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AN-9005 
Driving and Layout Design for Fast Switching  
Super-Junction MOSFETs 
 

Abstract 

Power MOSFET technology has been developed towards 

higher cell density for lower on-resistance. There are, 

however, silicon limits for significant reduction in the on-

resistance with the conventional planar MOSFET 

technology because of its exponential increase in on-

resistance according to the increase of blocking capability. 

One of efforts to overcome the silicon limit is super-

junction technology in high-voltage power MOSFETs. The 

super-junction technology can dramatically reduce both on-

resistance and parasitic capacitances, which usually are in 

trade-off. With smaller parasitic capacitances, the super-

junction MOSFETs have extremely fast switching 

characteristics and reduced switching losses. Naturally, this 

switching behavior occurs with greater dv/dt and di/dt that 

affect switching performance via parasitic components in 

devices and printed circuit board. It is also related to EMI 

performance of the system. Therefore, an optimized design 

is very important to operate high-speed MOSFETs. The 

purpose of this application note is to discuss driving 

methods and layout requirements in relation to switching 

performance of fast switching MOSFETs. 

Introduction 

The power losses of the switching device can be broken 

into four parts: conduction losses, switching losses, turn-off 

state losses due to leakage current, and driving losses. In 

most switching power applications utilizing high-voltage 

switching devices, the last two parts can be neglected. The 

conduction losses can be reduced through realizing lowest 

possible on-resistance. The switching losses are determined 

by the duration of switching transient, a period where 

current and voltage present simultaneously across the 

channel of the device. Faster switching transients reduces 

switching power losses. The switching device should have 

very low parasitic capacitances to be switched quickly. 

Therefore, considerable work has focused on improving on-

resistance and capacitances. Successive generations of 

super-junction MOSFET technology have shown dramatic 

decrease of the transistor specific on-resistance (RON,sp)
[1]-[2]

. 

Smaller die size and faster switching performance can be 

achieved by lowering RDS(ON) and gate charge (QG). 

However, sharp transitions in voltage and current result in 

high-frequency noises and radiated EMI. To achieve low 

noise radiation, high values of parasitic capacitances are 

required. There is direct conflict in parasitic capacitance 

requirements. Based on recent system trends, improving 

efficiency is a critical goal and going with slow switching 

device just for EMI is not an optimized solution. This note 

tackles how to achieve balance between these considerations 

when designing with fast-switching power devices. 

Super-Junction MOSFET 
Technologies 

The RDS(ON) × QG, Figure Of Merit (FOM) is generally 

considered the single most important indicator of MOSFET 

performance in Switching Mode Power Supplies (SMPS). 

Therefore, several new technologies have been developed 

to improve the RDS(ON) × QG FOM. The super-junction 

device utilizing charge balance theory was introduced to the 

semiconductor industry ten years back and it set a new 

benchmark in the high-voltage power MOSFET market
[3]

. 

Figure 1 shows the vertical structure and electric field 

profile of a planar MOSFET and super-junction MOSFET. 

Breakdown voltage of a planar MOSFET is determined by 

drift doping and its thickness. The slope of electric field 

distribution is proportional to drift doping. Therefore, thick 

and lightly-doped EPI is needed to support higher 

breakdown voltage. The major contribution to on-resistance 

of high-voltage MOSFET comes from the drift region. 

Therefore, the on-resistance exponentially increases with 

the light doping and thick drift layer for higher breakdown 

voltage, as shown in Figure 2.  

Super-junction technology has deep P-type pillar-like 

structure in the body in contrast to the well-like structure of 

conventional planar technology. The effect of the pillars is 

to confine the electric field in the lightly doped EPI region. 

Thanks to this P-type pillar, the resistance of N-type EPI 

can be reduced dramatically compared to the conventional 

planar technology, while maintaining same level of 

breakdown voltage. Therefore, this new technology broke 

silicon limit in terms of on-resistance and achieved only 

one-third the specific on-resistance per unit area compared 

to planar processes
[4]

. It is well known that this technology 

also achieved unique non-linear parasitic capacitance 

characteristics and enabled reduced switching power losses. 
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Figure 1. Planar MOSFET (Left) and Super-Junction MOSFET (Right) 

 

 

Figure 2. Specific RDS(ON) of Planar MOSFET and Super-
Junction MOSFET as a Function of Breakdown Voltage 

 

Power Losses in MOSFET 

The super-junction devices utilizing charge-balance theory 

achieved great reduction in on-resistance of high-voltage 

MOSFETs. Since conduction losses are directly 

proportional to on-resistance, super-junction devices like 

SupreMOS
®
 provide great advantage for conduction losses. 

Faster switching transient can reduce switching losses. 

Since a MOSFET is a uni-polar device, parasitic 

capacitances are the only limiting factors in switching 

transient. Lower parasitic capacitance is required for 

smaller switching losses.
[5]

 The charge-balance principle 

lowers on-resistance per specific area and enables shrink of 

the chip size for the same RDS(on), compared to standard 

MOSFET technology. As shown in Figure 3, the latest 

super-junction MOSFET input capacitance and Miller 

capacitance are greatly reduced from the previous 

generation. However, output capacitance curves look 

similar. The latest super junction MOSFET only shows 

more non-linear behavior. One possible way to find out 

how the output capacitance corresponds to switching losses 

is evaluating an effective value of output capacitance. The 

stored energy in the output capacitance of a MOSFET can 

be calculated by integrating the product of output 

capacitance and drain-source voltage with respect to drain-

source voltage from zero to drain-source voltage just before 

the turn-on transient. This stored energy is dissipated 

through the channel of the MOSFET on every turn-on of a 

switching cycle. The SuperFET
®
 II MOSFET has 

approximately 27% reduced stored energy in output 

capacitance than similar on-resistance devices of previous 

generation SuperFET
®
 I MOSFET for typical switching 

power supply bulk capacitor voltage. The benchmark of 

stored energy in output capacitance is shown in figure 4. 
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Figure 4. Stored Energy in Output Capacitance 
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Figure 5 shows capacitances of super-junction MOSFET 

and planar MOSFET. CISS of the super-junction MOSFET 

stays largely unchanged, but both CRSS and COSS of the 

super-junction MOSFET become strongly non-linear. CRSS 

decreases very rapidly around 10 V drain-source voltage. 

These effects allow an extremely fast dv/dt and di/dt. This 

high-switching speed reduces switching losses, but has 

negative effects, such as increased EMI, gate oscillation, 

and high peak drain-source voltage. Therefore, control of 

the maximum switching speed is very important to obtain 

extreme performance of super-junction MOSFETs without 

negative effects. 
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Figure 5. Comparison of Capacitances between Planar 

MOSFET and Super-Junction MOSFET 

 

Influence of Circuit Parameters On 
Switching Characteristics 

The faster switching of the power MOSFETs enables higher 

power conversion efficiency. However, parasitic 

components in the devices and boards are involving 

switching characteristics more as the switching speed is 

getting faster. This creates unwanted side effects, like high 

voltage or current spikes or poor EMI performance. To 

achieve balance, it is important to have optimized gate drive 

circuitry because the power MOSFET is a gate-controlled 

device. Minimizing of parasitic inductance and capacitance 

on the printed circuit board (PCB) is also important. 

Effect of Gate Resistance 

One of the critical control parameters in gate-drive design is 

the external series gate resistor (Rg). This dampens down 

peak drain-source voltage and prevents gate ringing caused 

by lead inductance and parasitic capacitances of the power 

MOSFET. It also slows down the rate of rise of voltage 

(dv/dt) and current (di/dt) during turn-on and turn-off. 

However, Rg affects the switching losses in MOSFETs. 

Controlling the losses is important as devices need to 

achieve the highest efficiency on the target application. 

Therefore, from an application standpoint, selecting the 

optimized Rg is very important. Too small Rg results in 

excessive dv/dt across drain and source of the MOSFET 

during switching off; therefore, low limit is a value that 

keeps switching dv/dt within the specification in the 

datasheets. Too large Rg causes more losses and poor 

efficiency; therefore, the upper limit is chosen to have the 

same switching losses as the previous version of super-

junction MOSFET or competitors. 

 
Figure 6. Drain-Source Waveforms of MOSFET 

According to Gate Resistors 

Figure 6 shows turn-off response of a MOSFET according 

to various gate resistors. When the planar MOSFET or 

other previous-generation power MOSFET is directly 

replaced with the super-junction MOSFET, switching 

losses are reduced, but the dv/dt may become higher. To 

control of the super-junction MOSFET, increased Rg is 

required. In this case, there should be a limit line for 

increasing the Rg or switching losses with super-junction 

MOSFET can be larger. Figure 7 shows switching losses 

with a previous generation super-junction MOSFET and 

Figure 8 shows a new super-junction MOSFET. Based on 

the pictures, an Rg for both similar or less switching losses 

and controlled dv/dt can be selected. 
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Figure 7. Turn-on Energy Loss (EON) vs. Gate Resistors 
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Figure 8. Turn-Off Energy Loss (EOFF) vs. Gate Resistors 
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Effect of Clamp Diodes 

The turn-on behavior of the MOSFET is strongly 

dominated by the reverse-recovery characteristics of free-

wheeling diodes on clamped inductive switching. When an 

Si diode is suddenly reverse-biased, a large amount of 

stored charge, which has not recombined yet in depletion 

layers, can flow in the reverse direction before blocking the 

reverse voltage. SiC Schottky diodes have no reverse-

recovery current during switching transition because there 

are no excessive minority carriers. However, there is 

displacement current, which is negligible, from parasitic 

junction capacitances. Therefore, SiC Schottky diode and Si 

diodes are used for clamped diodes since this drastic 

difference of reverse-recovery characteristics in transient 

behavior allows the significantly different MOSFET 

switching losses and dv/dt. Figure 9 shows the turn-on 

switching losses according to external gate resistors and 

with different clamping diodes. The dv/dt with a SiC 

Schottky diode is lower than dv/dt with Si diode due to the 

bigger junction capacitance of SiC, as shown Figure 10. A 

gap of the dv/dt values is getting larger at lower drain 

current level and smaller Rg. This is because, at lower 

current, the dv/dt is relatively low and the effect of output 

capacitance of the MOSFET and diode junction capacitance 

on the dv/dt becomes more significant.  
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Figure 9. Turn-On Energy Loss (EON) of Super-Junction 

MOSFET According to Clamp Diodes 

0 10 20 30 40 50 60 70

20

40

60

80

100

 

 

d
v
/d

t 
[V

/n
s
]

Rg [ohm]

 With Si Diode

 With SiC Schottky Diode

 
Figure 10. Turn-off dv/dt of Super-Junction MOSFET 

According to Clamp Diodes 

Effect of Ferrite Bead Core 

A major noise source has been traced to the oscillation from 

the MOSFET at switching on-off transient. Typically, 

parasitic oscillation frequencies are in the range of several 

tens to hundreds of megahertz. The parasitic oscillation can 

cause gate-source breakdown, bad EMI, large switching 

losses, losing gate control, and can even lead to MOSFET 

failures. A ferrite bead is often used on MOSFET gate leads 

to provide stable operation by suppressing parasitic 

oscillation, while minimizing switching losses. In fact, 

adding a ferrite bead is more effective than using gate 

resistance alone because the impedance of the ferrite bead 

varies by frequency. Figure 11 shows an equivalent circuit 

of ferrite bead and Figure 12 shows impedance 

characteristics as a function of frequency. Rbead and Lbead are 

the DC resistance and effective inductance of the ferrite 

bead. Cpara and Rpara are the paralleled capacitance and 

resistance associated with the ferrite bead. Simply, the 

ferrite bead is a frequency-dependent resistor. At low 

frequencies, Cpara is an open circuit and Lbead is a short 

circuit, leaving only Rbead as the DC resistance of the ferrite 

bead. As frequency increases, the impedance of Lbead starts 

to increase linearly with frequency (jωLbead), while the 

impedance of Cpara decreases inversely proportionally to 

frequency (1/ jωCpara), as shown by Equation (1): 

Z R jX   (1) 

 

 
Figure 11. Equivalent Circuit of Ferrite Bead 

 

 
Figure 12. Impedance Characteristics vs. Frequency 

 

The rising linear slope of the ferrite bead’s impedance-

versus-frequency plot is determined mainly by the 

inductance of Lbead. At a certain high-frequency point, the 

impedance of Cpara begins to dominate and the ferrite bead’s 

impedance starts to decrease, countering its inductance. In 

this case, the falling slope of the impedance-versus-
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frequency plot is determined mainly by the parasitic 

capacitance, Cpara, of the bead. At low frequency, inductive 

impedance is low. Therefore, the ferrite bead inductance 

works like resistors instead of inductors at high frequency. 

Normally, the parasitic oscillation frequency is much higher 

than switching frequency. Its high impedance at high 

frequency is extremely effective at blocking drain-to-gate 

noise. Given enough inductance in the ferrite bead 

combined with resistance, its high-frequency parasitic 

oscillation can be significantly suppressed. Figure 13 and 

Figure 14 present comparisons of gate oscillation according 

to ferrite bead. Oscillation is dramatically suppressed by 

using ferrite bead on gate lead of MOSFET. It is a very 

simple and cost-effective way to solve oscillation issues in 

some applications. With ferrite bead inductors, the 

impedance varies depending upon the material and internal 

structure. When selecting a ferrite bead, it is necessary to 

consider the impedance in the noise band, rated current, and 

the impedance gradient.  

 

 
Figure 13. Gate Ringing of Super-Junction MOSFET;  

VGS at Turn-On Transient 

 

 
Figure 14. Gate Ringing of Super-Junction MOSFET;  

VGS at Turn-Off Transient 

 

Effect of Current Capability of Driver IC 

The driver is the interface between the control circuit and 

the power MOSFET. The drive circuit amplifies the control 

signals to required levels to drive the power MOSFET and 

provides electrical isolation, when required, between the 

power MOSFET and the logic level control circuit, such as 

high-side switches on bridge topologies. The primary 

function of a driver is to switch a MOSFET from off state 

to on state and vice versa. High peak currents are needed in 

high-power applications so the parasitic capacitances can be 

charged or discharged as quickly as possible to switch 

MOSFETs efficiently. The switching behavior and power 

dissipation are dependent on current capability of the output 

driver, while the MOSFET gate-source voltage is between 

the threshold level and Miller plateau voltage. Table 1 

shows the comparisons of peak sink and source current 

capability of drive ICs. 

Table 1. Comparisons of Critical Specifications 
of Gate Drivers 

Device Condition IPK_SINK IPK_SOURCE 

FAN3122T 
CLOAD=1.0 µF, f=1 kHz, 

VDD=12 V 
11.4 A -10.6 A 

FAN3224T 
CLOAD=1.0 µF, f=1 kHz, 

VDD=12 V 
5.0 A -5.0 A 

FAN3111C 
CLOAD=1.0 µF, f=1 kHz, 

VDD=12 V 
1.4 A -1.4 A 

 

Figure 15 - Figure 18Figure 25 show how much switching 

losses can be reduced with a high-current driver. The gaps 

in switching losses are not significant with a big gate 

resistor because it limits gate current. 
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Figure 15. Turn-On Energy Loss (EON) vs. Gate Drivers 

with Rg=2.2 Ω 
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Figure 16. Turn-Off Energy Loss (EOFF) vs. Gate Drivers 

with Rg=2.2 Ω 
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Figure 17. Turn-On Energy Loss (EON) vs. Gate Drivers 

with Rg=20 Ω 
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Figure 18. Turn-Off Energy Loss (EOFF) vs. Gate Drivers 

with Rg=20 Ω 
 

Effect of Source Inductance 

Two different cases of common-source inductance are 

considered in an interleaved CRM PFC circuit because 

switching behaviors must be balanced with the common 

source inductance. Figure 19 presents a single phase of a 

two-phase interleaved CRM PFC circuit considering 

common source inductance. A circuit with a low value for 

Ls has lower turn-off switching loss and lower gate 

oscillation in spite of a little higher gate-source negative 

voltage and higher overshoot of drain-source voltage due to 

fast slew rate. On the contrary, another circuit with high Ls 

value shows much higher turn-off switching loss, higher 

gate oscillation, and lower overshoot of drain-source 

voltage due to slow slew rate, as shown in Figure 20 - 

Figure 25. The extremely fast switching speed of super-

junction MOSFETs can lead to severe voltage and current 

ringing during switching due to the parasitic components of 

the interconnects. In applications, these interconnects 

generally consist of printed circuit board, component leads, 

cables and wires, etc. The problems that the interconnects 

cause are often dominated by stray inductance rather than 

by stray capacitance, especially in low- and medium-

voltage power supplies. The best way to reduce switching 

noise is to minimize the common source inductance. 
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Figure 19. Single-Phase of Interleaved CRM PFC 

Considering Common Source Inductance 

 
Figure 20. Vgs Waveform for Low LS 

 
Figure 21. Vgs Waveform for High LS 

 
Figure 22. VDS and ID Waveforms 
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Figure 23. Turn-Off Loss 

 
Figure 24. Peak Drain Source Voltage 

 
Figure 25. Slew Rate dv/dt 

 

Effect of Gate Drive Circuit 

The most important means of avoiding oscillation is 

minimizing the inductances, which are the long traces 

between gate driver and the gate. 

A configuration of gate drive circuitry is also important to 

switching characteristics. In Figure 26, four types of gate 

drivers are considered. One is a PNP transistor turn-off 

circuit (Circuit A) that is most popular for minimizing loop 

and fast turn-off. As shown in the following figures, it 

shows lower gate oscillation and lower turn-off loss, but a 

little higher overshoot of drain-source voltage. A diode 

turn-off speed up circuit (Circuit B) has lower gate 

oscillation than Circuit A, but the discharge current of the 

MOSFET flows through off-resistor of totem-pole in gate 

driver IC so it has slower switching speed, higher turn-off 

loss, and lower overshoot of drain-source voltage. Circuit D 

is a compensated circuit that has reduced series resistance, 

ROFF=5.6 Ω to achieve the same total series resistance as 

Circuit A. It has higher gate oscillation and higher turn-off 

loss. Circuit C is a driving circuit considering longer turn-

on and off path than circuit A. It has higher gate oscillation. 

LP1 and LP2 are each parasitic inductance for turn-on and off 

path. To achieve the best performance for gate oscillation, it 

is important to connect the driver-stage ground directly to 

the source pin of the MOSFET as closely as possible. In 

this way, it is possible to reduce gate oscillation caused by 

parasitic components at turn-off transient. Considering all 

the above results, the PNP transistor turn-off circuit (Circuit 

A) is the best configuration for reduced gate oscillation and 

switching loss. 
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Figure 26. Gate Driving Circuits 

  

  
Circuit A Circuit B 

  
Circuit C Circuit D 

Figure 27. Turn-Off Gate-Source Voltage 
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Figure 28. Circuit A & B Turn-Off Drain Current and 

Drain-Source Voltage 

 

 
Figure 29. Circuit A & C Turn-Off Drain Current and 

Drain-Source Voltage 

 

 
Figure 30. Circuit A & D Turn-Off Drain Current and 

Drain-Source Voltage 

 
Figure 31. Gate-Source Negative Voltage 

 

 
Figure 32. Turn-Off Loss 

 

 
Figure 33. Drain-Source Voltage 
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Practical Layout Requirements 

Measurement Technique  

If an oscilloscope is used to measure noise, there are several 

precautions that must be taken. First, it’s important to 

realize that a probe, even just a simple piece of wire, is 

potentially a very complex circuit. For DC signals, a probe 

appears as a simple conductor pair with some series 

resistance and a terminating resistance. However, for AC 

signals, the picture changes dramatically as signal 

frequencies increase, as shown Figure 34. Since the ground 

lead is a wire, it has some amount of distributed inductance, 

as shown Figure 35. A ground lead approximately 10 cm 

long clips to the ground of the circuit and a spring-loaded 

barrel on the probe hooks on the test point. This inductance 

interacts with the probe capacitance to cause ringing at 

frequency determined by the L and C values. This ringing is 

unavoidable and may be seen as a sinusoid of decaying 

amplitude that is impressed on pulses. The effects of 

ringing can be reduced by designing probe grounding so 

that the ringing frequency occurs beyond the bandwidth 

limit of the probe or oscilloscope system. To avoid 

grounding problems, it is important to always use the 

shortest ground lead. Substituting other means of grounding 

can cause ringing to appear on measured pulses. It is best to 

use the oscilloscope on its maximum bandwidth for these 

measurements to ensure seeing all waveforms of devices. 

Taking full advantage of the oscilloscope’s measurement 

capabilities requires a probe that matches the oscilloscope’s 

design considerations. 

 
Figure 34. Equivalent Circuit of Probe for AC Signal 

R1

RL

CP RP

LG

8pF 10M

Ringing

 
Figure 35. Effect of Ground Lead of the Probe 

Figure 36 shows the standard oscilloscope probe test leads. 

A ground lead approximately 10 cm long clips to the 

ground of the circuit and a spring-loaded barrel on the 

probe hooks on the test point. Figure 38 shows comparison 

waveforms of gate according to probe setup. There is 26 V 

peak-to peak gate-source voltage. Figure 37 shows the same 

oscilloscope probe with a proper setup for low gate 

oscillation measurements. Both the probe barrel and the 

ground lead have been removed from the probe. There is 

11.2 V peak-to-peak gate-source voltage. It is best to use 

the oscilloscope on its maximum bandwidth for these 

measurements. Ground lead of probe must be directly 

connected to the source of switching device, not the ground 

of bulk capacitance. 

 
Figure 36. Measurement with Standard Setup 

 
Figure 37. Measurement with Probe Tip and Ground 

Lead Removed 
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Figure 38.  Comparison Measured Oscillation According 

to Probing Methods 

 

Package & Layout Parasitics 

To drive fast-switching super-junction MOSFETs in 

different applications, it is also necessary to understand the 

influence of the package on switching performance for the 

MOSFET. This is well documented in the low-voltage 

MOSFET arena. 

Low RDS(on) and low inductive packages are a must for low-

voltage packages to achieve best switching performance 

and reduced conduction losses for highest efficiency. The 

super-junction MOSFETs are mainly used in the voltage 

range of 500-600 V. In these voltage ratings, clearance and 

creepage distance requirements must be considered. For this 

reason, the most popular packages are industry standard 

TO-220, TO-247, TO-3P, and TO-263. 

Oscilloscope

Probe

Ground Lead
R

R

CC

L

L
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Llead

~ 10 - 20nH

L SourceBondL GateBond

 
Figure 39. Several Parasitics in TO-220 Package 

The impact of the package on performance is limited due to 

the fact that the internal gate and source bonding wire 

length are fixed. Only the length of the lead can be changed 

to reduce the source inductance of the package. Typical 

lead inductance of 10 nH, as shown in Figure 40, doesn’t 

look like much, but a turn-off a current with 

di/dt=500 A / µs is easily possible with these MOSFETs. 

The voltage across this inductance is VIND = 5 V and, with a 

turn-off di/dt of 1000 A / µs, the induced voltage is VIND = 

10 V. This short calculation shows that the complete source 

inductance, not only the lead inductance of the package, 

must be reduced to acceptable value. Low-inductance shunt 

resistors are mandatory. 

Another source of noise is layout parasitic. Two types are 

visible: parasitic inductance and parasitic capacitance. Both 

parasitics influence the performance of the layout. As 

mentioned before, 1 cm of trace pitch has an inductance of 

6-10 nH, which can be reduced by adding one layer on the 

topside of the PCB and a GND plane on the bottom side of 

the PCB. The other type is the parasitic capacitances. Figure 

40 shows the principles of capacitive layout parasitics. The 

capacitance between one trace is immediately over the other 

trace or GND plane on the other side of the PCB. The 

second one is the capacitance built up between the device 

and the GND plane. Two parallel traces on both sides of 

PCB increase capacitance, but also reduce the inductance of 

the loop, resulting in less magnetic noise radiation. 

Switch Node Vout

GNDGND

GND

PCB Material

Output inductance
Output capacitance

Paracitic capacitances
 

Figure 40. Capacitive Layout Parasitics  

 

Oscillation Circuits 

Figure 41 shows observed oscillation waveforms in a PFC 

circuit during turn-off transient of a super-junction 

MOSFET. In such a case, increasing gate resistance 

dampens down the peak drain-source voltage and prevents 

gate oscillation caused by lead inductance and parasitic 

capacitances of the super-junction MOSFET.  

 
Figure 41. Capacitive Layout Parasitics  

From a general perspective, there are several oscillation 

circuits that affect the switching behavior of the MOSFET, 

including internal and external oscillation circuits. Figure 

42 shows a simplified schematic of a PFC circuit with both 

internal parasitics of a power MOSFET and an external 

oscillation circuits given by the external couple capacitance 

Cgd_ext. of the board layout. Parasitic components in the 

devices and boards involve switching characteristics more 

as the switching speed is increased. In Figure 42; L, Co, and 

Dboost are the inductor, output capacitor, and boost diode. 

Cgs, Cgd_int, and Cds are parasitic capacitances of the power 

MOSFET. Ld1, Ls1, Lg1 are the drain, source, and gate wire 

bonding and lead inductances of the power MOSFET. Rg_int 

and Rg_ext are the internal gate resistors and the external gate 

driving resistors. Cgd_ext. is the parasitic gate-drain 

capacitance. LD, LS, and LG are the drain, source, and gate 

copper trace stray inductances of the printed circuit board. 

Gate parasitic oscillation occurs in a resonant circuit by 

gate-drain capacitance, Cgd, and gate lead inductance, Lg1, 

when the MOSFET is turned on and off. When the 

resonance condition (ωL = 1/ωC) occurs, an oscillation 

voltage much larger than drive voltage Vgs(in) is generated in 

Vgs between the gate and source because the voltage 

oscillation due to resonance changes in proportion to the 

selectivity Q(=ωL/R = 1/ωCR) of the resonant circuit in 

Figure 43. The voltages across the capacitor and inductor, 

VC and VL, are given by Equations (2) and (3): 

1 1

2
cV Q V

fC CR 
   

 (2) 

1 2L

V CL
V fL Q V

R





    

 (3) 

where
 

1L
Q

R CR
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given by external 
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Figure 42. Simplified Schematic of PFC Circuit with Internal and External Parasitics of Power MOSFET 

 

Oscillation voltage in drain-source of the MOSFET passes 

through gate-drain capacitance, Cgd, due to load wiring 

inductance LD when MOSFET switching speed increases. 

When it is turned off, a resonant circuit with gate lead 

inductance Lg1 is formed. As the gate resistor is extremely 

small, oscillation circuit Q becomes large and, when the 

resonance condition occurs, a large oscillation voltage is 

generated between that point and Cgd or Lg1 and parasitic 

oscillation is caused. Furthermore, the voltage drop across 

LS and Ls1, which can be represented by Equation (4), is 

caused by negative drain current in turn-off transient. This 

voltage drop across stray source inductances generates 

oscillation in gate-source voltage. The parasitic oscillation 

can cause gate-source breakdown, bad EMI, large switching 

losses, losing gate control, and even MOSFET failures.  

1

( )
( ) d

GS S s

di t
V L L

dt
   

 (4) 
 

From a general perspective, there are several oscillation 

circuits that affect the switching behavior of the MOSFET, 

including internal
[6][7]

 and external oscillation circuits. 

Figure 42 shows a simplified schematic for a power 

MOSFET with internal parasitic capacitances and external 

oscillation circuits given by the external couple capacitance 

CGDEXT of the board layout. This external couple 

capacitance affects the VGS slope during turn-off of the 

power MOSFET. To see how this external CGD affects the 

switching behavior, compare it in different layouts. Both 

layouts are single-layer designs. For the measurements, 

both boost stages are running with single transistor. 

The measurements were taken in a PFC boost stage at the 

same input voltage of VIN=180 VAC and output power level 

of POUT=300 W. The difference in oscillations is shown in 

Figure 44 and Figure 45. VGS (green line) and VDS (magenta 

line) are during turn off. The experimental waveforms show 

the effect of the high and low external Cgd in a given layout.  

R

Vc=Q·Vin

L
Vin

f : frequency

 I

C

 
Figure 43. Resonant Circuit of R, L, and C 

 
Figure 44. Turn-Off with High CGD_EXT 

 
Figure 45. Turn-Off with Low CGD_EXT 
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The oscillation effect can be forced by increasing the output 

power level or decreasing the input voltage at the same 

output power. This can also occur after an AC line drop out: 

when line voltage is back, the boost stage charge up the 

bulk capacitor to nominal voltage. During this time, when 

the MOSFET turns off, the drain current is quite high. The 

drain current commutates to the output capacitance, Coss, of 

the MOSFET and charges it up to DC bus voltage. The 

voltage slope is proportional to the load current and 

inversely proportional to the value of the output 

capacitance. The value of COSS is high at low VDS and low 

at high VDS. As a result, dv/dt values of drain-source 

voltage change during turn-off. The high dv/dt values lead 

to capacitive displacement currents due to all the parasitic 

capacitances. Together with all the layout and parasitic 

inductance and capacitances, an LC oscillation circuit is 

only damped by the internal Rg. Under certain conditions, 

e.g. transient at input voltage or short-circuit conditions, 

high di/dt and dv/dt occur and this leads to unusual 

switching behavior or damaged devices. Nevertheless, with 

optimized layout and mechanical structure of the whole 

application, fast switching super-junction MOSFETs help 

to improve efficiency and power density. 

Layout Requirements 

 
Figure 46. PCB with High CGD_EXT 

 
Figure 47. PCB with Low CGD_EXT 

External Cgd is one of the root causes for ringing affected by 

the device and PCB layout. External Cgd must be reduced as 

much as possible to reduce gate oscillation. Experimental 

waveforms according to PCB layout are shown in Figure 46 

and Figure 47. Figure 48 - Figure 51 show layouts with 

high external Cgd and low external Cgd. 

The capacity between traces can be calculated with: 

o r A
C

d

  
  (5) 

 
Figure 48. Single Layer Layout Example with  

Increased External Cgd 

 

 
Figure 49. Double Layer Layout Example with  

Increased External Cgd 

 

 
Figure 50. Single Layer Layout Example with  

Reduced External CGD 

 

 
Figure 51. Double Layer Layout Example with  

Reduced External CGD 
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Compare to Figure 50 and Figure 51, which show layout 

solutions with reduced external Cgd. Inductances and 

current loops have an influence on performance in a given 

application. Currents are only running in a loop and these 

currents create a magnetic field. If a change in the current 

occurs, the magnetic field changes and creates an inductive 

voltage, VIND. With Faraday’s law, the value of VIND can be 

calculated as: 

      
  

  
   

  

  
             

 

 
     (6) 

Therefore, L depends also on the geometry of the loop. The 

bigger the area of the current loop, the larger inductance L. 

If the change in the current (di/dt) is stable, but higher 

inductance comes from the current loop, VIND increases. 

Enclosed current loops with high di/dt values should be 

minimized. The source inductance and shunt resistor 

inductance must be minimized to avoid worse EMI and 

switching behaviors. For example, a 1 cm track on a PCB is 

almost same with 6-10 nH inductive impedance.  

Layout Guidelines for Fast SJ MOSFETs  

 To achieve the best performance of Super-Junction 

MOSFETs, optimized layout is required. 

 Gate driver and Rg must be placed as close as possible 

to the MOSFET gate pin. 

 Separate POWER GND and GATE driver GND. 

 Minimize parasitic Cgd capacitance and source 

inductance on PCB 

 For paralleling super-junction MOSFETs, symmetrical 

layout is mandatory. 

 Slow down dv/dt, di/dt by increasing Rg or using a 

ferrite bead  

Conclusion 

As power conversion efficiency becomes more and more 

critical, technology of discrete devices advances every day. 

Extremely fast-switching super-junction MOSFETs are an 

essential choice for higher efficiency, but more challenging 

to control than previous generations. Optimized gate driver 

and board layout are the most important design parameters 

when working with fast switching MOSFETs. Practical 

design tips allow designers to take advantage of the features 

of super-junction MOSFETs. 

 

References 
[1] T. Fujihira, Y. Miyasaka; “Simulated superior performances of semiconductor super junction devices,” Proc. of the ISPSD, pp.423-426, June, 1998. 
[2] T. Fujihira; “Theory of semiconductor super junction devices,” Jpn. J. Appl. Phys., vol. 36, pp. 6254–6262, 1997. 

[3] L. Lorenz, G. Deboy, A. Knapp, M. Maerz; “CoolMOS – a new milestone in high voltage Power MOSFET,” ISPSD 1999. 

[4] G. Deboy, M. Maerz, J.-P. Stengl, H. Strack, J. Tihanyi, H. Weber; “A new generation of high voltage MOSFET’s breaks the limit line of silicon,” in 
IEDM Tech. Dig., 1998, pp. 683–685. 

[5] S. Clementi, B. R. Pelly, A. Isidori; “Understanding power MOSFET switching performance”, Proc. IAS, pp.763-776, 1981. 

[6] T. Fujihira, T. Yamada, Y Minoya; “New Oscillation Circuits Discovered in Switching-Mode Power Supplies” Proceeding of: Power Semiconductor 
Devices and IC's, 2008. 

[7] Wonsuk Choi, Dongkook Son; “SuperFET® II a Super-Junction MOSFET that Provides Low EMI, ” Bodo’s Power System, August, 2012. 

 
 

Authors 
Won-suk Choi, Dong-kook Son, Markus Hallenberger 
HV PCIA PSS Team / Fairchild Semiconductor 
 

 

DISCLAIMER  
FAIRCHILD SEMICONDUCTOR RESERVES THE RIGHT TO MAKE CHANGES WITHOUT FURTHER NOTICE TO ANY PRODUCTS 
HEREIN TO IMPROVE RELIABILITY, FUNCTION, OR DESIGN. FAIRCHILD DOES NOT ASSUME ANY LIABILITY ARISING OUT OF THE 
APPLICATION OR USE OF ANY PRODUCT OR CIRCUIT DESCRIBED HEREIN; NEITHER DOES IT CONVEY ANY LICENSE UNDER ITS 
PATENT RIGHTS, NOR THE RIGHTS OF OTHERS. 
 
LIFE SUPPORT POLICY  
FAIRCHILD’S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT DEVICES OR SYSTEMS 
WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF FAIRCHILD SEMICONDUCTOR CORPORATION.  
As used herein: 
 
1. Life support devices or systems are devices or systems 

which, (a) are intended for surgical implant into the body, or 
(b) support or sustain life, or (c) whose failure to perform 
when properly used in accordance with instructions for use 
provided in the labeling, can be reasonably expected to 
result in significant injury to the user. 

2. A critical component is any component of a life support 
device or system whose failure to perform can be reasonably 
expected to cause the failure of the life support device or 
system, or to affect its safety or effectiveness.

 
 
 
 
 

 
 
 

http://www.linkedin.com/redir/redirect?url=http%3A%2F%2Fwww%2Ebodospower%2Ecom%2Frestricted%2Fdownloads%2Fbp_2012_08%2Epdf&urlhash=RKvn


www.onsemi.com
1

ON Semiconductor and      are trademarks of Semiconductor Components Industries, LLC dba ON Semiconductor or its subsidiaries in the United States and/or other countries.
ON Semiconductor owns the rights to a number of patents, trademarks, copyrights, trade secrets, and other intellectual property. A listing of ON Semiconductor’s product/patent
coverage may be accessed at www.onsemi.com/site/pdf/Patent−Marking.pdf. ON Semiconductor reserves the right to make changes without further notice to any products herein.
ON Semiconductor makes no warranty, representation or guarantee regarding the suitability of its products for any particular purpose, nor does ON Semiconductor assume any liability
arising out of the application or use of any product or circuit, and specifically disclaims any and all liability, including without limitation special, consequential or incidental damages.
Buyer is responsible for its products and applications using ON Semiconductor products, including compliance with all laws, regulations and safety requirements or standards,
regardless of any support or applications information provided by ON Semiconductor. “Typical” parameters which may be provided in ON Semiconductor data sheets and/or
specifications can and do vary in different applications and actual performance may vary over time. All operating parameters, including “Typicals” must be validated for each customer
application by customer’s technical experts. ON Semiconductor does not convey any license under its patent rights nor the rights of others. ON Semiconductor products are not
designed, intended, or authorized for use as a critical component in life support systems or any FDA Class 3 medical devices or medical devices with a same or similar classification
in a foreign jurisdiction or any devices intended for implantation in the human body. Should Buyer purchase or use ON Semiconductor products for any such unintended or unauthorized
application, Buyer shall indemnify and hold ON Semiconductor and its officers, employees, subsidiaries, affiliates, and distributors harmless against all claims, costs, damages, and
expenses, and reasonable attorney fees arising out of, directly or indirectly, any claim of personal injury or death associated with such unintended or unauthorized use, even if such
claim alleges that ON Semiconductor was negligent regarding the design or manufacture of the part. ON Semiconductor is an Equal Opportunity/Affirmative Action Employer. This
literature is subject to all applicable copyright laws and is not for resale in any manner.

PUBLICATION ORDERING INFORMATION
N. American Technical Support: 800−282−9855 Toll Free
USA/Canada

Europe, Middle East and Africa Technical Support:
Phone: 421 33 790 2910

Japan Customer Focus Center
Phone: 81−3−5817−1050

www.onsemi.com

LITERATURE FULFILLMENT:
Literature Distribution Center for ON Semiconductor
19521 E. 32nd Pkwy, Aurora, Colorado 80011 USA
Phone: 303−675−2175 or 800−344−3860 Toll Free USA/Canada
Fax: 303−675−2176 or 800−344−3867 Toll Free USA/Canada
Email: orderlit@onsemi.com

ON Semiconductor Website: www.onsemi.com

Order Literature: http://www.onsemi.com/orderlit

For additional information, please contact your local
Sales Representative

© Semiconductor Components Industries, LLC

 http://www.onsemi.com/
www.onsemi.com/site/pdf/Patent-Marking.pdf

