereas no JFET exists in a trench-gate IGBT. Consequently, the trench-gate IGBT has no 
voltage drop due to a JFET, making it possible to reduce on-state voltage considerably, compared to 
the planar-gate IGBT. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1 Planar-gate structure vs. trench-gate structure 

*3 JFET (junction field-effect transistor) 
When a reverse bias voltage is applied across the gate and source (drain) terminals, the width of 

the depletion layer increases, impeding the gate-source current and switching off a JFET. 
The JFET-like structure in an IGBT does not act as a JFET. 
 
 
 
 
 
 
 

Figure 2.2 Planar-gate structure vs. trench-gate structure 

  

Rch: Channel resistance  

Planar-gate structure Trench-gate structure 

Rdrift: Resistance across  
the drift region 

RJFET: JFET resistance 
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2.2. IGBT classification based on the vertical structure 
IGBTs can be divided into punch-through (PT) and non-punch-through (NPT) IGBTs based on the 

depletion of the drift region that occurs as a result of voltage application across the collector and the 
emitter. A PT IGBT has a depletion layer that extends across the drift region into an n+ low-resistance 
layer whereas the depletion layer in an NPT IGBT does not punch through the drift region and thus 
eliminates the need for an n+ low-resistance layer. 

The punch-through structure fabricated using a thin-wafer process is called a thin-wafer 
punch-through structure or a field-stop punch-through structure. 

Figure 2.3 compares the PT, NPT, and thin-wafer PT structures. 
Reverse-conducting (RC) IGBTs are fabricated using the thin-wafer PT technology to form an n+ 

region through the p+ region. 
2.2.1. Punch-through (PT) IGBTs 

Generally, the punch-through (PT) structure is comprised of n- (drift), n+ (buffer), and p+ (anode) 

regions. The n- region is optimized to meet the withstand voltage requirement. 

PT IGBTs, which are fabricated using epitaxial wafers, have a thick p+ collector region with high 
dopant concentration. In the conducting state, large amounts of carriers are injected from the 
collector to achieve conductivity modulation and thereby reduce the on-state voltage. A downside of 
the PT IGBT is that, at turn-off, current (called tail current) continues flowing until carriers exit the 
n- drift region or recombine, increasing switching loss. To reduce switching loss, crystal defects are 

formed in the n- drift region in order to make the accumulated carriers exit the n- drift region faster. 
This technique is called lifetime control. 

Generally, PT IGBTs have a high collector-emitter threshold voltage in the conducting state. Further 
reduction in the VCE(sat) of PT IGBTs has been a challenge (or obstacle). (See Figure 2.4) 
2.2.2. Non-punch-through (NPT) IGBTs 

The non-punch-through (NPT) structure is designed with a thick n- drift region so that the depletion 
layer remains within the n- drift region even in the maximum electric field. Therefore, NPT IGBTs do 

not have an n+ buffer region that is required in PT IGBTs to reduce the expansion of the depletion 

layer. (The n+ buffer region in the PT IGBT is also used to control the amount of holes injected from 

the p+ anode.) 

In addition, the NPT IGBT has a thin p+ region. And by varying dopant concentration of this p+ 
region, the amount of carrier injection is controlled. This eliminates the need for lifetime control, 
which is required for PT IGBTs to reduce the turn-off time. Although the NPT IGBT generally has lower 
switching loss than the PT IGBT, the thicker n- drift region of the NPT IGBT causes an increase in 
on-state voltage, particularly in the high collector current region. 

On the other hand, the NPT IGBT has much lower VCE(sat) threshold than the PT IGBT. Therefore, 
the NPT IGBT generally has lower on-state voltage in the low to rated current region. (See Figure 2.4) 
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2.2.3. Thin-wafer PT (thin-PT) IGBTs 
Thin-PT IGBTs combine the advantages of both PT and NPT processes. Specifically, thin-PT IGBTs 

provide the low operating resistance characteristic of the PT process because of the optimized drift 
region as well as the high-speed switching and forward threshold characteristics of the NPT process. 

The PT IGBT is fabricated using an epitaxial wafer to use a high-concentration p region as a 
collector region whereas the NPT process forms a collector region at the backside of the device via ion 
implantation. As a result, NPT IGBTs can accurately control the amount of holes injected from the 
collector without the need for lifetime control. However, since NPT IGBTs do not have an n+ buffer 
region with high dopant concentration that alters the electric field distribution, they must be designed 
in such a manner as to prevent the depletion layer from punching through the collector region. 
Consequently, NPT IGBTs need a thicker drift region than PT IGBTs. To avoid this problem, by 
adopting the thin wafer technology and optimum design of the n+ buffer region, the thin-PT IGBT was 

realized low VCE(sat) and high switching performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3 IGBTs with different vertical structures  
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Figure 2.4 IC-VCE(sat) Characteristic Image  

 
2.2.4. Reverse-conducting (RC) IGBTs 

RC IGBTs have an n+ region that runs through the p+ collector region to form a diode. Although 
other types of IGBTs are often connected in anti-parallel with a freewheeling diode (FWD), the RC 
IGBT integrates both an IGBT and an FWD in a single chip. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.5 Structure of the RC IGBT 
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3. Ratings of discrete IGBTs 
3.1. Maximum ratings of IGBTs 
For IGBTs, the maximum allowable current, voltage, power dissipation, and other parameters are 

specified as maximum ratings. 

In creating a semiconductor circuit design, understanding maximum ratings is crucial to ensure 

that semiconductor devices operate within the target period of time and with sufficient reliability. 

One of the characteristics of semiconductor devices is that their electrical characteristics are very 

sensitive to temperature. Therefore, the maximum ratings are determined, considering the 

temperature rise of a device. When a voltage applied to an IGBT is constant, its electrical 

conductivity and thereby leakage current increase as the ambient temperature increases. The 

increased leakage current causes a further temperature rise. This cycle enters into a positive 

feedback loop, eventually destroying the device in the worst case. 

The maximum ratings of IGBTs must not be exceeded to ensure the expected useful life and 

reliability. The maximum ratings are limited by the materials, circuit designs, and manufacturing 

conditions used and therefore differ from device to device. 

The absolute maximum ratings are the highest values that must not be exceeded during operation 

even instantaneously.  

In addition, it is difficult to apply two or more absolute maximum ratings simultaneously. In other 

words, the rated value of each item is specified under conditions without the influence of other 

items. For example, when voltage and current within the maximum ratings are applied 

simultaneously, a problem may arise. 

Exposure to a condition exceeding a maximum rating sometimes causes permanent degradation of 

the electrical characteristics. Care should be exercised as to supply voltage bounces, variations in 

the characteristics of circuit components, possible exposure to stress higher than the maximum 

ratings during circuit adjustment, changes in ambient temperature, and input signal fluctuations. 

The maximum ratings of IGBTs are specified with respect to base, collector, and emitter currents, 

terminal-to-terminal voltages, collector power dissipation, junction temperature, storage 

temperature and so on. These parameters are interrelated and cannot be considered separately. In 

some cases, they also depend on external circuit conditions. 
 
 
 
 
 
  



IGBTs (Insulated Gate Bipolar Transistor) 
Application Note 

 2022-07-04 16 © 2018-2022 
Toshiba Electronic Devices & Storage Corporation 

3.2. Absolute maximum ratings 
All parameters are specified at 25°C ambient unless otherwise noted. 

Different IGBTs have slightly different types of ratings. For details, see the technical datasheets for 
individual IGBTs. 
 

Table 3.1 Absolute maximum ratings 

Characteristic Symbol Definition 
(For ratings, see the relevant technical datasheets.) 

Collector-emitter voltage VCES The maximum allowable voltage between the 
collector and the emitter when the gate and the 
emitter are zero-biased (i.e., shorted) 

Gate-emitter voltage VGES The maximum allowable voltage between the gate 
and the emitter when the collector and the emitter 
are zero-biased (i.e., shorted) 

Collector current (DC) IC Maximum allowable DC collector current  

Collector current (pulsed) ICP Maximum allowable pulsed collector current 

Diode forward current*4 IF The maximum DC current that can flow through the 
freewheeling diode in the forward direction 

Diode forward current  
(pulse/100 μs)*4 

IFP The maximum pulsed current that can flow through 
the freewheeling diode in the forward direction 

Short-circuit withstand time*5 tsc The maximum allowable period of time during which 
the device can be short-circuited under the specified 
conditions and after which it normally returns to the 
off state 

Collector power dissipation  
(TC =25°C) 

PC The maximum allowable power dissipation 

Junction temperature Tj The maximum junction temperature at which an 
IGBT can operate 

Storage temperature Tstg The maximum temperature at which an IGBT may be 
stored without current or voltage application 

Tightening torque TOR The maximum torque that can be applied to screws 
when mounting an IGBT on a cooling surface with the 
specified screws 

 
*4: These ratings apply to IGBTs with a freewheeling diode (FWD). 
*5: This rating applies to the IGBTs that are commonly used for applications in which the IGBTs may 
be used in short-circuit mode. 
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3.3. Thermal resistance characteristics 
Table 3.2 Thermal resistance characteristics 

Characteristic Symbol Definition 
(For ratings, see the relevant technical datasheets.) 

Junction-to-case thermal 
resistance*6 

Rth(j-c) Thermal resistance from the device junction to the 
package case 

*6: This parameter is provided for IGBTs with a built-in diode. 
 

Thermal resistance is a value that indicates the resistance of an object or material to a heat flow. It 
is expressed as a temperature rise caused by power dissipation per unit of time. The symbols 
commonly used for thermal resistance are Rth and θ, and its unit of measure is °C/W. 

Figure 3.1 shows a junction-to-case transient thermal impedance (rth(j-c))*7 curve. The value, which 

is fixed regardless of time, is thermal resistance Rth. (The sign in parentheses expresses the place 
that defines the value. "(j-c)" means "between a junction and a case.") 
 

A rise in junction temperature caused by a single pulse is calculated as: 
ΔTj = rth(j-c)(t) × PC 

where, ΔTj is a rise in junction temperature, PC is the power applied, and rth(j-c)(t) is the thermal 
resistance at time t (period during which power is applied). 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 Transient thermal impedance curve 

 
*7: transient thermal impedance (rth(j-c)) 

rth(j-c) means a temperature rise by power dissipation per (in the time of a rectangular wave pulse) 

unit of time. The symbols commonly used for thermal resistance are Rth and θ, and its unit of 
measure is °C/W. 
It is also called the transient thermal impedance Zth. 
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3.4. Electrical characteristics 
3.4.1. Static characteristics 
All parameters are specified at 25°C ambient unless otherwise noted. 
Test conditions differ for different IGBTs. For details, see the technical datasheets for individual IGBTs. 

Table 3.3 Static characteristics 

Characteristic Symbol Definition 
(For ratings, see the relevant technical datasheets.) 

Gate leakage current IGES The gate-emitter current that flows when the rated voltage 
is applied across the gate and the emitter with the collector 
and emitter electrodes shorted 

Collector cut-off current ICES The collector-emitter current that flows when the rated 
voltage is applied across the collector and the emitter with 
the gate and emitter electrodes shorted 

Gate-emitter cut-off voltage VGE(OFF) The gate-emitter voltage at which the rated collector 
current flows when the rated collector-emitter voltage is 
applied 

Collector-emitter saturation 
voltage 

VCE(sat) The collector-emitter voltage when the rated gate-emitter 
voltage is applied and the collector current is at the rated 
value 

Diode forward voltage*8 VF The emitter-collector voltage when the rated forward 
current is applied to the freewheeling diode of an IGBT 

*8: This parameter applies to IGBTs with a built-in freewheeling diode (FWD). 
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3.4.2. Dynamic characteristics 
All parameters are specified at 25°C ambient unless otherwise noted. 
Test conditions differ for different IGBTs. For details, see the technical datasheets for individual IGBTs. 

Table 3.4 Dynamic characteristics 

Characteristic Symbol Definition 
(For ratings, see the relevant technical datasheets.) 

Input capacitance Cies The capacitance between the gate and the emitter at the 
rated gate-emitter voltage, collector-emitter voltage, and 
frequency 

Sw
itc

hi
ng

 ti
m

e*9
 

Turn-on delay 
time 

td(on) The time it takes for the collector current to reach 10% of 
the rated value at turn-on from the time at which the gate 
voltage is 10% of the rated value (inductive load) 

Rise time tr The time it takes for the collector current to rise from 10% 
to 90% of its rated value at turn-on  

Turn-on time ton The time it takes for the collector current to reach either 
90% of its rated value (in the case of a resistive load) or 
10% of the drain-source voltage (in the case of an 
inductive load) at turn-on from the time at which the gate 
voltage is 10% of the rated value 

Turn-off delay 
time 

td(off) The time it takes for the drain-source voltage to reach 
10% at turn-off from the time at which the gate voltage is 
90% of the maximum rated value 

Fall time tf The time it takes for the collector current to fall from 90% 
to 10% of its rated value at turn-off  

Turn-off time toff The time it takes for the collector current to reach 10% of 
its rated value at turn-off from the time at which the gate 
voltage is 90% of the maximum rated value 

Switching loss 
(Turn-on loss) 

Eon The amount of energy lost during turn-on until the 
collector-emitter voltage reaches the rated value 

Switching loss 
(Turn-off loss) 

Eoff The amount of energy lost during turn-off until the 
collector-emitter voltage reaches the rated value 

Reverse recovery 
time(*10) 

trr The period of time during which reverse recovery current 
flows through the freewheeling diode under the rated 
conditions that is connected in anti-parallel between the 
collector and the emitter 

*9: This parameter is specified under either resistive- or inductive-load conditions, depending on the 
intended use of each IGBT. See the datasheets for individual IGBTs as the specified parameters and 
their conditions differ between resistive and inductive loads. 
*10: This parameter applies to IGBTs with a built-in freewheeling diode (FWD). 
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(1) Capacitance characteristics 
In an IGBT, the gate is insulated by a thin silicon oxide. Therefore, an IGBT has capacitances 
between the collector, gate, and emitter terminals as shown in Figure 3.2. 
The gate-collector capacitance (Cgc) and the gate-emitter capacitance (Cge) are mainly 
determined by the structure of the gate electrode whereas the collector-emitter capacitance 
(Cce) is determined by the capacitance of the vertical PN junction. 

The input capacitance (Cies=Cgc+Cge) is an important parameter for switching characteristics 
and for the design of a gate drive circuit. The gate drive circuit must be capable of charging and 
discharging the input capacitance of an IGBT, and the charge and discharge times greatly affect 
its switching characteristics. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2 IGBT capacitances 
 
(2) Switching time Resistive loads 

Figure 3.3 shows the switching time test circuit and switching waveforms of an IGBT under 
resistive-load conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3 Switching time test circuit and switching waveforms under resistive-load 
conditions 

Switching time test circuit for resistive loads 
Switching waveforms under resistive-load conditions 

Input capacitance, Cies = Cgc + Cge 
Output capacitance, Coes = Cce + Cgd 
Reverse transfer capacitance, Crss = Cgc 
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Inductive loads 
Figure 3.4 shows the switching time test circuit and switching waveforms of an IGBT under 

inductive-load conditions. Since the freewheeling diode in the test circuit is connected in parallel with 
an inductive load, the IC waveform during turn-on includes the diodeʼs reverse recovery current. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4 Switching time test circuit and switching waveforms under inductive-load 
conditions 

 
(3) Switching loss 
Switching loss is specified under inductive-load conditions for the IGBTs that are suitable for 

applications in which switching loss is important such as motor drivers. Figure 3.5 shows the periods 
of time during which switching loss is measured. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5 Measurement of switching loss under inductive-load conditions 

 
 
 
 

Switching time test circuit for inductive loads Switching waveforms under inductive-load conditions 
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4. Performance characteristics curves 
4.1. Static characteristics 

Figure 4.1 shows the relationships between the collector current (IC) and the collector-emitter 

voltage (VCE) at different gate-emitter voltages (VGE). In other words, these curves indicate the 
collector current capability at a given gate-emitter voltage. While the collector current is flowing, the 
power loss is determined by the collector current and the collector-emitter voltage. The IC-VCE curves 

are therefore very important in creating a circuit design. It should be noted that the IC-VCE curves 
vary with temperature. 

Increasing the gate-emitter (VGE) voltage reduces VCE(sat). When IGBTs are used for switching 

applications, it is desirable to set VGE at around 15 V in order to minimize VCE(sat). 

As shown in Figure 4.1, the collector current increases sharply at a VCE of 0.7 V or so. This occurs 

because the base-emitter voltage (VBE) of the PNP transistor between the collector and the emitter of 

an IGBTʼs equivalent circuit (i.e., forward voltage across the PN junction) is added to VCE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1 IC-VCE curves of an IGBT 

4.2. Safe operating area (SOA) 
4.2.1. Concept 

The safe operating area (SOA) is defined as the voltage and current conditions over which an IGBT 
can be expected to operate without self-damage or degradation and often shows multiple curves for 
different pulse widths. Separate SOA graphs may be provided for different temperature conditions. 

The SOA of an IGBT is limited by the absolute maximum ratings such as the maximum voltage, 
maximum current, and maximum collector power dissipation. However, IGBTs for switching 
applications could be degraded or damaged even when they are used within individual maximum 
ratings. Therefore, IGBT applications must be designed in such a manner that the operating points of 
all IGBTs fall within their SOA curves. 
There are two safe operating areas: forward-bias safe operating area (FBSOA) and reverse-bias safe 



IGBTs (Insulated Gate Bipolar Transistor) 
Application Note 

 2022-07-04 23 © 2018-2022 
Toshiba Electronic Devices & Storage Corporation 

operating area (RBSOA). Since different regions of SOAs are limited by different designs for IGBTs, it 
is necessary to refer to the datasheets for the IGBTs used. 
4.2.2. Forward-bias safe operating area (FBSOA) 

The forward-bias safe operating area of an IGBT is limited by its absolute maximum ratings such as 
the maximum voltage, maximum current, and maximum collector power dissipation as well as the 
secondary breakdown. 

IGBT applications should be designed, taking the FBSOA into account. 
 
The FBSOA of an IGBT can be divided into the following four regions: 

1. Region limited by the maximum collector current rating 
2. Region limited by collector power dissipation (thermal breakdown) 
3. Region limited by secondary breakdown 
4. Region limited by the maximum collector-emitter voltage rating 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 Safe operating area  
4.2.3. Secondary breakdown (S/B) 

Secondary breakdown (S/B) of an IGBT occurs because VGE(OFF) has negative thermal dependence. 
As patterning becomes finer with the improvement of IGBT characteristics, the S/B phenomenon 
becomes more pronounced. 
S/B originally referred to a phenomenon in bipolar transistors, namely, the occurrence of negative 

resistance (current concentration) during operation at high voltage or large current. Current 
concentration causes local heating, resulting in a small hot spot. Furthermore, current increases and 
concentrates at the hotspots. 
 
This cycle is called thermal runaway. It degrades or causes breakdown of the device. In this respect, 

S/B of an IGBT in an SOA is the same as that of a bipolar transistor. But S/B of the IGBT is not caused 
by internal parasitic bipolar transistor operation. Although the term “S/B” may be inappropriate for 
the IGBT, it is applied to the IGBT, having been inherited from the bipolar transistor. 
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4.2.4. The mechanism of secondary breakdown (S/B) 
The S/B mechanism of an IGBT is considered in the following: 
Electric charges are induced between the insulated gate oxide and the interface when the gate is 

biased positively. It makes an inverted channel. 
 Once the inverted channel has been made, a current starts flowing through the collector to the 
emitter of the IGBT. The gate voltage at this point is VGE(OFF). The IGBT controls the collector current 
by the change of the electric charge induced between the insulated gate oxide and the interface. 
 The higher the temperature rises, the lower the VGE(OFF) becomes. This is because electric charge is 
generated easily at high temperature.  
 Channel temperature is inversely proportional to the difference between gate voltage VGE and 

VGE(OFF) (i.e., VGE-VGE(OFF)). The larger this difference, the more electric charge is generated, and the 
higher the density becomes. Hence, channel resistance decreases. 
 The higher temperature leads to the generation of more electric charge, causing VGE(OFF) to become 

lower and VGE-VGE(OFF) to become higher. Consequently, channel resistance decreases. 
 
 Based on the above explanation, the S/B mechanism is described in the following: 
(1) Increase of temperature of the IGBT decreases gate-emitter cut-off voltage VGE(OFF), and channel 

resistance decreases. 
(2) Current concentrates in the channel with reduced resistance, causing a further temperature rise, 

which results in a further decrease in the gate threshold voltage VGE(OFF). 
(3) The current becomes increasingly concentrated through positive feedback. This leads to 

destruction of the device. 
 Based on the above explanation, the S/B line on an SOA is determined by changing the channel 
resistance as the temperature increases. Slopes of lines are different between the thermal restricted 
region (region #2 in Figure 4.2) and the S/B region (region #3 in Figure 4.2). 
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4.2.5. Reverse-bias safe operating area (RBSOA) 
The reverse-bias safe operating area (RBSOA) shows the current and voltage conditions over which 
an IGBT can be turned off without self-damage. A transition from the on state to the off state gives 
rise to a voltage surge due to a circuitʼs stray inductance. IGBT applications must be designed in such 
a manner that the operating loci of the IGBTʼs turn-off cut-off current and the resulting surge voltage 
must fall within the RBSOA (for example, by reducing circuit stray inductance, adding a surge 
suppression circuit, and reducing the turn-off speed). 
Figure 4.3 shows the reverse-bias safe operating area (RBSOA) of an IGBT, which is bound by the 
following limits: 
1. Region limited by the maximum collector current rating, ICP (1 ms) 
2. Region limited by the characteristics intrinsic to a device, which are determined by the device 
design and other factors 
3. Region limited by the maximum collector-emitter voltage rating (VCES) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3 Reverse-bias safe operating area 

 
 
 
 
 
 
 
 
 
 
 

Figure 4.4 Reverse-bias safe operating area 

For products for motor driving applications, wider RBSOA is applied. (Figure 4.4) 
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5. Applications 
5.1. Thermal design 
5.1.1. Heat dissipation in a steady state 

The permissible power dissipation of an IGBT is determined by the ambient temperature (Ta), the 

IGBTʼs maximum junction temperature (Tjmax), and heat dissipation conditions. 

A thermal energy flow can be modeled by analogy to an electrical circuit. Using this model, the 

thermal energy flow from the junction of an IGBT to the ambient air is derived from thermal 

resistances (see Appendix A) and thermal capacitances. Figure 5.1 shows an equivalent thermal 

circuit in a thermally steady state. 

Rth(i): Internal thermal resistance (Rth(j-c): 

Junction-to-case thermal resistance) 

Rth(b): External (case-to-ambient) thermal 

resistance 

Rth(s): Thermal resistance of an insulation 

plate 

Rth(c): Contact thermal resistance (between 

case and thermal fin) 

Rth(f): Thermal resistance from a thermal fin to 

ambient air 

 

 

 

 

 

 

 

Figure 5.1 Equivalent thermal circuit 

 

 

 

From the equivalent circuit of Figure 5.1, the junction-to-ambient thermal resistance Rth(j-a) can be 

calculated as follows: 

Rth ( j - a ) = Rth ( i ) + 
 Rth ( b ) � Rth ( s ) + Rth ( c ) + Rth ( f ) � 

Rth ( b ) + Rth ( s ) + Rth ( c ) + Rth ( f )
 -------------  Equation 1 

If no heat sink is used, Rth(j-a) is simplified to: 
Rth ( j - a ) = Rth ( i ) + Rth ( b ) -------------------------------------------------------  Equation 2 

In Figure 5.1, the Rth(b) of the IGBT is considerably larger than Rth(i) , Rth(c), Rth(s) , and Rth(f) . 

Therefore, Equation 1 can be simplified to:  

Rth ( j - a ) = Rth ( i ) + Rth ( S ) + Rth ( C ) + Rth ( f ) ------------------------------  Equation 3 

Hence, when thermal energy is produced at the junction due to a power dissipation of PC watts, the 

resulting junction temperature (Tj) is expressed as follows: 

 Tj =P c  ( Rth ( i ) + Rth ( S ) + Rth ( C ) + Rth ( f ))＋Ta    -----------------------  Equation 4 

When Ta=25°C, the collector power dissipation (Pc) of the IGBTʼs equivalent circuit shown in Figure 

5.1 is: 
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PCmax ( Ta = 25°C ) = 
 Tj max -  Ta ( Ta = 25°C ) 

Rth ( j - a )
 ---------------------------------  Equation 5 

The maximum collector power dissipation rating of an IGBT is specified at Tc=25°C (Tc=Ta, infinite 

heat sink), and its thermal resistance is specified as junction-to-case thermal resistance, Rth(j-c)
*13. 

PCmax ( Tc = 25°C ) = 
 Tj max -  Tc ( Tc = 25°C ) 

Rth ( j - c )
 ---------------------------------  Equation 6 

*13  Rth(j-c) is shown as Rth(i) in Figure 5.1. 

 
5.1.2. Heat dissipation in a transient state 

Generally, the thermal impedance of a transistor is modeled as a distributed constant circuit as 

shown in Figure 5.2. 

 

 

 

 

Figure 5.2 Transient thermal impedance model  

When the pulse dissipation Pj(t) shown in Figure 5.3 is applied to the circuit of Figure 5.2, a change 

in junction temperature Tj(t) that appears at the mth parallel RC circuit under stable thermal 

conditions can be calculated as follows: 

1) In the region where Pj(t) = P0: 
 
 
 

2) In the region where Pj(t) = 0: 

Tj(t) = �� Tn(max) e 
� - t

 Cn Rn 
 � �  

m

n-1
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 5.3 Temperature change due to a 
pulse train 

For typical transistors, the actual Pj(t) value can be approximated by substituting 4 for n. 

However, if the C and R values are indefinite, it is difficult to calculate Tj. Therefore, Tjpeak is 

generally calculated using transient thermal impedance as follows: 
Figure 5.4 shows an example of typical transient thermal impedance characteristics. Suppose that 

a single rectangular pulse (with a pulse width of t and a peak value of P0) is applied. From the figure, 
we read the transient thermal impedance at a pulse width of t, and then use Equation 7 to calculate 

Tjpeak. 

Tj(t) Rm 

Cm 

m m-1 
n 2 1 3  Rn R3 R2 R1 

Cm-1 Cn C3 C2 C1 

Ta 

+ 

– 

Tj(t) = ��( P0 Rn ) - Tn ( min ) � � 1 - e 
� - t

 Cn Rn  � �  + 
m

n-1
Tn ( min ) 
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Tjpeak = rth (  t  ) PO + Ta -----------------------------------------------------------------  Equation 7 

When a repetitive pulse train with a cyclic period of T is applied as shown in Figure 5.3, Tjpeak is 

given by Equation 8 using the principle of superposition. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Transient thermal impedance 

 

(a) Repetitive application of 
dissipation 

 

(b) Approximated losses 

(c) Using the principle of 
superposition 

(d) Junction temperature 

Figure 5.5 Calculating junction temperature using the principle of superposition 
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∆Tj ( I ) = PO 
t

 T 
 Rth ( j  -  a ) 

∆Tj ( II ) = PO � 1 - 
t

 T  �  rth ( T + t ) 

∆Tj ( III ) =  - PO rth ( T ) 

∆Tj ( IV ) = PO  rth ( t ) 

Tj peak = PO � 
t

 T 
 Rth ( j - a ) + � 1 - 

t
T  �  rth ( T + t  ) - rth ( T ) + rth ( t ) �  + Ta   

 --------------------  Equation 8 

Equation 8 is applicable only to the thermally limited region of the SOA where no current 

concentration occurs due to secondary breakdown. Great care should be exercised in the thermal 

design for a pulsed power application to ensure that Tjpeak given by Equation 8 does not exceed the 

maximum rated junction temperature of the transistor. 

 

The above description assumes that a rectangular waveform is applied to a transistor. However, 

for actual transistor applications, a rectangular Pj(t) waveform is seldom used. In such cases, 

approximate the power loss waveform to a rectangular wave as shown in Figure 5.5 and use 

Equation 8 to estimate Tjpeak. 

Sine and triangular waves can be approximated to rectangular waves as shown in Figure 5.6. 

To obtain a rectangle with an area equal to a half-sine or triangular area, multiply the peak value 

of PP by 0.7 in the case of (a) and (b), and multiple the pulse width by 0.91 for (a) and by 0.71 

for (b). 

In the case of (c) and (d), use the same peak value of PP, and multiply the pulse width by 0.63 

for (c) and by 0.5 for (d). 
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(a) (b) (c) (d) 

Figure 5.6 Approximating sine and triangular waves to rectangular waves 

 
5.2. IGBT losses 

Power losses of an IGBT mainly consist of conduction and switching losses. Conduction loss occurs 
while an IGBT is in the on state whereas switching loss occurs during turn-on and turn-off of 
transitions. In IGBTs with a diode, the diode also causes a loss, depending on the operation of the 
circuit in which they are used. 

Figure 5.7 shows the switching waveform of an IGBT and the periods of time during which 
conduction and switching losses occur. 

Special care should be taken as to power losses since they cause the heating of an IGBT. 
 

5.2.1. Conduction loss 

Conduction loss (Pcond) is calculated as collector current (IC) multiplied by collector-emitter 

saturation voltage (VCE(sat)): 

Pcond = VCE(sat) × IC 

Conduction loss can be reduced by selecting an IGBT with lower VCE(sat) at the required collector 

current (Ic). 
For applications in which IGBTs are turned on and off repeatedly, conduction loss can be calculated 

by multiplying Pcond by the duty cycle. 
 

5.2.2. Switching loss 
The switching loss of an IGBT can be approximated from its switching times. However, to ensure 

accuracy, it is necessary to measure switching loss under the actual operating conditions. 

PP PP PP PP 
0.7PP 0.7PP 

t t t t 

0.91t 0.71t 0.63t 0.5t 
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Since the switching times of an IGBT are affected by the collector current, gate resistance, and 
temperature, switching loss is also affected by these parameters. Turn-on loss energy (Eon) and 

turn-off loss energy (Eoff) can be calculated in mJ as an integral of the product of the collector current 

(IC) and the collector-emitter voltage (VCE) values over a period of switching transitions. For IGBTs 

used in applications sensitive to switching losses, Eon and Eoff are shown in their datasheets (Figure 
5.8). 
For applications in which IGBTs are turned on and off repeatedly, Pon and Poff can be calculated in 

watts by multiplying Eon (mJ) and Eoff (mJ) by the switching frequency. 
 
 
 
 
 
 
 
 

Figure 5.7 Switching waveform 

 
 
 
 
 
 
 
 
 
 
 

Figure 5.8 Switching losses 
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5.3. Gate drive 
5.3.1. Gate voltage 

The recommended forward gate bias of the IGBT is +15 V. In some cases, reverse gate bias is 
applied to IGBTs to increase their operating noise margin. 

Too low forward gate bias leads to some problems such as the inability to obtain sufficient collector 
current and an increase in power losses due to an increase in the collector-emitter saturation voltage 
(VCE(sat)).  

 Figure 5.9 shows the IC-VCE curves of an IGBT. At the recommended forward gate bias of +15 V, the 
IGBT provides sufficient collector current while maintaining the collector-emitter saturation voltage 
(VCE(sat)) at a low level. 
 
 
 
 
 
 
 
 

Figure 5.9 IC-VCE curves 

 
5.3.2. Gate resistance 

The gate charge current of an IGBT is constrained by gate resistance. Reducing gate resistance 
increases gate charge current and thus reduces the time required to charge the gate. This increases 
the switching speed and reduces switching loss. However, if the gate wire has inductance, gate 
oscillation or noise might occur. For motor applications, the turn-on di/dt and the turn-off surge 
voltage may cause problems. To avoid problems, it is necessary to select appropriate gate resistors. 
Figure 5.10 shows examples of switching time vs. gate resistance (RG) curves. 

 
 
 
 
 
 
 
 
 
 
 

Figure 5.10 Switching time vs. gate resistance (RG) curves 
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5.3.3. Dead time 
Inverters for motor drive applications need dead time to prevent cross conduction in which the 

upper-arm and lower-arm IGBTs provide a direct short-circuit across power supply and GND lines. 
Dead time is a period of time during which both the upper-arm and lower-arm IGBTs are off. Dead 
time is inserted to force off both upper-arm and lower-arm IGBTs to ensure that they are never on at 
the same time while they are switching. 

 
5.3.4. Gate drive current 

The output stage of a gate drive circuit must have a current drive capability greater than the peak 
gate current (IG(peak)) of the driven IGBTs. 

As shown in Figure 5.11, IG(peak) is determined by the following equation from the values of a 

resistor at the signal source (RS), an external gate resistor (RG), an IGBTʼs internal resistance (rg), 

and gate drive voltage (VGG). 

IG(peak) = VGG/(RS+RG+rg) 

In reality, the actual peak gate current (IG(peak)) tends to be smaller than the result of the above 
equation due to a rise delay of the gate current, which is affected by several factors, including the rise 
time of a gate drive circuit and the inductance of the gate wire between the gate drive circuit and the 
IGBT. 

In general applications, rg is smaller than the optimally selected RG, and RS is small. Therefore, the 

above equation can be approximated as IG(peak)=VGE/RG. VGE is the gate-emitter voltage. If the gate 

drive circuit does not have a current capability greater than IG(peak), the switching speed of the IGBT 
might be adversely affected. 
 
 

 

 

 

 

 

Figure 5.11 Resistance components of the gate drive circuit 
 

5.3.5. Miscellaneous information 

Gate drivers are selected from driver ICs, photocouplers, hybrid ICs, and other types of devices 

according to the application of IGBTs. Since the upper-arm and lower-arm IGBTs comprising a 

motor drive inverter have different GND levels, the gate drivers for the upper and lower arms need 

separate power supplies. Usually, a circuit that generates an upper-arm gate drive power supply 

from the lower-arm gate drive power supply or a high-voltage driver IC is used to meet the above 

requirement. (See Appendix B) 
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5.4. Parallel connection 
Direct paralleling of IGBTs could cause the gate-emitter voltage and the collector current to 

oscillate. 

The oscillation of the collector current might make IGBTs uncontrollable or cause an increase in 

power losses. To prevent oscillation, it is effective to attach separate gate resistors to the gate 

electrode of each IGBT as shown in Figure 5.12.   

 

 

 

 

 

 

 

Figure 5.12 Gate resistors for parallel IGBTs 
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5.5. Surge voltage protection 
In switching applications, a surge voltage (Vsurge) could be applied to IGBTs at turn-off due to wire 

stray inductance. The surge voltage (Vsurge) resulting from stray inductance is calculated as 
follows: 

Vsurge = −Ls × di/dt + VCC 

(VCC: Supply voltage) 

IGBTs might be destroyed if Vsurge exceeds their maximum rated voltage. 

Vsurge can be decreased by reducing di/dt and stray inductance. Since reducing di/dt compromises 
the switching performance of IGBTs, it is necessary to minimize stray inductance. 
Snubber circuits can suppress a surge voltage. However, since snubber circuits adversely affect the 
switching performance of IGBTs, you need to understand the characteristics of different types of 
snubber circuits and select an appropriate one. 
 
Examples of snubber circuits 
Figure 5.13 shows three examples of snubber circuits. 
 
 
 
 
 
 
 
 

Figure 5.13 Examples of snubber circuits 

 
The following briefly describes the circuit shown in Figure 5.13(c). 
Figure 5.14 shows separate RDC snubbers for the upper and lower arms and the turn-off waveform 
of the IGBTs. ΔV1 represents the surge voltage that cannot be suppressed owing to the inductance 

(L2) of the snubber circuit. In other words, ΔV1 is equal to the turn-off voltage generated by 

di/dt×L2 at turn-off. Cs is calculated from the following equation: 

1/2 × L1 × (Ic)2
＝1/2 × Cs × (ΔV2)2 

  

(a) Snubber 
  

   

(b) RDC snubber 
    

 

(c) Separate RDC 
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L1: Inductance of the main wiring  L2: Inductance of the snubber circuit 

Rs: Snubber resistor   Ds: Snubber diode   Cs: Snubber capacitor 
 

Figure 5.14 Separate RDC snubbers for the upper and lower arms and turn-off waveform 

 
In some cases, the snubber circuits shown in (a) and (c) are used in combination. 
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Appendixes  
 
Appendix A: Thermal resistance 

The thermal resistance values shown in the equivalent thermal circuit of Figure 5.1 can be 

explained as follows: 

(1) Junction-to-case thermal resistance (internal thermal resistance): Rth(i) 

The internal thermal resistance Rth(i) from the junction of a transistor to the case depends on the 

structure and material of the transistor and differs from transistor to transistor. 

To measure internal thermal resistance, the case of the transistor must be cooled to maintain a 

constant temperature. When the case temperature Tc is held at 25°C, the maximum allowable 

power dissipation, PCmax, of a transistor can be calculated as follows: 

PC max = 
 Tj  max - TC 

Rth ( i )
 = 

 Tj  max - 25 
Rth ( i )

   ( W )  

In the datasheets for high-power transistors, the maximum allowable collector power 

dissipation PCmax is specified either at TC = 25°C or assuming the use of an infinite heat sink. PCmax 

is determined by the internal thermal resistance of the transistor. 

(2) Contact thermal resistance: Rth(c) 

Contact thermal resistance Rth(c) varies according to the condition of the contact surface 

between the case of a transistor and a heat sink. This condition is greatly affected by factors such 

as the evenness, coarseness, and area of contact, as well as the tightening of the transistor onto 

the heat sink. The influence of the coarseness and unevenness of the contact surface can be 

reduced by applying silicone grease or attaching silicone rubber. 

(3) Insulation plateʼs thermal resistance: Rth(s) 

If it is necessary to provide electrical insulation between a transistor and a heat sink, an 

insulation plate must be inserted between them. The thermal resistance of this insulation plate 

Rth(s) varies with the materials, thickness, and area of the plate and is not negligible. 

For packages insulated by mold resin, the thermal resistance specified for a transistor includes 

the insulatorʼs thermal resistance Rth(s). 

(4) Heat sinkʼs thermal resistance: Rth(f) 

The thermal resistance of a heat sink can be considered as the distributed thermal resistance of 

a heat path from the surface of a heat sink to the ambient air. The thermal resistance of a heat sink 

depends on the condition of the ambient, a difference in temperature between the heat sink and 

the ambient air, and the effective area of the heat sink. It is difficult to mathematically express Rth(f). 

Actually, Rth(f) is obtained by measurement. 

Figure 5.15 shows an example of thermal resistance data measured for a transistor standing 
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vertically at the center of a heat sink. 

Various heat sinks are available from many vendors. The optimal heat sinks should be selected, 

referring to their technical datasheets. 

 

 

 

 

 

 

 

 

Figure 5.15 Heat sink surface area vs. thermal resistance 
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Appendix B: Power supply circuit 
 
Charge pump 

In Figure 5.16, the NMOS and PMOS transistors operate with mutually exclusive logic signals. 
#1) While the NMOS transistor is on, C1 is charged through the VCCL-D1-C1-NMOS loop. 

#2) This turns on the PMOS transistor, causing VCCH to be formed through the C1-D2-VCCH-PMOS-C1 
loop. 

VCCH is placed in such a manner as to be superimposed on the main power supply (VDD). Gate driver 
circuits are configured via a freewheeling diode (FWD) of the main switching transistors. Since the 
drain of the high-side MOSFET acts as a reference (on the lower-voltage side) for VCCH, the high side 
of a charge pump can also operate from a single power supply. In practice, however, charge pumps 
are not used for high-voltage applications since many of the devices including the PMOS and NMOS 
transistors need a breakdown voltage higher than VDD+VCCH. 
 
 
 
 
 
 
 
 

 
Figure 5.16 Charge pump 

Bootstrap circuit 
In Figure 5.17, the power supplies for the high-side gate drivers are primarily formed by the loops 

VCC → (resistor) → D → C1 (or C2 or C3) → Q2 (or Q4 or Q6) → VCC. The midpoint voltage of each 

phase needs to be equal to the lower-side voltage of VCC in order for C1 to C3 to be charged. This 

means C1, C2, and C3 are charged while Q2, Q4, and Q6 are on or while currents are flowing back 
through the FWDs. The charge voltages might decrease significantly, depending on the high-side and 
low-side on-off timings and the ratios of C1 to C3 to the input capacitances of the corresponding 
MOSFETs. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.17 Bootstrap circuit 
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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. 

• 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. 

• 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. 

• 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. 

• 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. 

• 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. 

• 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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