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Abstract  
 
 
 

The use of Insulated Gate Bipolar Transistors (IGBT) have enabled better switching 

performance than  the Metal Oxide Semiconductor Field effect Transistor (MOSFET) in 

medium to high power applications due to their lower on-state power loss and higher 

current densities. The power ratings of IGBTs are slowly increasing and are envisaged to 

replace thyristors in medium power applications such as High Voltage Direct Current 

(HVDC) inverter systems and traction drive controls. Devices such as the MOS Controlled 

Thyristor (MCT) and Emitter Switched Thyristor (EST) were developed in an effort to 

further simplify drive requirements of thyristors by incorporating a voltage controlled 

MOS gate into the thyristor structure. However, the MCT is unable to achieve controlled 

current saturation which is a desirable characteristic of power switching devices while the 

EST has only limited control. The IGBT can achieve current saturation, however, due to 

the transistor based structure it exhibits a larger on-state voltage in high power applications 

compared with thyristor based devices. MOS Gated Thyristor (MGT) devices are a 

promising alternative to transistor based devices as they exhibit a lower forward voltage 

drop and improved current densities. 

This current research focuses on the Clustered Insulated Gate Bipolar Transistor 

(CIGBT) whilst being operated under soft-switching regimes. The CIGBT is a MOS gated 

thyristor device that exhibits a unique self-clamping feature that protects cathode cells 

from high anode voltages under all operating conditions. The self-clamping feature also 

enables current saturation at high gate biases and provides low switching losses. Its low 

on-state voltage and high voltage blocking capabilities make the CIGBT suitable as a 

contender to the IGBT in medium to high power switching applications.  

For the first time, the CIGBT has been operated under soft-switching regimes and 

transient over-voltages at turn-on have been witnessed which have been found to be 

associated with a number of factors. The internal dynamics of the CIGBT have been 

analysed using 2D numerical simulations and it has been shown that a major influence on 

the peak voltage is the P well spacing within the CIGBT structure. For example, Small 

adjacent P well spacings within the device results in an inability for the CIGBT to switch 
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on correctly. Further to this, implant concentrations of the n well region during device 

fabrication can also affect the turn-on transients.  Despite this, the CIGBT has been 

experimental analysed under soft-switching conditions and found to outperform the IGBT 

by 12% and 27% for on-state voltage drop and total energy losses respectively. Turn off 

current bumps have been seen whilst switching the device in  zero voltage  and zero 

current switching mode of operation and the internal dynamics have been analysed to show 

the influence upon the current at turn off.  Preliminary results on the Trench CIGBT 

(TCIGBT) under soft switching conditions has also been analysed for the first time and 

was found to have a reduced peak over-voltage and better switching performance than the 

planer CIGBT. Through optimisation of the CIGBT structure and fabrication process, it is 

seen that the device will become a suitable replacement to IGBT in medium power 

application. 
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Chapter 1 
 

1    Introduction 

 Power electronics is a term used to describe the technology and methodology of the 

Conversion, Controlling and Conditioning of electric power in a system, typically with 

power ratings of 1W and above. Today’s world would be very different if it wasn’t for 

power electronics as it permeates all parts of our lives and utilization of modern power 

electronics devices has spread explosively to a number of technical branches. In 

combination with modern computer control, power electronics is used in high-voltage DC 

transmission, controlled rectifiers, electric induction heating, energy store tanks, electric 

drives, traction and motors to name only a few.  The expansion of power electronics is 

primarily due to the development of power semiconductor devices. Semiconducting 

switches are designed to switch high currents and block voltages whilst being as fast and 

reliable as possible. The use of semiconductor devices as high power electronic switches 

has enabled the development of intelligent conversion systems for power generation and 

controlling.  A common power electronic application utilising semiconductor switches is 

for the excitation of rotating machinery; whether this is for controlling a brushless motor 

on a washing machine or for traction motors to drive diesel-electric locomotives, the 

technology is similar in either case and scaleable. Thanks to Semiconductor technology, 

these applications can be realised with relative ease. 

Semiconductor devices are manufactured in an almost unlimited array of power 

ratings and sizes; ranging from nanometre-size devices used in Central Processing Units  

and Integrated Circuits, to huge Mega-Watt devices used in High Voltage Direct Current 

(HVDC) valve halls. But whatever the size, they are all used in much the same way to 

control the flow of current and block voltages to manipulate energy transfer within a 

system. 

The key aspects of power electronics are the three “C’s” which are: Conversion, 

Controlling and Conditioning of electrical energy. Firstly, energy conversion is vital for all 

electronic systems; this can be in the form of AC-AC, DC-DC conversion, AC-DC 
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rectification or DC-AC inversion or even a combination to obtain the desired output. 

Distribution of power from a power plant to the end user will involve many of these energy 

conversions. For instance, the National-Grid in the UK outputs 400KV three-phase AC for 

efficient transmission over long distances, arriving at substations where it is subsequently 

stepped-down to lower voltages for transmission in to the city and surrounding suburbs [1]. 

It is then stepped down further using transformers and split to single phase AC for 

distribution in to homes and offices.  The majority of electronic equipment in the home 

requires low voltage DC to operate, which usually involves a transformer and diode 

rectification to obtain the desired output. For every step-down and energy conversion 

process, losses are created, thereby reducing the efficiency of the system.  When the 

national grid was first envisaged, it was not practical to transmit DC over long distances 

due to the large voltage drops experienced in the conductors and the uncontrollability of 

the network. It was also far easier and more efficient to step down AC using transformers 

than by a direct DC-DC step down process, which involved complex mercury arc valves 

[2, 3].  It is now becoming more common however to use HVDC for transmission of power 

over long distances thanks to the development of high power semiconductor devices, such 

as Thyristors, Insulated Gate Bipolar Transistors (IGBT), Metal Oxide Semiconductor 

Field Effect Transistors (MOSFET) and Gate Turn-Off Thyristors (GTO), which allow 

easy manipulation of DC voltages and can be used to invert DC to obtain AC voltages.  

HVDC is being used more to link remote areas to power stations, particularly for undersea 

cabling due to the smaller cable cores and reduced capacitive losses when compared with 

HVAC transmission systems[4].  

Control, the next important subset of power electronics, deals with the ability to 

manipulate the power using semiconductor devices. Thanks to improvements in 

semiconductor technologies, very high currents and voltages can be controlled with ease.  

Modern power semiconductor devices now allow this to be realised and by combining the 

benefits of different technologies, even better control is achieved. An example of this is the 

IGBT; a combination of the simple gate drive of the MOSFET with the high power 

handling ability of the Bipolar Junction Transistor (BJT) to create a device that is now 

becoming the preferred choice for power system designers[5]. The development of these 
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devices provides a direct link between integrated circuits and power devices; as computer 

logic can control thousands of amps at very high voltages.  

Despite the IGBT looking like a ‘good all rounder’, numerous other technologies are 

still used for specialist applications. High frequency switching, for instance, tends to be the 

exclusive realm of the MOSFET, due to its excellent switching speeds. However, for very 

high power applications, the MOSFET falls short on this duty and bipolar devices are 

favoured, such as the Silicon Controlled Rectifier (SCR), also know as the thyristor.  

Figure 1-1 shows the various device technologies and their applications with respect to 

power rating and operational switching frequency. 

The ideal characteristics for a power semiconductor device are: the ability to control 

and swiftly turn on and off high currents with minimal on-state losses and negligible 

switching losses, to be able to withstand high voltages without breakdown or significant 

leakage currents in its off-state and to have simple gate drive requirements. 

 

 

 

Figure 1-1  Power semiconductor technologies and their typical applications [6] 
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Unfortunately, no power semiconductor device is ideal and subsequently losses are a 

real concern in high power applications. A perfect switch would involve an instantaneous 

transition from on-state to off-state and vice versa, the reality is that a semiconductor 

switch takes a finite time to switch state. The slower the switching action, the lower the 

maximum operating frequency for the device and ultimately higher switching losses will 

be obtained. Losses within a power semiconductor device consist of switching losses, 

conduction losses and also off-state losses. Off-state losses consist of leakage currents 

within the device when turned off, which for most applications are considered negligible. 

Energy lost through the switching device is detrimental to the overall efficiency of the 

system and needs to be kept to a minimum.  Energy loss is proportional to the switching 

frequency and junction temperature and it is this factor that limits the speed of hard-

switched circuits. The energy lost can be described as the integral of the product of current 

& voltage over the switching time, or expressed as:  

 

dtIVE C

t

CE ⋅= ∫0
                             (1-1) 

 

 To attempt to eliminate switching losses, quasi-resonance and soft-switching 

techniques are employed. Soft-switching is a method of altering turn on/off transients so 

that the device can be switched with low energy loss. Soft-switching is widely used in 

power electronics especially if the application demands high frequency operation with high 

efficiency [7]. Typically the soft-switching circuits incorporate resonating components so 

that the voltage or current will commutate through zero, which is where the device can be 

switched. Stresses on the device are minimised, which allows for higher frequency 

operation than with conventional hard-switching. The Safe Operating Area (SOA) of 

devices can also be exceeded without destructive failure by the utilisation of soft switching 

as either the current or the voltage stress is minimised at the moment of turn-on / turn-off. 

Keeping circuit efficiency high is desirable, but through the use of semiconductor 

optimisation, improvements in losses can be further improved. Novel switching devices 

with gate optimisation or with modified anode structures have been developed in a drive 

towards  improved switching devices [8]. Along with the improvements in IGBT, newer 
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MOS gated devices are emerging such as the Clustered Insulated Gate Bipolar Transistor 

(CIGBT) to perhaps challenge the IGBT for use in soft switching applications [9]. The 

CIGBT will be discussed in Chapter 2, along with an insight into vertical power devices. 

The CIGBT has been seen to exhibit superior performance compared to an IGBT and more 

recent advancements include the addition of a trench gate structure to improve 

performance further.   

 

1.1   Objective  

The aim of this research is to demonstrate a novel power semiconductor device, 

namely the CIGBT, switching under soft-switching conditions and to compare with the 

performance of commercial IGBT devices. The unique transients observed in the CIGBT 

gives an insight in to its performance characteristics. It also provides an indication as to 

where the device could be optimised for it to become a superior, drop in replacement to the 

IGBT. Through the use of circuit simulation, device simulation and experimental analysis, 

a clear picture can be made to the performance of this device under soft-switching 

conditions. Zero voltage and zero current switching methods have been tested on the 

CIGBT for the first time, with interesting transients observed. Through optimisation of the 

device structure, improvements in switching transients can be made, leading to an increase 

in efficiency and reliability of the CIGBT. By utilising 2D numerical simulations, internal 

dynamics of the CIGBT during switching have also been examined to give an insight on 

how the device performs during soft-switched transients.  For the first time, trench gated 

CIGBT have also been experimentally demonstrated in a soft switching environment with 

comparisons made to the planar CIGBT.  

 

1.2  Thesis Structure 

     The thesis is organised in the following order: 

• Chapter 2 gives an insight to vertical power semiconductors, paying particular 

attention to the IGBT and also examines the Clustered Insulated Gate Bipolar 

Transistor and its static & dynamic characteristics and switching behaviour.  
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• Chapter 3 describes the benefits of soft-switching and the typologies used with 

various applications. Explanations of zero voltage switching and zero current 

switching is also given. 

 
• Chapter 4 provides the results obtained during zero voltage switching of the 

CIGBT. Both experimental and simulated results are compared and comparisons 

with commercial IGBTs are also provided. The influence of circuit parameters on 

the observed switching transients is investigated and an insight into the internal 

mechanisms within the CIGBT is given. 

 
• Chapter 5 discusses the experimental and simulated results of the CIGBT whilst 

under zero current switching conditions and investigates the transient behaviour 

that is unique to the CIGBT with analysis provided through experimental and 2D 

numerical device simulations. Comparisons with commercial IGBTs are also given. 

Preliminary TCIGBT soft-switching results are also presented and compared with 

planar CIGBT under ZCS conditions. 

 
• Chapter 6 draws conclusions to the research presented in this thesis. 

 
•  Chapter 7 presents proposed future work for continuation of the research. 

 
• Appendix A lists the author’s journal and conference publications.  
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Chapter 2 

 

2 Vertical Power Semiconductor Devices  

Power semiconductor devices are manufactured with many different geometries and 

sizes for an almost unlimited number of applications. The power handling requirements of 

the device will ultimately determine the size of the semiconductor active area and the 

overall dimensions of the package. Over the last couple of decades rapid development of 

power semiconductor switches has occurred and has resulted in devices with significantly 

higher current handling, higher frequency operation, improved efficiency and simpler drive 

requirements. Despite these developments in semiconductor device technologies, however, 

the reality is that the perfect device does not yet exist and trade-offs between good and bad 

attributes of a device must be made.  Ideally, the device needs to have simple drive 

requirements, high current handling capabilities, low energy loss during the on-state, fast 

switching times and high blocking voltages in the off-state.  Many device technologies 

exist to try and overcome the imperfections in switching performance.  

Power semiconductors devices can be divided in to two major categories based on 

their control mechanism: voltage controlled or current controlled. The trend towards the 

majority of  power devices being voltage controlled is rising, due to the simpler gate drive 

circuits and smaller gate power consumption, compared to current controlled devices such 

as the Gate Turn-off Thyristor (GTO) and Bipolar Junction Transistor (BJT) [10, 11]. 

However, new generation of devices are emerging, including photon-triggered devices 

such as the Light Triggered Thyristor (LTT), which are gaining popularity in HVDC 

installations due to its simple gate driving and inherent electrical isolation [12].  

Power devices are typically vertical in structure compared to their lateral counterparts 

used in integrated circuits and low power applications. The benefit of the vertical structure 

is the ability to easily create high voltage blocking devices with small footprints. Epitaxial 

layers of silicon can be grown on substrates to control the size of the drift region to directly 

 7



       

handle blocking voltage, whilst keeping the area of silicon used on the wafer to a 

minimum. However, as usual, trade-offs must be made as a deep drift region will result in 

poor on-state performance and lifetime killing tactics must be employed, for example 

electron irradiation [13] or gold or platinum implantation techniques [14, 15].  

This chapter begins with an overview of the structure and operation of vertical power 

semiconductors, paying special attention to the IGBT and CIGBT. Firstly the MOSFET is 

discussed, sometimes also known as Insulated Gate Field Effect Transistor (IGFET). This 

device is a fundamental building block towards other modern power device technologies, 

including the IGBT. The chapter will then discuss minority carrier devices such as the 

IGBT and other power device variations. The CIGBT will then be introduced in detail to 

examine the fundamental differences with the IGBT and the unique characteristics of the 

device will be explained. The Trench CIGBT (TCIGBT) will also be discussed.  

 

2.1 Majority Carrier Devices  

Majority carrier devices are essentially unipolar devices where only one carrier type, 

electrons or holes, are used for current conduction; compared to a bipolar device which 

utilises both electrons and holes as majority and minority current carriers respectively. The 

MOSFET is a unipolar device. By using only electrons for conduction the switching speed 

is fast as there are no minority carrier storage effects, unlike bipolar devices. Ultimately 

this allows higher frequency operation and switching. Despite the faster switching, 

MOSFETs have a higher on-state resistance and lower power handling capabilities per unit 

area compared with a BJT or IGBT due to the lack of conductivity modulation [16]. 

However, MOSFETs can be easily used in parallel due to the positive temperature 

coefficient for on-state resistance (RdsON) which helps prevent thermal current runaway, 

unlike BJTs which are more sensitive to junction temperature[17]. Majority carrier devices 

do not suffer from secondary breakdown, which is a common issue in bipolar devices. 
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2.2 MOSFET Structure   

The MOSFET device was first introduced as voltage controlled solid-state switch in 

the 1960s. Since then the MOSFET has progressed with dramatic advancements in power 

ratings and switching performance to become the most significant unipolar power device 

known today [18]. The gate electrode is isolated from the structure with a thin silicon 

dioxide (SiO2) layer to allow the voltage-controlled operation. The very high input 

impedance makes it ideal for integration with logic devices and simplifies the current 

requirements for the gate drive circuits. However, due to the SiO2 acting as a dielectric, the 

inherent capacitance created at the gate requires charging before voltage controlled action 

takes place, as will be described in section 2.2.1. 

 

 
Figure 2-1  2-D cross sectional structure of a vertical power MOSFET 

 

Figure 2-1 shows the 2-D cross-section of an n-type MOSFET structure. The device 

features a lightly doped n- drift region that supports high voltage in the off-state. The 

blocking voltage is a function of both the doping concentration and the thickness of this 

region  [19]. An  n+ region provides a connection to the drain terminal, at the bottom of the 
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substrate.1  A p+ region is doped at the top of the structure and is connected to the source 

contact.  An n+ region is implanted within the p+ region and is also connected to the source 

terminal. The gate lies directly above these regions and is isolated with a thin layer 

(<100nm) of SiO2.  Power MOSFETs tend to operate in the Enhancement mode, whereby 

no current can flow between the drain and source terminals with 0V gate bias due to the 

isolation of the n-drift and the source terminals by the p+ doped region. Electrons will only 

begin to flow after the creation of the inversion layer. The inversion layer is created  after a 

sufficient number of electrons are attracted into the region directly below the gate and 

provides an electron conduction path from the p+ region to the n- drift region [17]. Turn-on 

operation is described in section 2.2.2. 

The p+ region also creates an inherent PN diode across the drain-source terminals, as 

can be seen in the circuit symbol in Figure 2-2. The diode can be utilised as a reverse 

conducting or freewheeling diode in circuit applications such as inverters, however this 

diode is not optimised and so some applications still require a faster switching diode 

connected externally across the terminals to reduce reverse recovery characteristics [20]. 

 

 

 

 

 

 

Figure 2-2  Enhancement-mode MOSFET symbol showing intrinsic body diode  

 

2.2.1 Parasitic Capacitances 

An important parameter that affects MOSFET switching performance are the parasitic 

capacitances that are between the three terminals of the device. The three capacitors are 

named; gate to source, CGS, gate to drain, CGD and drain to source, CDS.  The value of these 

capacitances are dependent on device structure, geometry, gate bias, drain bias and have a 

direct impact on switching speed of the device [21]. The equivalent circuit for the 
                                                 
1  ‘ n+ ’ denotes a region with a high n-type doping concentration.  ‘N-’ indicates a lightly doped  region. 
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MOSFET is shown in Figure 2-3 which includes the parasitic capacitors and lead 

inductances. Despite the MOSFET being a voltage controlled device, it is necessary to 

charge and discharge the gate capacitors in order to switch the device and this has a 

limiting effect on the switching speed.  

 

 
Figure 2-3 Equivalent MOSFET circuit showing parasitic components 

 

≡

CGD  is also referred to as the Miller capacitance. The Miller capacitor is an important 

parameter as it provides an unwanted feedback loop between the output and input. This 

directly affects the maximum switching frequency and the total gate charge as indicated 

by: 

  GSmillertotalin CCC +=)(       (2-1) 

 

The switching operation of the device is determined by the internal capacitances 

formed within the structure. Three major capacitors are present and are termed; Ciss (input), 

Coss (output) & Crss (reverse transfer).  These are actually a combination of capacitances 

within the structure: 

 

  Ciss= CGS + COX + CDG       (2-2) 

  Coss = COX  + CDG + CDC      (2-3)

  Crss =COX  + CDG       (2-4) 
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Where:  CGS is gate to source capacitance, COX is gate oxide capacitance (the insulated 

gate, consisting of SiO2
 has capacitance which adds to total input capacitance), CDG is gate-

drain capacitance and CDS is drain-source capacitance.   

 

2.2.2 MOSFET Turn-On 

To turn the device on, a gate voltage above the threshold potential must be applied 

between the gate and source terminals. The threshold voltage is dependent on the particular 

device design and structure, but is the required voltage to establish an inversion layer 

below the gate. An inversion layer is a thin layer (~10nm) where the minority carrier 

concentration is higher then the majority carriers of the material [22]. This results in an n- 

inversion layer forming directly below the gate in the p+ material of the MOSFET. This 

establishes a channel for electrons to flow from the source terminal to the drain via the drift 

region. By increasing the gate-source voltage, current flow can be increased; as this 

enhances the conductivity of the inversion layer.  

Once the gate voltage is applied, the gate capacitor, CGS, begins charging.  In Figure 

2-4, the turn-on transient is shown. From time period t0-t1 the gate voltage rises to the 

threshold potential, Vth. Once the threshold voltage has been reached, the inversion layer is 

established and current flows in to the drift region. The gate capacitor CGS continues to 

charge and the gate voltage rises at a rate determined by: 

GS

G
G C

I
dtdV =/       (2-5) 

 

From period t1-t2, the drain current continues to rise and CGS continues to charge. 

Period t2-t3 is where the Miller capacitance is being charged by IG.  Since the drain voltage 

is falling and gate voltage is constant, this provides a large input capacitance and the gate 

voltage goes to a plateau during the charging of CGD. After the drain voltage stabilises, CGD 

is charged. VG then continues to rise to its maximum value from period t3-t4. The turn-on 

cycle is now complete. 
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Figure 2-4  MOSFET Turn-on transient 

 

2.2.3 On-State Performance 

Typical on-state I-V characteristics of an n-channel power MOSFET is shown in 

Figure 2-5. An increase in gate voltage allows more current to flow before saturation 

occurs, whereby an increase in drain voltage no longer gives rise to an increase in drain 

current, due to pinch–off of the inversion channel [23]. 

 

Figure 2-5  I-V on state characteristics of a  n-ch Power MOSFET [24] 
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The MOSFET has a resistance from drain to source in the on-state that will influence 

the power dissipation of the device. This ‘on resistance’ is defined as RDS(on). The RDS 

resistance is actually a sum of resistances within the device. Firstly, the inversion layer 

across the gate has a resistance, Rch. The accumulation region below the gate, RA.  The 

JFET region across the p+ region, RJfet.  A resistance exists in the drift region, Rdrift, and 

resistances in the n+ substrate and source connection exist; Rsub & RS, respectively. Thus, 

RDS (on) is defined as: 

 

SsubdriftjfetAchonDS RRRRRRR +++++=)(     (2-6) 

 

 Figure 2-6  visually shows the resistances throughout the device. Rdrift is the area where the 

majority of voltage drop is created, which is dependent on doping concentration and 

thickness of the region. Temperature also influences the resistance due to phonon 

scattering, resulting in reduced mobility within the device [25] 

 

 
Figure 2-6  Voltage drops through the MOSFET structure 
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Power MOSFETs are very robust devices; they can switch inductive loads at high 

currents at very high frequencies and can withstand short circuits for small time periods 

without destructive failure from secondary breakdown, which is unlike bipolar devices 

[26]. 

Despite the ruggedness, the application of power MOSFETs is usually limited to 

below 600V. For higher voltages, a thicker drift region is needed which results in an 

increase of the on state resistance RDS (on). This gives rise to a significant increase in power 

loss across the device, causing self heating. Power dissipation during the on-state is 

defined as:     

        (2-7) )(
2

onDSDSDisipation RIP ⋅=

 
Self heating is dependent on the thermal impedance of the device package and thus the 

temperature rise caused by device self heating can be defined in equation 2-8:  

 
PT ⋅Θ=∆        (2-8) 

Where: 
Θ = Thermal impedance 

P = Power dissipation  
 

There will be a time dependence in reaching the thermal limit of the device, 

depending on the junction-to-case and case-to-ambient thermal resistances and the current 

through the device. Therefore the longer the conduction period, the greater the self-heating 

effects. With low frequency switching, the device will be subjected to thermal cycling 

which can lead to performance degradation or possible device failure due to the thermal 

stresses. Therefore, to minimise this effect it is necessary to keep the thickness of the drift 

region small to reduce resistance and this primarily is the reason why unipolar devices 

above 600V are not practical, especially at very high frequency of switching.  In order to 

increase the voltage rating and allow higher current densities, bipolar current action is 

required. As was shown in figure 1.1, BJT and IGBT devices tend to dominate the medium 

to high current market due to their superior current handling and voltage blocking 
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capabilities. These devices are termed bipolar or minority carrier devices as they employ 

both electrons and holes for current conduction. 

 

2.3 Minority Carrier Devices 

Bipolar conduction requires both electrons and holes for current conduction. In an n-

type semiconductor material, the minority carriers are holes; or to be more precise, a lack 

of an electron which can be perceived as a “hole” for an electron to jump into. In p-type 

semiconductors, holes are the majority carrier but a few free electrons remain and it is 

these that are the minority carrier.  By utilising both carriers, bipolar devices are able to out 

perform MOSFETs for current handling due to the high current injection. Power 

dissipation is also reduced due to conductivity modulation of the drift region resulting in a 

significantly reduced on-state resistance. Despite the better power handling, bipolar 

devices can not switch as fast as a unipolar device due to the lifetime of the carriers and 

recombination effects. But through the use of lifetime killing such as impurity implants and 

irradiation, switching speeds can be improved; however, a trade off with on-state voltage 

must be made [13].  Examples of bipolar devices are the BJT, IGBT & SCR. Many other 

novel devices exist but the most popular device in use for medium to high power is the 

IGBT; a MOS controlled bipolar transistor. The next section will concentrate on the IGBT, 

which is a hybrid of both the BJT and the MOSFET technologies. 

  

2.4 Insulated Gate Bipolar Transistor 

The IGBT is perhaps the most versatile three terminal power semiconductor in use due 

to its excellent current handling, voltage blocking & reasonable switching speed. Being 

voltage controlled, gate driving is greatly simplified. In many applications it can be used as 

a replacement to a MOSFET device.  An IGBT is essentially an n-channel MOSFET 

fabricated on a p-type doped substrate. Figure 2-7 illustrates the 2-D cross section of a 

Punch-Through (PT) IGBT.  The additional p-layer forms the collector terminal 

(equivalent to MOSFET drain terminal). This creates a PNP transistor within the structure. 

Current is supplied to the base of the PNP transistor (n-drift) via the MOSFET channel 
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formed between the n+ regions under the gate.  The equivalent circuit of an IGBT is shown 

in Figure 2-8.  The IGBT can be visualised as a PNP transistor with the base current 

provided by an n-channel MOSFET. A parasitic transistor does exist in the structure which 

can cause latchup if turned on. Under normal conditions the NPN transistor remains off. 

This is discussed in more detail in section 2.4.2.  

  
Figure 2-7   2-D cross sectional structure of a PT- IGBT  

 

 
Figure 2-8    Equivalent circuit diagram of IGBT 
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2.4.1 Static Operation  

The IGBT turn-on operation is very similar to a MOSFET since the first turn on 

stage is to establish an n-channel inversion layer into the base. Once the inversion layer is 

formed, electron current flows in to the drift region. However, unlike a MOSFET, the 

anode voltage must be above 0.7V (for silicon devices) before conduction commences. 

This is termed the bipolar on-set voltage.  Once the on-set voltage is exceeded, holes are 

injected from the anode into the drift region.  This starts a process called conductivity 

modulation, whereby the resistance of the drift region is significantly reduced below that of 

the bulk resistance, due to both holes and electrons entering the drift region [27]. This 

creates a very low forward voltage drop across the device. This is where the IGBT 

outperforms the MOSFET as compared to devices of the same die size. The IGBT has a 

significantly lower on-state voltage drop and greater current density due to the modulated 

conductivity within the base. The time taken for conductivity modulation to occur depends 

on factors such as the drift region dimensions, carrier lifetime or injection efficiency of the 

p+/n-drift junction. Losses during the turn on process are primarily due to the capacitive 

charging of the gate and Miller capacitances, however, the IGBT has a smaller active area 

than for a comparable rated MOSFET so the turn on losses are not as significant.  

Figure 2-9 shows a typical I-V characteristic of a commercial IGBT. We see that the 

device can not turn on until the on-set voltage has been exceeded.  Saturation is then 

determined by pinch-off of the inversion channel as the case with the MOSFET.  The 

saturation voltage, Vce(sat), is made up of multiple voltage drops through the device. These 

are created due to the resistance of the MOSFET channel (Rch), the JFET resistance 

(RJFET), the drift region resistance,(RDRIFT) and the forward potential of the p+ anode/n-drift 

junction. Thus, the total on-state voltage can be calculated from the sum of voltage drops: 

 

JunctiondriftJFETchsatce VVVVV +++=)(     (2-9) 

 

A typical Vce(sat) value for commercial 1200V IGBT is 2.9V at 25A, however a number of 

factors determine the actual value such as the  temperature of the die, the current through 
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the device, cathode efficiency or the drift region technology used. The different drift 

technologies for commercial production of IGBTs are discussed in Section 2.4.3.  

 

 
Figure 2-9 Typical IGBT I-V Characteristics [28]. 

 

2.4.2 Parasitic Transistor 

 A parasitic NPN transistor exists in the structure, formed by the n+/p+/n-drift 

junctions. This transistor needs to remain off for the IGBT to function correctly. However, 

the transistor could be turned on due to the resistance of the p+ region, RE, causing a 

voltage difference between n+ and p+ regions. Hole current will tend to flow horizontally 

under the n+ region towards the emitter terminal due to charge neutrality. Despite the fact 

that the two regions are electrically connected to the emitter, the current flow creates a 

potential difference, enough to forward bias the n+/p+  junction.  If this occurs, a PNPN 

thyristor is formed and this leads to a condition known as latchup, whereby the control of 

current is lost and a self-sustaining conduction path exists, eventually leading to device 

destruction due to excessive power dissipation and self-heating. A waveform showing an 

IGBT going into latchup is shown in Figure 2-10. This clearly shows that the gate is 

 19



       

turning off (blue trace), but the current (purple trace) continues to rise up to the point of 

device destruction. The rate of rise of current was slow in this case due to the load 

inductance. It is possible that even though latchup has occurred, the device may not be 

destroyed due to the slow current increase. However, with resistive loads, it would lead to 

quick destruction.  Latchup can be avoided by ensuring the resistance RE is kept low so 

that the NPN transistor remains off. This is achieved through device doping adjustments 

and geometry optimisation [25, 29].  

 

 
Figure 2-10 Experimental waveform of IGBT going in to latchup after gate turn off.                     
                       (Vce=600V, Ic=3A, Vg=0/15v, Tj=300K) 

 

 

2.4.3 Drift Region Technologies 

The function of the drift region is to support high voltage during the off-state and 

hence, the longer the drift region, the higher the voltage blocking capability. However a 

longer drift region will lead to a higher on-state voltage drop due to the increased 

resistance. By adjusting the doping concentration of the n- drift, the electric field can be 

controlled such that it doesn’t punch through to the anode at a particular voltage, but this 

will also alter the on state characteristics. To overcome the trade off between blocking 
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voltage and on-state performance, different drift region technologies exist; which are 

outlined below. 

Currently, there are three main drift region technologies used to fabricate IGBTs, 

namely; Non-Punch-Through (NPT), Punch-Through (PT) and Field Stop (FS). The 

underlining differences in structure are shown along with their electric field profiles in 

Figure 2-11, Figure 2-12 & Figure 2-13 respectively. 

 

2.4.3.1 Punch Through Structure 

PT, FS & NPT IGBT have different structures and fabrication techniques which 

determines their performance and trade-offs. For The PT structure, shown in Figure 2-11, 

the device is made on a thick p+
 type substrate and the n- drift is epitaxially grown on top. 

The region directly next to the p+ collector has a higher doping concentration and this is 

called the n+
  buffer region. This gives the PT structure a better trade-off between VCE(sat) 

and turn off switching speed compared to a NPT structure [30].  

 
Figure 2-11 Punch through IGBT structure with typical E-field and doping levels 
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The buffer region also prevents voltage punch through the n-
 drift/p+ anode junction 

during forward blocking condition. This gives the PT structure a box shape electric field 

profile unlike the NPT, which exhibits a triangular electric field as shown in Figure 2-12.  

The thick p+
 collector results in high injection efficiency but the PT structure suffers from a 

negative temperature coefficient for on-state voltage and so makes it difficult to connect 

devices in parallel due to the risk of thermal runaway. Due to the high injection efficiency 

of the collector, carrier lifetime techniques such as electron irradiation or proton 

implantation are used in PT devices to minimise turn-off losses and increase switching 

speed [31, 32]. 

 

2.4.3.2  Non punch Through Structure 

 The NPT structure, shown in Figure 2-12, is created on an n type substrate and the 

p+ collector is diffused on to the back of the die. The thickness of the collector can thus be 

controlled to obtain the desired injection efficiency.  The NPT has no buffer layer and so 

the n- drift is uniformly doped. The NPT has a positive temperature coefficient for on-state 

voltage that allows for easier paralleling of devices. Due to the long drift region, base 

transit times are increased, therefore the carrier lifetime of the NPT is usually higher than 

PT in order to obtain a reasonably low on state voltage. The large carrier lifetimes have an 

effect on the effective switching speed, and thus there is a trade-off between low forward 

voltage and switching speed.  

The NPT is ideal for paralleling devices, as it exhibits a positive temperature 

coefficient with respect to the forward voltage drop. This is because of the mobility 

reduction, due to phonon scattering at elevated temperatures causing an increase in the 

voltage drop across the device [33]. This is in contrast to the PT structure as it has a much 

higher transistor gain (enhanced anode injection efficiency) and lower carrier lifetime; as 

temperatures are increased the carrier lifetime and injection efficiency increases which 

causes a lower on-state voltage drop, therefore making the PT unsuitable for paralleling. 

NPT devices tend to be more rugged than PT devices due to their longer base, lower gain 

of the PNP transistor and even distribution of the electric field, which enables it to absorb 

more avalanche energy then  the PT structure [34]. 
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Figure 2-12  Non-punch through IGBT structure with typical E-field and doping levels 
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2.4.3.3 Field Stop Structure 

 The Field Stop IGBT, shown below in Figure 2-13, is created using an n type 

substrate with an n+
 buffer layer is implanted and annealed [35].  The FS, also known as a 

Soft-Punch Through (SPT) device, is the latest technological advancement for drift region 

optimisation and combines the benefits of both PT and NPT technologies [36]. The overall 

dimensions of the FS are much smaller than PT and NPT due to the combination of a 

transparent anode and buffer region. The p+ collector is diffused on to the back of the 

wafer. The significant difference to the PT structure is that the n- drift is smaller in length 

and the n+ buffer has a lower doping concentration.  

The buffer region in the FS IGBT stops the electric field during blocking conditions 

and allows physical dimensions of the n- drift to be reduced. During turn-off, the electric 

field approaches the collector earlier than in a NPT structure and aids in sweep out of the 

excess carriers and so increases turn-off speed and efficiency [36, 37].  
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Emitter (Cathode) 

 
Figure 2-13 Field Stop IGBT structure with typical E-field and doping levels 

 

 

2.4.4 IGBT Dynamic Switching Characteristics 

A typical load for the IGBT may be a motor, lighting ballast or induction heating 

coil. These loads are inductive in nature and in fact the majority of power applications have 

inductive loads, so it is important to discuss the dynamic switching operation of the IGBT 

under such loading conditions.  A typical clamped inductive load used for device 

characterisation is shown below in Figure 2-14.  

 The following section will now describe the transient behaviour during clamped 

inductive switching with the aid of Figure 2-15.   

 
Figure 2-14  Chopper Test Circuit   
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2.4.4.1 IGBT Turn-On  

To turn on the IGBT, a gate voltage is applied and the gate capacitance starts 

charging, the time for the gate to be completely charged is dependent on the size of the 

gate input capacitance (Ciss) and the value of gate resistance used in the gate drive circuit. 

The process of turn-on is shown in Figure 2-15. During time period ‘a’ no current flows 

and the device supports the full bus voltage. Once the voltage at the gate reaches the 

threshold voltage (Vth), current through the device starts rising (period ‘b’). The gate 

voltage continues to rise at an exponential rate determined by the time constant of Rg.Cgs 

and hence:  

]1[)( )/(
max

τt
gg eVtV −=      (2-10) 

 

Where:  τ = RgCiss  

 

The collector current then begins to rise as electrons flow through the MOS channel. The 

rate of rise of current is determined by the charging rate of the gate capacitance and hence 

the voltage at the gate: 

 

)( THGEmA VVgI −=      (2-11) 

 
 
Once the collector current (Ic) has risen to its final value, the collector voltage begins to 

decrease (period ‘c’) and the gate voltage becomes constant despite the fact that current is 

still entering the gate. Ig is now charging the Miller capacitance which increases due to the 

decreasing collector voltage and reducing depletion layer width. The rate of fall of 

collector voltage is therefore determined by: 

 

  
gd

g

t

Vce

C
I

d
d

=                            (2-12) 

 
 

 25



       

At period ‘d’ the collector voltage has levelled off and the Miller current is now constant. 

VGE starts to rise to the gate supply voltage, VGG. The turn on process is then complete and 

the collector current continues to rise according to the di/dt of the inductor.  

The total turn on time is dependent on factors such as gate current, collector voltage 

and gate capacitance. The time is comprised of: the initial delay during gate charging, 

Tdelay(on), which is typically defined in datasheets as the time taken between 10% of gate 

voltage and 10% of  the final collector current. The rise time, Tr, which is defined as the 

time taken for the collector current to rise from 10% to 90%. Finally the time taken for the 

collector voltage to fall to its steady-state value. Typical turn on times are in the order of 

<1µs. 

 

 
Figure 2-15 Typical IGBT turn-on switching waveforms 

 

 26



       

2.4.4.2  IGBT Turn-Off  

 To turn off the IGBT, the gate bias is returned to zero or negative potential with 

respect to the emitter terminal. Figure 2-16 shows the turn-off waveforms. Once the gate to 

emitter voltage drops below the threshold voltage, VGE (th), the MOS channel is turned off, 

which stops electron flow into the drift region. During period ‘a’ of Figure 2-16, it is seen 

that VGC begins to decrease as the gate capacitance is discharging.  

 

The rate of exponential discharge is determined by: 

       (2-13) )/(
max)( τt

gg eVtV −=

 

 
Figure 2-16 Typical IGBT turn-off waveforms 

 

During period ‘b’ the collector voltage begins to rise as the Miller capacitance is being 

discharged at a rate determined by the constant negative gate current: 
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At time instant ‘c’ the voltage has reached its final value and the collector current 

begins to fall as the MOS channel is cut-off. This causes an abrupt fall in electron current. 

Hole current continues to be injected from the collector resulting in a current tail as the 

excess carriers (holes and electrons) in the drift region then begin to recombine and the 

current begins to decay as seen at period ‘d’.  

The turn-off of the IGBT is much slower then a MOSFET due to the abundance of 

carriers trapped in the drift region. Recombination or back injection to the anode is the 

only means of ‘escape’ and causes a slow current tail. Depending on the drift region 

structure (NPT or PT), the turn-off times will vary as a NPT has a much longer carrier 

lifetime, the tail will be slower to decay, however the long lifetime is beneficial for a low 

on-state voltage and hence a trade-off exists between switching time and forward voltage 

drop 

 

2.4.5 Safe Operating Area  

The IGBT has a fairly rugged Safe Operating Area (SOA). The SOA defines the 

current and voltage boundaries within which the device can safely operate without 

destructive failure. A graphical representation of the SOA is shown in Figure 2-17. 

Three major boundaries exist that must be observed. Firstly, the IGBT is limited to 

the maximum voltage it can support before breakdown, determined by the thickness of the 

drift region and doping characteristics. Secondly, the maximum current must be observed 

or else latchup of the parasitic transistor may occur, resulting in failure of the device. The 

final boundary refers to simultaneous high current and voltage during switching transients. 

The device is particularly at risk if temperatures of the die increases. The use of heat-sinks 

and optimisation of device packaging can aid in the removal of thermal energy. The 

simultaneous high current and voltage is a problem for hard-switched devices. This will 
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lead to thermal stress of the device particularly if the device is operating at high 

frequencies.   

Figure 2-17  also shows the benefit of utilising a snubbing method or soft-switching. 

By incorporating such methods in to the circuit, the device can be spared from going to the 

limits of its SOA during switching. Passive snubber capacitors can be placed across the 

device that modifies the current or voltage transients to create reduced switching stress. 

The di/dt and dv/dt across the device are reduced during switch-on or switch-off to 

decrease the total energy dissipated during switching transitions.  

 

I

VOff
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Soft-switching

Hard-switching

Safe Operating Area

snubbered

 
Figure 2-17  SOA representation during switching transients 

 

FBSOA is the forward biased “safe zone” defined by manufactures and refers to the 

maximum turn-on condition. RBSOA is the reverse biased SOA and refers to the 

maximum turn-off condition without latch-up failure. IGBTs may also be short circuit 

rated. The SCSOA defines the period the device can sustain a short circuit and is typically 

<10µs. Punch-through devices may not have SCSOA ratings as they are less rugged than 

NPT devices due to the high bipolar gain and high electric field at the buffer/ drift region 

junction [38]. 
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2.4.6 Optimisation of IGBT 

The IGBT has gone through many stages of development in the last two decades 

since its conception. Major developments have included drift region engineering such as 

PT, NPT and FS, as discussed in section 2.4.3. Efforts have been made to optimise and 

improve the switching speed/forward voltage drop trade-off and push the SOA limits 

higher. The developments can all be put in to three major categories: drift region 

engineering, cathode engineering and anode engineering. The latter deals with enhancing 

the anode hole injection by incorporating local lifetime control [31] and the adding of 

impurities such as gold and platinum [15]. More recently, the modification of the anode 

with the addition of p+ pillars has been demonstrated for fast switching optimisation [39].  

For cathode engineering, efforts have been made to reduce the JFET resistance by altering 

the doping concentration directly under the gate[40], however the most significant 

development to date is the Trench gate structure [41].  

2.4.6.1 Trench Gate 

The IGBT was originally developed with a planar gate structure [27], however, the 

JFET resistance present in the planar device has a detrimental effect on the forward on-

state voltage. The voltage drop is caused by an accumulation layer that is formed in the 

drift region directly under the gate due to holes collecting in this region [25], thus 

increasing overall on-state voltage drop; as was shown in equation 2-9 in section 2.4.1.  By 

utilisation of a vertical gate structure, the JFET voltage drop is eliminated and on-state 

voltage across the structure is reduced. Latch-up immunity is also greater in the trench 

structure due to the entirely vertical current flow, thus minimising the chance of turning on 

the parasitic transistor. The trench gate IGBT structure is shown in Figure 2-18.  Typical 

depth of the trench gate is 5µm and so the cell packing density can be increased with 

trench devices with respect to planar structures. 

Trench devices have also been reported to improve on-state performance through a 

phenomenon known as injection enhancement [42], whereby the holes are attracted 

underneath the  trench gate and increase the potential, thus enhancing the electron current 

from the MOS channel.  
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Figure 2-18  Trench Gate IGBT cross section 

 

The major hurdle for the manufacture of trench devices is the cost factor. Process costs 

are greater then for the planar structure and it is difficult to fabricate uniform vertical SiO2 

walls. Despite this, trench devices are now emerging in the market coupled with drift 

region optimisation such as Field-Stop technology, these devices are the most advanced 

IGBTs available to date [43]. 

 

2.5  Other MOS Controlled Devices 

Since the development of the IGBT, many other MOS controlled devices have been 

created using a thyristor as the main conducting device, rather then a transistor. The main 

advantage of using the thyristor regenerative action is the lower forward voltage drop with 

high current conduction. This section will now look at the most significant devices in this 

category.  

 

 31



       

2.5.1 MOS Controlled Thyristor 

The MOS Controlled Thyristor (MCT) was first proposed in the mid 1980s [44]. The 

structure is shown in Figure 2-19.  To turn the device on, a positive gate potential above 

the threshold voltage is provided causing electron flow from the cathode to the n- drift 

region. Holes are then injected from the anode and the thyristor (formed by p+/n-/p base/n 

regions) is latched on. The gate voltage then serves no purpose due to the regenerative 

action of the thyristor. The thyristor will remain on until either the anode voltage is 

removed, or a negative gate voltage is applied to the gate. Applying a negative voltage to 

the gate can turn off the MCT. A negative gate voltage creates an inversion layer in the p-

channel MOSFET. The n+ cathode is then shorted to the p region and the electron injection 

from n+ ceases. This inversion layer also diverts hole current from the p region into the 

cathode. The holding current of the thyristor increases and the thyristor is subsequently 

forced to turn off [45].  Stored charge remains in the drift region and begins recombining, 

thus leaving a current tail, like the IGBT. 

 
Figure 2-19  MCT cross section 

 

MCTs provide both an easy gate drive, due to the high input impedance of the MOS 

gate, and a low on-state loss, due to the strong conductivity modulation effect of the 
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thyristor. A Typical I-V characteristic of the MCT is shown in Figure 2-20 with a 

comparison to the IGBT. 

 

  
Figure 2-20 Typical  I-V of MCT with comparison to IGBT 

 

 

Because the MCT conducts current through a thyristor structure, the forward 

conduction characteristic is close to a conventional thyristor. Hence, the current carrying 

capability is better than that of the IGBT. They were expected to compete with IGBTs in 

high power applications [46]. However, the MCT lacks current saturation capability so it is 

difficult to control the turn on and turn off in a required manner and protect the device 

from short faults. MCT also suffers from SOA limitations in high voltage applications 

[47].  The MCT is also a five-layer device and requires a triple diffused fabrication 

process. This makes the fabrication more difficult than IGBT.  

 

2.5.2 Base Resistance Controlled Thyristor 

The Base Resistance Controlled Thyristor (BRT) is another gate controlled device that 

is similar to the MCT, but with an altered structure as shown in the three-dimensional 

representation in Figure 2-21. Essentially, it is a thyristor in combination with a MOSFET 
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device. The MOSFET serves to decrease base resistance and base current when the 

thyristor is in the on-state.  

 
Figure 2-21  3-D Representation of a BRT 

 

With the device in an off-state, a positive voltage applied to the anode is supported 

across the junction between n- drift and p base regions. The BRT is turned on by applying a 

positive bias to the gate to create an n-type channel at the surface of the p base region. 

Electron flow is initially from the n+ emitter region through the conductive channel to the 

n-type base region. Hole current is injected from the p+ anode region and flows to the p 

base. As seen in Figure 2-21, the P base is shorted to the cathode contact, which causes 

current to flow laterally to the cathode and forward biases the p base / n+ emitter junction; 

thus inducing the regenerative thyristor action and the device latches on. 

Turn off is achieved by applying a negative voltage to the gate contact so as to create a 

p-type inversion layer along the surface of the n base region. Holes within the p base will 

then tend to flow through this low-impedance inversion layer to a p+ diverter region. This 

decrease in hole current eliminates the forward bias between the p base and n+ emitter, 

which results in the thyristor turning off. 
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The BRT offers lower forward voltage drop than the IGBT, but has no current 

saturation control, as is the case with the MCT. The BRT is simpler to fabricate than the 

MCT as there is no need for the triple diffusion method. 

 

2.5.3 Emitter Switched Thyristor 

The Emitter Switched Thyristor (EST) offers current saturation, which both the MCT 

and BRT lack; whilst still providing thyristor action and hence a low forward voltage drop. 

This is achieved by directly controlling the thyristor current via an n- channel MOSFET 

[48]. The structure is shown in Figure 2-22.  The EST is turned on by applying a positive 

gate potential. Electrons begin flowing in to the n- drift, and the device initially behaves 

like an IGBT with holes injected from the anode which flow to the p base. The current 

flowing in the p base causes the n+ floating / p base junction to become forward biased and 

latches the thyristor. The current is forced to flow through the lateral MOSFET channel 

formed between the n+ and n+ floating regions. This allows thyristor current to be 

controlled via the gate potential. This permits current saturation to be accomplished. To 

turn the EST off, the gate potential is removed which cuts the electron current from the 

cathode.  

 

 
Figure 2-22 EST cross section 
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The EST does have a parasitic thyristor within its structure which must remain off or 

else gate control is lost. The methods used in the IGBT to suppress the latch-up can also be 

applied to the EST.  

In an effort to improve the FBSOA of the EST, improvements have been made to the 

structure, the most notable are the dual channel (DC-EST), [49] and dual Gate (DG-EST), 

[50]. Trench gated EST have also been proposed to further enhance the on-state 

performance [51]. Despite the interest in the EST since the 1990s, the EST has yet to 

become a successful commercial device. 

 

2.5.4 Other Notable Thyristor Devices 

Many medium-high power semiconductor device technologies exist, however the 

most notable are the  Gate Turn Off  Thyristor (GTO) and Integrated Gate Commutated 

Thyristor (IGCT) [52], used in many medium-high power industrial systems such as 

multilevel converter drive applications or brushless DC motor excitation. Essentially these 

devices, based on a thyristor structure, have the ability to be turned off through a gate 

terminal, thus giving the benefit of full commutation control. The GTO remains the 

dominant device in high power conversion due to its established technology, low cost and 

high reliability. The Static Induction Thyristor (SITH) is another example of a modified 

thyristor structure and can offer fast switching speeds. To date the SITH has not been 

widely used in industrial applications, due to its relatively complicated fabrication process 

and higher price [53]. A promising device which could potentially replace the GTO is the  

Injection Enhanced Insulated Gate Bipolar Transistor (IEGT) [54], which combine the 

technologies of the IGBT with an injection enhancement concept [55]. This allows the 

device to exhibit lower on-state voltage to that of the GTO whilst increasing switching 

speeds and reducing gate drive requirements. The IEGT is now slowly gaining importance 

in power conversion applications.  

Thyristor based devices are used primarily in high power applications due to their 

relatively low conduction losses and high voltage and current ratings. Modern high power 

applications now require higher frequency of operation and smaller gate drive 

requirements and MOS gated thyristor (MGT) devices are now being looked at seriously 
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by system designers. The CIGBT is one such emerging MGT device that has promising 

characteristics for use in medium-high power converter systems. The following section 

will look at this device closer. 

 

2.6 Clustered Insulated Gate Bipolar Transistor (CIGBT) 

The CIGBT, developed by Emerging Technologies Research Centre, is a three 

terminal MOS gated thyristor device which offers lower forward voltage drop, high current 

saturation capability and ruggedness within a wide SOA [9].  This section describes the 

structure and experimentally demonstrates the CIGBT performance characteristics. 

The half-cell cross-section of the CIGBT is shown in Figure 2-23  and the simplified 

equivalent circuit is in Figure 2-24.  The structure consists of a number of cathode cells 

surrounded by n well and p well layers. Together, these form a cluster. Many of these 

clusters placed within the active area form the device. The main conducting thyristor is 

made up of the p anode, n- drift, p well, and n well layers. The n and p well layers are left 

floating. The p base and n+ regions are connected to the cathode (emitter). The n-drift 

region supports the high voltage potential. As with the IGBT, the drift region can be 

optimised for NPT, PT or FS technologies.  

As seen in the equivalent circuit, the thyristor consists of two transistors, TNPN1, 

(formed by: n drift/ p well / n well) and TPNP1 (formed by: p+ anode/ n drift/ p well). To 

control the thyristor, two n channel MOSFETs are formed. Gate 1 is placed over the edge 

of the p well region to connect the n+ regions to the n- drift region.  Gate 2 is placed over 

the p base regions, which connects the n+ regions to the n well region.  Gate 1 & 2 are 

connected together to form a single gate; thus creating a three terminal device. The 

function of gate 1 is to connect the cathode to the n-drift region and acts as a turn-on 

MOSFET. Gate 2 is the control MOSFET, which provides the electron current to the n- 

drift and allows current saturation control [56]. 
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Figure 2-23  CIGBT Half-Cell Cross Section 
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Figure 2-24 A simplified equivalent circuit for the CIGBT 
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2.6.1 Self-Clamping  

    A unique feature of the CIGBT is the ability to self-clamp. This provides excellent 

current saturation at high gate biases and protects the cathode cells from high electric 

fields. Self-clamping occurs when the p base / n well junction depletion region extends 

downwards towards the n well region. At a preset anode potential, the depletion region 

reaches the n well and punch-through occurs. This is due to an inherent transistor formed 

by the p well/n well/p base layers. As the p base / n well junction is reversed biased and 

due to the higher doping concentration of the p base, the depletion region will begin 

descending into the p well region.  

Once self-clamping has occurred, further increases in the anode potential will not be 

reflected at the cathode as the n well potential remains constant, thus protecting the cells 

from high voltages which ensures a high safe operating area and prevents the failure modes 

which are common to conventional IGBTs [57]. Figure 2-25 shows the potential 

distribution through the device. Once the self-clamping voltage has been reached, the 

cathode cells are clamped and the p well supports any further increase in anode voltage. 

 The doping concentration of the n well must be considered carefully as a too low 

doping causes the I-V characteristic to show snap-back due to the p base and p well 

diffusions merging, however, if the doping is too high, it can cause a reduction in the SOA 

due to ineffective clamping of the cathode cells [58]. 

 

 

Figure 2-25 Potential distribution through device with increasing anode voltage 
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2.6.2 Device Fabrication 

The CIGBT devices used for testing were 25A devices with an active area of 0.25cm2 

and rated for 1200V. They were fabricated using  standard 3µm CMOS design rules with 

punch through (PT) technology.  The devices were made on a p-type starting wafer with 

epitaxially grown n+ buffer and n- drift regions.  The first diffusion made in to the silicon is 

boron to create the p well. After the annealing process, a second diffusion of phosphorus is 

made in to the p well to form the n well region. A further diffusion & implant of boron is 

made to create the p base region and the n+ region is ion implanted into the p base. After 

these steps, the process follows standard lithography/metallisation fabrication techniques to 

form the cathode[59]. 

 The fabrication of the CIGBT involves a triple diffusion process. A typical doping 

profile of the CIGBT was obtained from 2-D numerical MEDICI simulations and shown in 

Figure 2-26. The gate oxide thickness was 100nm and electron irradiation was 

implemented to optimise the switching loss/on-state voltage trade-off.   After fabrication 

the devices were diced and packaged into standard T03 packages for electrical static and 

dynamic characterisation.  

 
 Figure 2-26  Doping profile of CIGBT through cut-line A-A’. Inset: cut-line location through device. 
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2.6.3 CIGBT Static Characteristics 

    To facilitate turn-on, a gate potential of +15V is applied. During turn-on, the n- drift 

region is grounded via the n- channel inversion layer formed by gate 1 and the n well is 

effectively grounded via the channel formed by gate 2. The p well, which is floating, 

begins following that of the anode potential due to a capacitive coupling effect [56]. The 

increased potential causes the NPN transistor, formed by n well/p well/n- drift, to turn-on 

and latches the main conducting thyristor without snapback. Measured I-V characteristics 

at room temperature for the CIGBT is shown in Figure 2-27 whilst Figure 2-28  shows 

measurements obtained at 125 0C.  The CIGBT static characteristics were measured using 

a Tektronix 371A curve tracer [60]. 
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Figure 2-27 Measured I-V characteristics for 20A PT-CIGBT at 300K 

 

Figure 2-29 shows the variation in I-V characteristics when the devices were subjected 

to high temperature. The PT devices show a negative temperature coefficient for VCE at 

low current. Crossover is met at approximately 20A whereby the effect of increased 
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lifetime is overcome by the decrease in carrier mobility [61]. Beyond 20A, the devices 

exhibit a positive temperature coefficient. 

The threshold voltage was measured by plotting gate voltage against anode current and 

the knee was found to be at 6.5V at 0.1A anode current, as shown in Figure 2-30. 

Breakdown voltage was measured at 1360V for the 1200V rated device, the curve tracer 

plot can be seen in Figure 2-31. 

 From the static characteristics, it is seen that the CIGBT behaves in a similar manner 

to that of the IGBT, showing high current saturation ability at high gate biases and a low 

static VCE value of 2V at 20A. It is important, however to analyse the dynamic 

performance of the device whilst under clamped inductive switching operation.  
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Figure 2-28 Measured I-V curves at 400K of 20A CIGBT 

 

 42



       

0V 1V 2V 3V 4V 5V 6V
0A

25A

50A

     T=   300K
            400K

 

 

An
od

e 
C

ur
re

nt
 (A

)

Anode Voltage (V)
 

Figure 2-29 Cross-over of I-V characteristics with high temperature operation (Vg=15V) 
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Figure 2-30 Measured threshold voltage of 20A CIGBT at room temperature (Vce=Vg ,Tj=300k) 
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Figure 2-31  Breakdown voltage of 1200V CIGBT  

 

2.6.4 Dynamic Switching Performance  

The CIGBT device was subjected to inductive switching conditions using the circuit 

shown in Figure 2-32. Vbus voltage was 600V and current was regulated to 20A by 

controlling the gate pulse length.  Gate voltage was a square wave pulse of 0 – 15V.  

Figure 2-33 shows the turn on transient whilst Figure 2-34 shows the turn off period. 

 
Figure 2-32 Clamped inductive dynamic switching test circuit 
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Figure 2-33  Turn-on switching transients of CIGBT 
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Figure 2-34   Turn-off switching transients of CIGBT 

 

During dynamic switching, the CIGBT operates similarly to an IGBT. Due to the thyristor 

action in the CIGBT, however, the on-state losses are lower than the IGBT. During turn-

off, the p well region acts as a collector of holes, aiding in turn off performance. Switching 
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turn-off losses was measured at 6.92mJ with on-state voltage of 2.55V. The current 

distribution through the device can be seen from 2D simulations of inductive switching in 

Figure 2-35.  

 
Figure 2-35  Simulation of current flow lines after turn-on of the CIGBT during inductive switching 

2.6.4.1  Short Circuit Performance  

An important characteristic of any power semiconductor device is the ability to 

withstand short circuits for a limited time. The standard time period used in datasheets for 

short circuit withstand capability is 10µs. Figure 2-36 shows the experimental waveforms 

of the CIGBT during short circuit conditions.  During this test, the inductor is removed and 

the collector is directly connected to the bus voltage supply. A gate pulse of 15V is used 

with a gate resistor or 22 Ω. The current through the device is limited by the on-state 

voltage drop of the device and gate resistance. 

It can be seen the device is able to withstand such conditions for 10µs pulse without 

failure from secondary breakdown or impact ionisation.  The low saturation voltage of the 

device aids in protecting against thermal stress as a larger saturation voltage results in 

significant power dissipation in the device. IGBTs have been proven to be rugged devices 

during short circuits, however it is believed that the CIGBT could withstand longer time 

periods under short circuit conditions due to its enhanced on-state performance. 
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Figure 2-36  Waveform of CIGBT under short circuit conditions 

 
 

The CIGBT has been experimentally demonstrated to be a rugged device for medium 

power switching applications. The fabricated devices will be used to experimentally 

analyse the performance under zero voltage soft-switching and zero current soft-switching 

conditions in chapter 4 and 5 respectively.  

Different gate geometries have been proposed for the CIGBT to improve performance 

further; such as the v-groove CIGBT [62]. However the most promising so far is the 

incorporation of a trench gate, as described in the next section. 

 

2.6.5 Trench Gate CIGBT 

The trench gate IGBT structure discussed in section 2.4.6.1 has seen to have benefits 

over the planar gate IGBTs with regards to switching performance [63]. The same gate 

geometry can be applied to the CIGBT to improve the on-state performance further. The 

new structure achieved very low forward voltage drop by means of shallow trench gates, 

which allow even closer cell packing than for the planar CIGBT whilst eliminating the 

JFET effect [64].   The structure of the trench CIGBT (TCIGBT) is seen in Figure 2-37 and 

the notable difference to the planar CIGBT, shown in Figure 2-23, is the vertical gated 
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cathode cells with a planar turn-on gate across the p well region. The vertical gates provide 

the electron flow from the cathode to the n well region. By using the trench gates, current 

flow is entirely vertical throughout the device, reducing current constriction. The 

horizontal gate is used to provide electron flow into the drift region during turn-on and 

affectively grounds the drift region. Once turn on is initiated, this gate is no longer 

required. 

The TCIGBT have been fabricated and packaged into TO3 cans. The devices tested 

were 20A, 1200V devices with active area of 20cm2 [65]. Under static and dynamic 

switching, the TCIGBT behaves in the same way as the planar CIGBT described in section 

2.6.3.  

 
Figure 2-37 Cross sectional representation of the trench gated CIGBT (TCIGBT) 

 
 

2.6.5.1 Switching Performance 

The TCIGBT devices were subject to 600V and switched at 20A. The turn off 

switching results can be seen from Figure 2-38. Losses were measured at 4.9mJ. The on-

state voltage was measured at 2.4V; showing an overall improvement from the planar 

CIGBT.  The benefits of the planar CIGBT over the IGBT are also kept with the TCIGBT. 

The self clamping feature keeps the p well potential at a low value, regardless of the anode 

voltage, protecting the cathode cells and trench gates from high electric fields.  
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Figure 2-38  TCIGBT experimental switching waveforms (Vce=600V, Ic=20A, Vg=15, Rg=1K, Tj=300K) 

 
 

Further enhancement to the TCIGBT structure has led to the proposal of a reverse 

conducting device (RC-TCIGBT), which incorporates an anti-parallel thyristor structure 

into the TCIGBT [66]. Such devices would allow simpler circuit designs in inverters and 

drive control applications. The TCIGBT is seen to have many benefits over the planar 

CIGBT and IGBT. Due to fabrication process issues, extensive experimental comparisons 

have yet to be made. 

 

2.7 Conclusion 

We have seen from this chapter the concept of MOS controlled devices for high 

power electronic switching. The IGBT has had significant development and optimisation 

since its conception in the 1980s and is now the preferred device for medium power 

applications. By utilising the simple gate drive of the MOSFET and the high current 

handling of the transistor, it makes for a very controllable switching device. However, the 

IGBT is limited for high voltage applications where thyristor structures such as GTOs and 

IGCTs tend to dominate. By applying the MOS gate concept to a thyristor structure, further 

 49



       

improvements in on-state performance can be made.  Previous MOS controlled thyristor 

devices have not had the ability of current saturation, but with the advent of newer MOS 

gated thyristor structures such as the CIGBT, this can be achieved with improved 

performance over the IGBT.  

The CIGBT has been shown to offer lower losses and on-state voltage, whilst 

providing saturation capability and insulated gate for voltage control, much like the IGBT. 

Due to the CIGBT’s self-clamping nature, the cathode cells are protected from high 

voltages during all stages of operation, thus enhancing the ruggedness. The advent of 

trench CIGBT devices also delivers benefits over the planar gated device due to lower 

forward voltage drop and improved operating characteristics.  
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Chapter 3 

 

 

3  Soft-Switching Methodologies 

Losses within a power semiconductor switching device consist of switching losses, 

conduction losses and off-state losses. The magnitude of conduction and switching losses 

are all dependent on the application and device technology used, but even the smallest loss 

is undesirable as it reduces the efficiency of the system. Energy loss is a function of the 

switching current/voltage, switching frequency and junction temperature of the device. 

Frequency limitations are a major problem for designers that wish to utilise devices such as 

the IGBT which is typically limited to 50 KHz for hard switched systems. Due to the 

bipolar nature and stored charge issues of the IGBT, it is not practical to switch beyond 

these limits in hard switched systems due to undesirable energy losses. Maximum 

frequency of operation is typically dependent on the power rating of the application as is 

depicted in Figure 3-1. Two lines can be drawn diagonally showing the operational limits 

in comparison to power ratings. By utilising soft-switching, the switching frequency can be 

increased due to the overall lower losses and hence the second line allows system designers 

to push the switching device further than possible with hard switched methods[67, 68]. 

 The type of application ultimately determines the device technology used. MOSFETs 

are good for high frequency switching, but they have high losses in medium to high power 

systems. Thyristors, however, are very efficient at high power applications but are used 

only in applications that have relatively slow switching transients. Figure 3-1 also shows 

the operational ranges for the most common device technologies.  

Hard switching is the natural mode of operation for power switching devices whereby 

both current and voltage can be simultaneously high, thus creating losses in the switching 

process which not only causes stress to the device but also reduces efficiency.  At high 

frequencies, both high dv/dt and di/dt induce voltage and current oscillations in parasitic 

capacitors and inductors during switching transitions. These oscillations result in higher 
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peak current and voltage in the device and thus the switching loss increases. Furthermore, 

these oscillations create Electro-Magnetic Interference (EMI), which can disrupt other 

parts of the circuit or surrounding electronic equipment. 

 

 

 
Figure 3-1 Operational limits of modern power devices under hard/soft switching (adapted from [69]) 

 

 

This chapter will now discuss further the drawbacks with standard hard switching 

before introducing the merits and pitfalls of snubber technologies. Soft-switching methods 

will then be introduced such as zero voltage / zero current switching and quasi resonant 

converter systems. 

 

3.1 Energy Loss of Hard-Switching 

Switching losses are determined by analysing the voltage and current transients and 

the instantaneous power is determined by the product of voltage and current waveforms: 
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The energy lost is of great importance to system designers. This parameter is power 

multiplied by the transient time. Thus energy losses over the entire switching period are 

found by integration: 

 

dtIcVceEnergy
t

∫ ⋅=
0

     (3-2)  

 

Illustrated in Figure 3-2 is the switching transient waveform of an IGBT in a standard 

inductive hard-switched circuit. Clearly shown is the point during the switching transient at 

which both current and voltage are simultaneously at finite values, where the loss is 

greatest. The power peaks at turn-on and turn-off indicate the losses associated with one 

switching cycle. Since this condition is met twice per switching cycle, the losses soon add 

up and so the faster the switching frequency, the higher the overall losses. The energy lost 

during the transients ultimately emerge as heat and can stress the switching device and 

increase the junction temperature significantly, leading to performance degradation. The 

power peaks of a hard - switched IGBT can be seen in Figure 3-3. 

In order to reduce energy loss, it is necessary to alter the turn-on and turn-off 

transients such that either the current or voltage waveform is delayed at the transition 

instant. Soft switching methods are used to achieve this by modifying the waveforms to 

reduce the amount of overlap of the voltage and current during a switch transition, and thus 

reduce switching loss. Many circuit topologies exist to alter the switching waveforms. 

Complex soft-switching circuits can force the current or voltage to zero before the 

switch turns on or off, whereas more simple methods that slow the rate of change of either 

the voltage or current can be employed.  The most simple of these wave-shaping methods 

is the passive snubber, which can reduce ringing and over-voltages in switching transients 

and improve switching performance. The Safe Operating Area (SOA) of the semiconductor 

switch is also improved as the limits of operation are nearly met with hard switching. By 

softening the transients, the device operates in a safer level with the SOA, as illustrated in 
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Figure 3-4. Snubbers can also aid in the reduction of electro-magnetic interference (EMI) 

emissions by lowering the spectral content of noise within the system [70].  
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Figure 3-2 Hard-Switching transients showing energy losses during turn on/off. 

 

 

 
Figure 3-3 Power loss during inductive hard-switching of an IGBT 
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Figure 3-4 SOA limit representation for hard, snubbed and soft switched devices 

 

 

3.2 Passive Snubbers 

Snubbing is a method of controlling switching transients across power 

semiconductor devices. The primary use is to limit over-voltages due to stored energy in 

inductive loads, but snubbers can also achieve the following benefits to a switching circuit: 

 

• Limit rate of change (dv/dt or di/dt)  

• Reduce EMI by damping voltage and current ringing 

• Reduce or eliminate voltage or current spikes 

• Shape the load line to keep it within the safe operating area  

• Reduce switching losses 

 

There are many different kinds of snubbers but the two most common and simplest are the 

resistor-capacitor (RC) damping network and the resistor-capacitor-diode (RCD) turn-off 

snubbers as shown in Figure 3-5. 
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Figure 3-5 Resistor-Capacitor (a) & Resistor-Capacitor-Diode (b) snubber networks 

 

In the case of the RC network, the amount of damping achieved is determined by the 

time constant, which is dependent on the values for R & C. The value for C is typically 

chosen to be larger then the output capacitance of the semiconductor device, whilst the 

value of R is typically chosen to equal the parasitic impedance of the system. The overall 

effect of using the snubber is that resonant ringing during the switching transient is greatly 

reduced. 

A typical application for the RCD snubber network is to limit the rate of rise of 

voltage across the switching device. By limiting the dv/dt, the reliability of the switch is 

increased and EMI is reduced. For devices such as Thyristors, the risk of high dv/dt 

induced self-triggering is also reduced [71]. A simple example of the RCD connected to a 

switching circuit is shown in Figure 3-6.  When the device turns off, current is diverted to 

the snubber capacitor, which charges via the diode and resistor. High peak voltages across 

the switching device are reduced as the reactive energy from the inductor is damped.  

During turn-on of the switch, the capacitor is discharged through the device and 

resistor. The value of capacitor is chosen by evaluating the maximum permitted rise time 

and peak voltage the capacitor will charge to. The relationship between the capacitor 

current and voltage allows the calculation for the value of C: 

 

   
V
Q

C =        (3-3) 

   
                    (3-4) dtIQ .=
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Substituting equation 3-4 in to equation 3-3 give the required capacitor: 
 

 dt
V
IC .=        (3-5) 

Where: Q= capacitor charge, C=capacitance = maximum peak switch current, V= the peak 

voltage of the charged capacitor, t=the voltage rise time. 

 

The value for R is chosen such that the RC time constant is small compared to the 

switching frequency; otherwise the capacitor would not fully charge/discharge during the 

switching cycle. 
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Figure 3-6 A typical application for a RCD snubber network 

   

 

3.2.1 Snubber Losses 

Despite their effectiveness at improving the switching transients, simple passive 

snubbers are lossy and waste the energy stored in the capacitor during every switching 

cycle. Power dissipation in an RC snubber will occur twice per cycle due to the charging 

and discharging of the capacitor and can be estimated as follows:  

 

           Energy stored in capacitor 2

2
1 VC ⋅=     (3-6) 

∴       Power dissipated 22
2

1 )(2 VCfVCf ⋅⋅=⋅=     (3-7) 
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A compromise must be made between the amount of damping and the total energy 

wasted within the RC network. However, by modifying the snubber network the energy 

can be transferred back to the input source or passed on to the load; thereby minimising the 

wasted energy from the damping network. This type of snubber is termed a non-dissipative 

snubber, or a lossless snubber. 

 

3.2.2 Lossless Snubbers 

To limit the losses from the snubber network, energy can be passed back into the 

system to be utilised again, rather than wasted as heat. This is achieved by allowing the 

energy to resonate between reactive components until it can be distributed. The circuit in 

Figure 3-7 shows a DC-DC boost converter with a lossless snubber network attached.  

During turn-off of the main switch, the stored energy in the input inductor causes the 

snubber diodes to turn-on and begin charging the capacitors. The two snubber capacitors 

determine how damped the rise of voltage will be. As both snubber diodes conduct 

simultaneously, the capacitors are effectively in parallel and absorb the energy that would 

otherwise be dissipated through the switch. During turn-on of the switch the snubber 

diodes turn-off and current is supplied to the snubber inductor, which begins to resonate 

with the capacitors until they are charged to the input voltage. The switch can then be 

turned off and the cycle continues. 

The storing of energy in resonant components allows a reduction of stress on the 

switching device during the transient periods. The voltage across the snubber is clamped 

via the main diode of the circuit which limits over-voltages. 

Although many snubber topologies exist, most networks are tailor-made to suit the 

particular circuit or switching device it is to be used with. As previously shown, RC 

snubbers are relatively simple in design yet are a very effective way of limiting the SOA 

stresses on the switching device and improving the transient ringing and spikes which 

radiate EMI. 
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Figure 3-7 Utilisation of a lossless snubber network in a DC-DC Boost converter  

 

 

Passive snubber networks can be modified further to develop into active snubbers 

whereby they can wave-shape the switching transients to improve on-state and switching 

losses and even attain Zero Voltage Switching (ZVS) and Zero Current Switching (ZCS) 

conditions [72, 73].  These methodologies are now often used for DC/DC converter 

applications where the switch is operating at high frequencies and under stress. By adding 

a resonant snubber, losses are greatly reduced and efficiency is improved, thereby allowing 

higher power density in the system than with conventional hard-switched converters [74].  

This chapter will now discuss the wave-shaping techniques such as ZVS and ZCS 

which can be implemented into existing circuits. 

 

3.3 Soft-Switching 

Soft-switching techniques force the voltage or current to zero before the device begins 

switching state, thus avoiding the current and voltage overlap during the switching 

transition resulting in energy loss.  Advantages of soft switching are: 

 

• Lower switching losses due to smaller overlap of switch voltage and current. 

• Lower dv/dt and di/dt and thus lower voltage spike and EMI emissions. 

• Higher reliability due to reduced stresses on the switching components. 
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• Reduced voltage and current overheads of the switching device. 

• Smaller reactive elements. 

• Faster switching of power devices due to lower switching losses  

 

 

Figure 3-8 illustrates the difference soft switching methods have on the energy 

dissipation over hard switched transients, as shown in Figure 3-2.   

 
Figure 3-8 Device switched under soft switching, showing greatly reduced switching loss 

 

 

Soft-switching for power devices can be divided in to two major categories; zero-

voltage switching (ZVS) and zero-current switching (ZCS).  ZVS consists of turning on or 

off the switch while the voltage across it is zero. ZCS consists of turning on or off the 

switch when the current through it is zero. Common to both approaches of soft switching is 

the use of reactive elements to shape the current and voltage waveforms to achieve the 

necessary conditions for ZVS or ZCS. Soft switching has been proven to be an effective 

means of reducing switching losses and for attaining higher overall efficiencies [70].    
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One of the main advantages of soft switching is the improved power device utilisation 

due to the reduction in switching energy loss. As a result, the power device can be operated 

at higher switching frequencies while being subjected to the same losses as in hard 

switched applications. Conversely, the power device performance can be improved by 

reducing the switching frequency and increasing the current whilst maintaining the same 

total losses as hard switching. Many applications can benefit by applying soft switching 

techniques, especially circuits requiring high frequency operation such as; induction 

heating, multilevel DC-link converters, switch mode power supplies, direct AC-AC 

conversion (matrix converters) and DC-DC converters. High frequency operation is 

necessary in DC/DC converters for high efficiency and to allow small reactive components 

to be used. The use of soft switching in dc/dc converters is now fairly common. Soft 

switching of dc/dc converters is relatively simple to realize, because at any given operating 

point power flow is unidirectional and the switching frequency is fixed, therefore allowing 

fixed resonating components to be added to achieve zero current or voltage transients.  

 

3.3.1 Soft-Switching Topology Classification 

Soft switching topologies can be divided in to three main categories, which are: load 

resonant converters, resonant switch converters (or quasi resonant) and resonant DC link 

converters.   Load resonant converters cause oscillating voltages and currents to be applied 

to the load via an LC resonant tank. This method is used in dc-dc or dc-ac converters 

which allow either zero voltage or zero current switching transitions for the device. Class E 

converters fall under this category too, where the load is supplied via a tuned series-

resonant circuit resulting in a sinusoidal current flow. [75].  

 Resonant switch converters utilise an LC resonant circuit to alter the voltage or 

current transients across the switch to obtain ZVS or ZCS. These are also known as quasi-

resonant converters, as by their nature are only resonant during half of the switching cycle. 

This method is widely used as an alternative to square wave dc-dc converters [76].  

 Resonant DC link converters are primarily used where dc-ac inversion is required 

such as three phase induction motor drives. By allowing the DC link voltage to naturally 
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resonate, zero voltage transients across the switches allow them to turn on or off with little 

stress or energy loss. 

These topologies can be applied to most hard switched applications to obtain either 

zero voltage or zero current switching conditions. The next section will discuss the two 

major divisions of soft switching methodology; ZVS and ZCS. 

 

3.4 Zero Voltage Switching  

In zero voltage switching topologies, the aim is to reduce the voltage transient to zero 

(or very close to) before the switching instant, to reduce switching losses significantly. 

ZVS can be applied to any switching device; however it is most useful for reducing the 

capacitive losses during the switch transient of MOS gated devices. ZVS tends to be 

favoured for MOSFET devices which have large output capacitances, as the losses 

associated with this capacitance can be eliminated if the voltage is at zero during the 

switching transient [77]. The Miller plateau charging period does not occur with ZVS, as 

the anode voltage of the device is not increasing during the gate charging period of turn-on. 

This aids in reducing turn-on losses significantly. Devices with small capacitances benefit 

from ZVS also, as the power curve at the switch instant is greatly reduced.  Freewheeling 

diodes connected across the semiconductor device also add to switching losses, due to the 

reverse recovery characteristics [78].  By utilising ZVS, the diode losses are also 

minimised as there is no voltage across the diode during the transient.  

Bipolar devices such as IGBTs do benefit from ZVS, however, as their active area are 

comparably smaller then a similar rated MOSFET, the capacitive losses at turn-on are not 

so great. The major loss in an IGBT is due to stored charge carriers, which results in a 

current tail at the turn-off transient. It is far better to stop the current flow before turn-off of 

the device; this method is defined as ZCS and is discussed in the section 3.5. 

The simplest method to achieve zero voltage switching transients is through the use of 

a fly-back converter, as shown in Figure 3-9. Saber simulation package was used to 

simulate the waveforms of the circuit, as shown in Figure 3-10. 
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Figure 3-9 ZVS Fly-back converter circuit 

 

During turn-off of the switch, the energy in the transformer primary winding is 

transferred to the load and capacitor.  The capacitor begins charging and the switch is 

turned of with no voltage across it. The size of the capacitor determines the dv/dt and the 

peak voltage during energy transfer. The peak voltage of the capacitor is determined by: 

 

)( ZIVV CBUSPK +=      (3-8) 

 

Where Z  is the impedance of C1 & transformer primary winding inductance and given by: 

C
LZ =        (3-9) 

 

The capacitor reaches peak voltage once the current in the primary winding reaches zero. 

The capacitor then returns the energy to the transformer winding and the diode clamps the 

capacitor voltage at -0.7V. The switch can now be turned back on under zero voltage 

conditions to restart the cycle.  

The drawback with this method is the high peak voltages that the semiconductor 

device and capacitor are subjected to at turn off and so they must be suitably rated to avoid 
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breakdown. Increasing the capacitor value will reduce the peak voltage; however it would 

also slow the resonant transient time, therefore limiting the maximum switching frequency. 

 

 
Figure 3-10 Saber simulation waveforms of ZVS fly-back converter  

 

 

3.5 Zero Current Switching 

In zero current switching, it is the current transient which is forced to zero before the 

power device is switched. Under this regime, the switch is able to turn on or off with no 

current flowing through it, which allows for very low losses. This method is particularly 

useful in circuits that utilise a bipolar device as the main switch. Because the majority of 

loss in these devices are in the turn-off current tail, ZCS is ideally suited for soft-switching 

of IGBTs [79]. If the current is commutated to zero at the switching instant then the losses 

associated with the current tail are minimised. However, ZCS use is not only limited to 

bipolar device as all semiconductor switch technologies can benefit from the zero current 

transient; resulting in significantly reduced switching losses. 

Typically, to induce zero current transients an inductor is allowed to resonate with a 

capacitor to create sinusoidal currents. The switching devices are then turned off when the 
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current goes through the zero-point transition. Figure 3-11 shows a typical half bridge 

converter, adapted for ZCS operation and the waveforms are shown in Figure 3-12. 

 
Figure 3-11 A typical zero current switched half bridge converter 

 

 
Figure 3-12  ZCS Half-bridge simulated waveform 

 

It can be seen that by utilising the natural resonance of the inductor and capacitor, that 

sinusoidal currents can be taken advantage of by switching the devices when the current 

moves through the zero crossing point. Turn-off losses are then significantly reduced. 

However, on state losses are not necessary reduced due to the sinusoidal nature of the 

currents inducing conductivity modulation lag within the device; whereby the current rises 
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faster than conductivity modulation can take place. However, this is only an issue for 

bipolar devices that utilise conductivity modulation within the drift region [80]. 

  Nearly all circuit topologies can be adapted to take advantage of soft switching. 

buck and boost DC-DC converters are perhaps the most adaptable. By creating a quasi 

resonant cycle, the circuits can take advantage of a zero transient where either current or 

voltage is forced to zero, at which point the switching device is turned off. Quasi resonance is 

described in the following section. 

 

3.5.1 ZCS Quasi Resonant Converters 

In pulse width modulation (PWM) converter applications that have fast switching 

frequencies, it is desirable to reduce losses by implementing either ZVS or ZCS. 

Advancement over standard PWM converter technologies is the quasi-resonant converter. 

By allowing a resonant LC circuit to force voltage or current in to a sinusoidal waveshape, 

zero voltage or zero current switch transitions can be allowed to occur, thereby 

significantly minimising the switching losses[81]. The term quasi-resonance is used as the 

circuit is controlled to resonate only during or before a switching transient. Essentially, to 

create the quasi-resonance, the main power switching device is replaced with a resonant 

switching circuit [70, 76].  

 A zero current resonant switch is shown below in Figure 3-13 This can be easily 

incorporated in to existing PWM converters such as a buck, boost or fly-back DC-DC 

converters [82].  An example of a zero current switched quasi resonant buck converter can 

be seen in Figure 3-14 and corresponding transient waveforms in Figure 3-15. The 

waveform shows the flow of current being sinusoidal during one complete cycle. To begin 

with the current flows through the semiconductor device (pink trace, IC) until the gate 

(orange trace) is turned off. Current continues to flow to the load due to the inductor and 

begins charging the capacitor as seen in the black trace, ICR.  Once capacitor is charged, 

current begins commutating through diode D2, as seen from the blue trace, ID.  During this 

period there is no current in the first part of the circuit and so the switching device is turned 

on when the current goes through the negative half cycle to achieve zero current switching. 
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Figure 3-13  Quasi-Resonant zero current switch 

 
 

 

 
 

Figure 3-14  ZCS Quasi Resonant DC-DC converter circuit  

 

 

The resonant tank value must be chosen so that the natural resonant frequency matches 

the required operating frequency. The resonant frequency, fr, of the circuit is determined by 

first assuming the reactive impedance of the inductor and capacitor are both equal at the 

natural frequency. 

 

 

 67



       

Capacitive reactance is found with equation 3-9: 

( ) 12 −= fCX C π       (3-10) 

Inductive reactance is found with equation 3-10: 
 

fLX L π2=        (3-11) 

   Assuming XL = Xc at resonance and combining equations 3-9 and 3-10, we obtain: 

LCf
XX CL 224

1
π

=≡      (3-12) 

Hence, frequency at which resonance occurs equates to: 

)(2
1

RR
r CL

f
π

=        (3-13) 
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Figure 3-15 Simulation of  ZCS-quasi resonant converter transient showing commutation  of current 

flow though components of the circuit in figure 3-14 
 
 
 

The issue with quasi-resonant converters is that added stress is put on the components 

due to high transient voltages [76]. Also, although the switching losses are reduced, 

conduction loses tend to be increased due to the sinusoidal current behaviour and the need 
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for higher rated devices than with hard switched converter methods.  To meet ZVS or ZCS 

criteria, the switching frequency must be fixed to match the resonant components used and 

therefore is also dependent on the individual load. Despite these additional requirements, 

the benefit of reduced device stress and switching losses are attractive to system designers. 

 

3.6 Other Soft Switching Applications 

Soft switching techniques can be incorporated in to the majority of circuit 

applications to improve overall system performance. Typical applications where ZVS and 

ZCS are utilised are in DC-DC converters and DC-AC Voltage Source Inverters (VSI) 

where switching frequencies may be high. The use of soft switching in dc/dc converters is 

fairly common and is usually simple to implement, because power flow is uni-directional 

and the switching frequency is fixed [83]. Realizing soft switching in DC-AC inverters is 

more complex as inverters have bi-directional current flow between the dc bus and the ac 

output and can have variable frequency [75]. Also DC-AC inverter applications use many 

switching devices for three phase operation and thus the soft-switching operation is 

required over a much wider range [84, 85]. Modern advancements in motor drive 

techniques such as high frequency AC-AC matrix converters can also utilise soft switching 

[86].  

 

3.7 Conclusion 

An overview of soft switching topologies has been given and the benefits over 

traditional hard switched methods, which allow system designers to stretch the capabilities 

of power semiconductors devices further has been seen. Soft switching allows the circuit to 

maintain high efficiency, whilst providing low energy loss and reduced switching stress to 

the semiconductor device. Soft switching topologies spread over a broad spectrum, ranging 

from simple snubber networks and clamping circuits to complex resonant and quasi-

resonant converter systems. The classification of soft-switched systems is broken down to 

two major groups; zero voltage switching and zero current switching. ZVS can aid in the 

reduction of losses caused by the internal output capacitance of the switching device, 
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whereas ZCS is particularly useful with bipolar devices where the major loss is caused by 

stored charge at the turn-off transient. However, both methods are beneficial to whatever 

switch type they are applied to; as they help keep the device within its safe operating area 

during switching transients to minimise the stresses and risk of device failure. 

The fast switching action of modern power semiconductor switches can cause 

radiated EMI issues and so by softening the transient edges, electro-magnetic interference 

is reduced which may otherwise have a detrimental effect on other circuits and wires 

nearby. The use of power semiconductor devices at high frequencies can also pose a 

problem in hard switched circuits as the power lost in every cycle results in increased 

thermal stress on the device. Through the use of soft-switching, switching frequencies can 

be increased without high losses and device self-heating. 

The following chapter will now reveal the results obtained for the first time from 

switching the Clustered Insulated Gate Bipolar Transistor (CIGBT) under a zero voltage 

switching regime. Through experimental and simulated analysis, the CIGBT performance 

will be examined and compared to a similarly rated commercial IGBT. 
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Chapter 4 
 

 

4 Zero Voltage Switching Analysis 

As shown in the previous chapter, soft switching can be divided in to two categories; 

zero voltage and zero current switching. This chapter examines the ZVS operation and 

investigates the performance of the CIGBT under this switching regime. The benefits of 

switching a power semiconductor device during a zero voltage transient are twofold. 

Firstly losses are significantly reduced due to the reduction in the power peak and secondly 

the associated stress of switching is reduced, therefore allowing faster switching with 

operation closer to the SOA limits of the device [87]. ZVS can be used with any type of 

switching device, however unique transients are observed in bipolar devices such as the 

IGBT.  The IGBT, as discussed in chapter 2, has a charge storage issue during turn-off and 

when switched with ZVS conditions a current bump during the turn-off period is witnessed 

due to the absence of voltage across the device [88]. This phenomenon was witnessed 

during testing of the CIGBT and will be analysed in this chapter.   

This chapter will first discuss the initial ZVS test circuit which proved to be unsuitable 

for further testing of the CIGBT because of issues with accurate observation of on-state 

voltage; due to high transient voltages and the limitations of the oscilloscope. The chapter 

will then discuss the test circuit and associated control system developed to overcome the 

issues experienced with the first circuit, which was used to analyse the transient behaviour 

of both IGBT and CIGBT. Through simulation and experimental results, analysis of the 

devices and the turn-on and turn-off phenomena observed will be investigated. 

Temperature effects of the device will also be investigated using experimental ‘hot chuck’ 

results.  
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4.1  Initial ZVS Test Circuit and Switching Rig 

To investigate the ZVS operation of the CIGBT, the test circuit in Figure 4-1 was 

initially used.  By modifying a standard chopper test circuit, zero voltage resonant transient 

operations could be achieved. However, it was subsequently discovered that the circuit was 

not suitable for further ZVS transient analysis; as will be described in section 4.1.3. 

 To test the packaged devices, the test circuit was incorporated in to an IGBT 

switching rig which was adapted to accommodate the circuitry. A photograph of the 

switching rig is shown in Figure 4-2. The gate drive circuitry was optically isolated using 

opto pulse generators and for safety the device under test was enclosed in the isolation 

cabinet.  

The circuit operated in a single pulse mode to allow analysis of both turn-on and turn-

off without resonant oscillations. The operating principle of the circuit is similar to the 

ZVS described in Chapter 3, where the inductor and capacitor is allowed to resonate during 

turn-off of the switching device. To achieve the desired conditions, the resonant 

components had to be chosen and the inductor wound as described in section 4.1.1. Diode 

D1 was rated at 1.2KV, 50A and the bus voltage, VCC, was limited to 300V initially.  

 
Figure 4-1    Zero voltage switching test circuit 
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Figure 4-2  IGBT switching test rig used for soft-switching testing 

 

 

4.1.1 Calculation of Resonant Components 

To calculate the inductor and capacitor values, an assumption is made that the 

system is lossless, i.e. the energy from the inductor is completely transferred to the 

capacitor as in Equation 4-1: 

        (4-1) 22 .. ILVCEE LC =≡=

 

Values are then obtained using equations 4-2 & 4-3 for the required current and voltage 

conditions. 
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The resonant frequency of the circuit is determined by the size of inductor and capacitor 

and thus the natural frequency of the circuit is given by equation 4-4: 
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1
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r LC

f
π

=       (4-4) 

 

For switching at 20 KHz, the inductor and capacitor values used were 197µH and 

0.32µF respectively. The capacitor used was a 2000V polypropylene snubber capacitor, 

chosen for its high stability, ruggedness and small package footprint [89]. The capacitor 

used is shown in Figure 4-3. An air cored inductor was wound to create the required 

inductance. Calculation of the inductance during winding was approximated using 

equation 4-5 [90]. The inductance was then verified by injecting a sinusoidal waveform of 

known frequency and amplitude and measuring the attenuation caused by the reactive 

impedance. The inductor and winding taps can be seen in-situ from the photograph of the 

inside of the rig in Figure 4-4. 

   

  
)254228(103

22

LR
NRL
+

=      (4-5) 

 

Where: 

 R= Radius of coil in meters 
 N= Number of turns 
 L=Length of coil in meters 
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Figure 4-3 Resonant capacitor used in ZVS circuit 
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Figure 4-4 Photograph of the insides of the IGBT switching rig system. 
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4.1.2 Circuit Operation 

The circuit is operated with a two-pulse scheme. The first pulse is always operated 

under a hard-switched regime because the capacitor across the device must first be 

discharged. Once the device has turned off, the energy in the inductor is transferred to the 

capacitor and the circuit begins its resonant cycle. The resonant peak voltage is dependent 

on the current, voltage and system impedance. Peak voltage across the capacitor can be 

calculated using: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

C
LIVV CCCPK       (4-6) 

 

 Typically, this works out to be three times the bus voltage. Vcc was set at 300V, 

giving a resonant peak of approximately 900V across the capacitor and switch. The second 

pulse is timed so that the device turns on during the negative half-cycle of the resonant 

sinusoid. During the negative cycle, the diode is in conduction and so the device is 

clamped to -0.7V.  A waveform trace from experimental tests of one ZVS cycle is seen in 

Figure 4-5. Figure 4-6 shows the oscilloscope waveform with a x10 voltage probe (green 

trace) attached to the collector for more accurate voltage measurements. The blue trace is 

the gate signal, the red trace is collector voltage of the DUT and the pink trace is collector 

current through the DUT.  The large voltage transient seen on the Vce trace at turn-on is the 

result of both circuit and internal device switching mechanisms of the CIGBT, and is 

discussed in detail from section 4.3 onwards. The small peak in the current waveform at 

turn-on is a result of the large resonant capacitor discharging through the device as it turns 

on. 
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Figure 4-5   ZVS Transient waveform (Vce=300, Ice=25A, Vg=15V, L=400µH, C=100nF) 

 

 
Figure 4-6  Oscilloscope trace with a x10 voltage probe (green trace) connected. 

            (Vce=300, Ice=25A, Vg=15V, L=400µH, C=100nF) 
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4.1.3 Issues with On-State Voltage Measurements 

There are impracticalities with the circuit used in Figure 4-3 as the components in the 

circuit need to have at least three times higher voltage rating than the supply voltage due to 

the large resonant transients from the energy transfer between the inductor and capacitor. 

The CIGBT devices used were  a 1200V PT-CIGBT operating at a bus voltage of 300V at 

25A. The 300V bus causes a 900V peak during the resonant period so it was imperative 

that the diode, capacitor and switching device could support this high voltage. 

The inherently large voltages at turn-off caused problems for accurate measurements 

of on-state voltage. To measure on-state voltage accurately requires a x10 voltage probe 

connected across the collector terminal and the oscilloscope needed to be set to a high 

sensitivity (1V/ division). However, raising the sensitivity resulted in a waveform that was 

a distorted representation of the actual waveform.  This was found to be caused by the 

over-biasing of the vertical amplifiers in the oscilloscope as the amplifiers take time to 

recover when the voltage falls to the on-state voltage after turn-on [91, 92].  A  x100 probe 

would not solve the problem as the sensitivity of such a probe is too low for measuring 

dynamic saturation of the device under test. 

An example of the distorted voltage measurements when the oscilloscope sensitivity 

was increased is shown in Figure 4-7. To overcome this issue, an attempt was made to 

clamp the high voltage so that over-biasing could not occur. When measuring on-state 

voltage, the period that the IGBT is off is not of interest and so the voltage can be 

significantly attenuated once turn-off is established. By using an op-amp as a buffer, the 

input signal can be isolated from the output whilst maintaining a non-inverting signal at 

unity gain. The input is clamped by the use of a zener diode. The circuit constructed is 

shown in Figure 4-8. 

This system worked to some extent but caused parasitic interference that could not be 

eliminated. These parasitics resulted in over and under compensation of the input signal 

resulting in distortion from the original signal. The op-amp could not permit high 

differential voltages between inputs and a x10 voltage probe on the input caused 

disturbances and thus could not be used. Further to this, it was found that the zener diode’s 

variable junction capacitance was also contributing to the erroneous waveforms. 
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For these reasons the resonant switch and clamping circuit was discarded in favour of the 

circuit shown in Figure 4-9. An explanation of the circuit operation is given in section 4.2. 
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Figure 4-7  Over-biasing causing distorted measurements  

 

 

 

 

 

 

 

 

 

  

Figure 4-8  Clamping circuit to overcome oscilloscope over-biasing  
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4.2  Zero Voltage Transient Circuit 

  In order to create zero voltage switching conditions it was necessary to have a circuit 

that could replicate ZVS in single pulse operations without high voltage resonant 

oscillations. As discussed in section 4.1.3, it was not possible to analyse the switching 

device effectively using the resonant switch method, shown in Figure 4-1. A standardised 

hard-switching chopper circuit was modified such that ZVS can be facilitated using single 

pulse operations. The circuit, shown in Figure 4-9 was designed to achieve the desired 

conditions. By incorporating an auxiliary switch (S) and resonant capacitor (C1), the 

chopper circuit can be modified so that the Device Under Test (DUT) can experience ZVS 

turn-on and turn-off.  Diodes D1 and D4 are anti-parallel diodes to protect the switching 

devices from reverse voltage transients. D2 acts as a clamping diode to limit overvoltage. 

All diodes were rated at 1.2KV, 50A. Capacitor C1 was rated for 2000V. Resistor R1 is 

connected to the circuit to ensure that all the energy in capacitor C1 is discharged and thus 

allows the DUT to turn on with a zero collector potential. R1 had a sufficiently large value 

of 100KΩ so that it had little effect on the current conduction through L1.  

 
Figure 4-9  Zero Voltage Switching analysis circuit (Gate drives not shown for simplicity) 
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4.2.1  Circuit Sequence 

To perform the desired switching conditions, the circuit has many different 

operating periods. The switching sequence is visualised in Figure 4-10 and the following 

time periods can be described, starting at time = 0(s): 

 

t0: During this initial state, the resonant components L1 & C1 are discharged via R1 

and all switches are in the off state. This is the steady-state mode before the 

switches are turned on. 

 

t1: The DUT gate is turned on. Since auxiliary switch is off, no current flows and DUT 

turns on with zero voltage. 

 

t2: After time T2-T1, auxiliary switch is turned on. Current now begins to flow 

through inductor L1 and DUT. Anode voltage of the DUT overcomes forward 

recovery and then begins rising in with increasing anode current. 

 

t3: When the rated current through the DUT has been reached, the DUT gate voltage is 

removed. Current through the inductor is forced to flow through C1 and the 

voltage begins rising at a dv/dt determined by the value of C1. As the voltage 

across DUT increases, a current hump is seen due to removal of trapped excess 

charge in the drift region. 

 

t4:  The voltage across C1 and DUT is approaching the bus voltage. All charge has 

been swept out from the drift region and the current hump decays to zero due to 

there being no excess carriers left in the drift region.   

 

t5:  Auxiliary switch is now turned off to cut the current supply, ending the switching 

sequence. Capacitor C1 begins discharging through L1 via resistor R1. 
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Figure 4-10  Switching sequence operation for ZVS circuit 

 

4.2.2  Switching Sequence Timing Control System 

 In order for the switching sequence to work accurately, a timing system had to be 

implemented. The circuit also needed to be suitably isolated from the potentially dangerous 

voltages. Optical isolation was chosen to allow the safe operation of low powered timing 

circuits within the switching test rig. Optical isolation was achieved by utilising an opto-

pulse generator within the IGBT switching rig as seen in Figure 4-2. 
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By utilising the variable time circuits in the generators, accurate timing pulses could 

be achieved. The gate drive connected to the DUT converted the optical output to an 

electrical signal for gate driving of the device. Figure 4-11 shows a simplified block 

diagram of the system used to control the circuit. All high voltage parts of the circuit were 

kept within the case of the switching rig and only fibre optic control wires and low voltage 

monostable circuit were external to the casing. The monostable circuit was required as the 

auxiliary switch had to be turned on slightly after the DUT device; as shown in Figure 

4-10. The monostable circuit consisted of two 555 timer ICs and a fibre optic transmitter 

LED. One timer controlled the delay duration, while the second timer was used to control 

the pulse length for control of the auxiliary switch. Triggering of the delay was achieved 

by utilising the external trigger output of the opto pulse generator. This optical signal had 

to then be converted to an electrical pulse for the 555 timer input using a simple 

opto/electrical converter as can be seen from the block diagram in Figure 4-11. The optical 

output was then fed back into the switching rig for use by the auxiliary gate control system.  

The gate drive to the auxiliary switch was slightly more complicated than the DUT; as 

it was necessary to have a high-side gate drive because the cathode terminal of the switch 

was floating many hundred volts above the ground potential.  The method used to float the 

gate and drive the device was to incorporate an International Rectifier high-side gate driver 

IC (IR2213) [93]. The IC uses a bootstrapping technique to pull the voltage of the gate 

above the potential of the cathode and thus establish a 15V differential signal between gate 

and emitter terminals [94]. To convert the optical signal for the high-side driver input, an 

Agilent Technologies fiber-optic receiver module (HFBR-2521) was used [95] and a 

transistor to invert the signal from the emitter follower output.  
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Figure 4-11 Diagram showing configuration setup of switching rig and circuits for ZVS testing. 

 

4.2.3 Alternative Mode of Operation 

An alternative switching sequence is shown below in Figure 4-12. With this 

method, the auxiliary switch is turned off before the DUT by reducing the second 

monostable time period, t2.  In this mode of operation the remaining energy in the inductor 

freewheels via D3, L1 and DUT. After time period t3, the DUT gate voltage is stopped and 

the device turns off with a reduced voltage across the device.  

This method was initially tried in the experimental setup; however oscillations were 

seen in the device current waveforms after the auxiliary switch was turned off.  Figure 4-13 

shows the oscilloscope waveforms highlighting the observed high frequency resonance. 

This can be attributed to the parasitic capacitance and inductance inserted in to the circuit 

via the connection leads at the back of the switching rig. Despite efforts to minimise these 

oscillations, they could not be eliminated and so the original switching method previously 

described in Figure 4-10 was used for subsequent ZVS analysis of the CIGBT and IGBT. 
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Figure 4-12   Alternative switching operation for ZVS 

 

 

DUT gate voltage 

DUT collector 
voltage (x100 probe) 

Auxiliary switch 
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DUT collector current 

DUT collector 
voltage (x10 probe) 

Figure 4-13  Oscillations observed in device with alternative switching method.   
(Trace 1=Vce, Trace 2=DUT Vg, Trace 3=Ic, Trace 4=Vce (x10 probe)) 
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4.3 Experimental and Simulated ZVS Results 

The two devices that were subjected to testing were a 1.2KV, 25A CIGBT and a 

1.2KV Fairchild IGBT (HGT18N120BN), [96] . The Devices under test were placed on a 

hot chuck in the switching rig so that high temperature measurements could also be taken 

whilst under zero voltage switching conditions, it also acted as a collector terminal for the 

T03 metal can of the CIGBT casing. The waveform oscilloscope traces taken from ZVS 

experiments for the CIGBT and IGBT can be seen in Figure 4-14 & Figure 4-15 

respectively.  

 Trace 1 (brown) is the voltage across the DUT using a x100 voltage probe. Trace 2 

(blue) is the gate voltage of DUT. Trace 3 (magenta) is the anode voltage measured with a 

x10 voltage probe. Trace 4 (green) is collector current measured with a Rogowski current 

coil [97]. From the traces, it is seen that both the IGBT and CIGBT behave similarly under 

zero voltage conditions. However, a noticeable difference in the anode voltage (magenta 

trace) reveals the CIGBT exhibiting a large voltage overshoot at turn on. This over-shoot is 

examined in section 4.4. 

 

DUT gate voltage 

DUT voltage(x100) 

DUT voltage(x10) 
DUT current 

Figure 4-14   Oscilloscope traces of the CIGBT under zero voltage switching conditions 
(Vce=500V, Ice=25A, Vg=15v, Tj=300K, L=385µH, C=0.1µF) 
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DUT gate voltage 

DUT voltage(x100) 

DUT  
voltage(x10) 

DUT current 

Figure 4-15    Oscilloscope traces of IGBT under zero voltage switching conditions  
(Vce=500V, Ice=25A, Vg=15v, Tj=300K, L=385µH, C=0.1µF) 

 

 

Device     On-state Voltage  Total Losses Turn-off Losses 

CIGBT 2.7V 1.1mJ 0.13mJ 

IGBT 3.0V 1.09mJ 0.21mJ 

 

Table 4-1 Comparison of CIGBT and IGBT performance during ZVS 

 
 

The measured energy losses can be seen in Table 4-1. Turn off losses are higher for 

the IGBT, however total losses are comparable at room temperature. The IGBT, being a 

NPT structure, has a larger carrier lifetime and hence the current turn-off time is greater.  

The on-state voltage of CIGBT is seen to be lower than IGBT, due to the thyristor nature 

of the device which aids in reducing conduction losses. A clearer picture of the device 

performance can be seen by subjecting it to high temperature switching, as will be 

discussed in section 4.3.1. 
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4.3.1  High Temperature Performance 

The devices were subjected to temperatures up to 400K and tested with the zero 

voltage switching circuit. The devices were placed within the switching rig on a hot chuck 

and taken up to the desired temperature and left for 30 minutes to ensure the uniform 

thermal distribution throughout the device. The devices were then switched using the same 

method as before and the on-state voltage and losses were calculated.  

 It was expected that both the IGBT and CIGBT were to exhibit larger on-state and 

switching losses at elevated temperatures; due to the reduction in carrier mobility and 

increase in carrier lifetime [21]. The on-state voltage was expected to decrease in the 

CIGBT as temperature was increased, however the IGBT, having an NPT structure, was 

expected to exhibit higher on-state voltage because of dominance of the reduced mobility. 

Despite the fact that the carrier concentration increases with temperature, in an NPT 

structure it is the reduction in mobility which has the dominating influence at high junction 

temperatures [98].  From the experimental results, at higher temperatures the on-state 

voltage increases in the IGBT; resulting in greater losses. The results of high temperature 

ZVS testing can be seen in Table 4-2. The on-state voltage / energy loss trade-off for the 

devices can be seen in the Figure 4-16, while Figure 4-17 shows the clear relationship 

between turn-off losses and temperature and the differences between the two devices. 

Device Temperature On-state Voltage Total losses Turn-off Losses

CIGBT 300K 2.7V 1.1mJ 0.12mJ 

CIGBT 340K 2.64V 1.13mJ 0.15mJ 

CIGBT 370K 2.5V 1.21mJ 0.21mJ 

CIGBT 400K 2.45V 1.3mJ 0.32mJ 

IGBT 300K 2.9V 1.09mJ 0.20mJ 

IGBT 340K 2.95V 1.2mJ 0.22mJ 

IGBT 370K 3.18V 1.42mJ 0.28mJ 

IGBT 400K 3.3V 1.54mJ 0.44mJ 

 
Table 4-2  High temperature ZVS results for CIGBT and IGBT devices   (Vce=500V, Ice=25A, Vg=15v, 
L=385µH, C=0.1µF) 
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It can be seen from Figure 4-16 that the CIGBT has lower Vce (sat) voltage than the 

IGBT at room temperature. The lower on-state voltage of the CIGBT is attributed to the 

thyristor structure. The low on-state voltage is important, particularly in applications such 

as multilevel voltage inverters which involve many devices in series [99]. Additional 

power loss will be consumed if the on-state voltage is high and it is clear the CIGBT 

outperforms the IGBT in this respect. Losses are 1% higher in the CIGBT at room 

temperature whereas at 400K the total losses are 16% lower than the IGBT and on-state 

voltage is 34% lower. The high on-state voltage of the IGBT can be attributed to the large 

drift region and low carrier mobility at high temperatures. The lower mobility at higher 

temperature is due to the increased phonon scattering within the crystal lattice therefore 

causing reduced carrier movement [33, 100].  Between 300K and 400K, the CIGBT losses 

have a step increase of 18% whereas the IGBT exhibited a 52% rise in total losses. This 

suggests the CIGBT is suited to high temperature operation without significant rise in 

energy loss. 

 Figure 4-17 shows the measured turn-off losses of both CIGBT and IGBT. Turn off 

losses were measured from 90% of gate voltage to 0% collector current, in accordance 

with JEDEC standard 24-1 [101]. Turn off during ZVS operation results in a current bump 

rather than the characteristic current tail seen in bipolar device during hard switching 

[102]. The current bump and turn off transient of the CIGBT during ZVS is examined 

further in section 4.5.  It is seen from Figure 4-17 that the IGBT has a larger turn off loss 

throughout the tested temperature range. The CIGBT p-well region acts as a large collector 

of holes during turn-off and this enhanced charge extraction within the structure aids in  

reducing turn-off losses [103]. The IGBT suffers from a larger carrier lifetime and so turn-

off is slower and along with the rise in on-state voltage, the losses increase with elevating 

temperatures. 
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Figure 4-16  Comparison of CIGBT and IGBT switching trade-offs at 300K & 400K  

         (VCE=500V, ICE=25A, Vg=15v,  L=385µH, C=0.1µF) 
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Figure 4-17  Turn-off losses in the CIGBT and IGBT during ZVS at varying temperatures         

    (VCE=500V, ICE=25A, Vg=15v,  L=385µH, C=0.1µF) 
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4.4 CIGBT Turn-On Transient Analysis 

During turn-on, a voltage peak is observed in the on-state voltage of the CIGBT. 

This peak lasts for approximately 3µs and is many times greater than the final dynamic 

saturation voltage. The over-voltage peak is affected by a number of factors and can be 

partly attributed to conductivity modulation lag [80]. When the current rises quickly, the 

rate of conductivity modulation of the drift region lags behind the rate of rising current 

through the device; resulting in an increased resistance and voltage drop. Conductivity 

modulation is the process of dramatically reducing the resistance of the drift region by 

injecting holes and electrons to allow the region to go from low-level injection to high-

level injection; whereby the minority carrier concentration is greater than the background 

doping concentration [25]. The high-level injection results in charge neutrality within the 

drift region and significantly reduces the resistance of the n-drift, allowing the voltage peak 

to subside. During this stage, a negative resistance region is seen as the voltage reduces 

even though the current is constantly increasing. Carrier lifetime within the device will 

influence the magnitude of the voltage peak as the conductivity modulation rate will be 

reduced with decreased lifetime [104].  A direct link to the magnitude of the voltage peak 

and the rate of rising current was found whilst testing the devices under ZVS as discussed 

in the next section.  

 

4.4.1 di/dt Induced Conductivity Modulation Lag 

The small resonant inductors used in soft-switching cause very high di/dt to flow 

through the device at turn-on. An influence on the over-shoot voltage at turn on for both 

IGBT and CIGBT is the rate of change of the current. This is directly controlled by the 

value of the inductor, since: 

dt
LdiV =       (4-7) 

 With a very small inductor, the  di/dt is high and the current has to ‘push’ through the 

bulk resistance of the n- drift region before the area is fully conductivity modulated; 

resulting in a large potential drop across the device. Once conductivity modulation occurs, 
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the voltage drops and plateaus out to the dynamic saturation voltage. The on-state voltage 

will be higher than the VCE for the same current on the devices I-V characteristics due to 

the relationship between the lag time of the modulation of the n- drift and the charge carrier 

production and so the faster the di/dt, the higher the dynamic saturation voltage and peak 

over voltage at turn-on.  

The inductor used in the ZVS circuit was wound with taps at different inductance 

values of 125µH, 255µH, 383µH & 874µH. These values equate to a current rise rate of 

3A/µs, 2.4A/µs, 1.6A/µs & 0.6A/µs respectively. To see the influence of conductivity 

modulation lag on the over-shoot voltage the DUT was subjected to ZVS with different 

resonant inductances. Figure 4-18 shows the direct influence the inductance has upon the 

forward recovery of the CIGBT during turn-on can be seen. Not only does higher di/dt 

increase the peak voltage overshoot, but it also has the effect of increasing saturation 

voltage. This is due to the lag between changing current and carrier concentration increase 

within the drift region of the device. When a larger inductor is used, the peak voltage is 

kept low; however the time taken to reach rated current is significantly lengthened, 

resulting in larger conduction loss. 
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Figure 4-18 Experimental result of CIGBT conductivity modulation lag peaks and di/dt dependence 

(Vce=500V, Ice=25A, Vg=15v, Tj=300K, C=0.22µF) 
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2-D numerical simulations, using Avant Medici device simulator, were carried out on 

the CIGBT structure to verify the higher peak voltages observed experimentally. The 

simulation results, shown in Figure 4-19, verify the influence observed with varying di/dt 

upon voltage peaks at turn-on. Figure 4-20 shows the simulated current waveforms with 

different inductances. From the simulated results, it is clear that a smaller di/dt results in 

higher peak transients of both current and voltage and thus energy is lost during the 

conductivity modulation lag period of turn on. It is also evident from the graph in Figure 

4-19 that the saturation voltage is reduced with smaller di/dt due to the previously 

described modulation lag phenomenon affecting the charge carrier production. 

A comparison between the IGBT and CIGBT experimental results were made and 

from Figure 4-21 it can be seen that both devices are equally affected by increased di/dt. 

However, it is obvious that the CIGBT has a higher peak voltage of about 7 Volts which is 

independent of the inductor value. This can be clearly seen by comparing the transient 

ZVS waveforms of CIGBT and IGBT in Figure 4-14 & Figure 4-15 respectively. From 

this, it is obvious that the CIGBT peak forward recovery voltage is being influenced by 

other phenomena unrelated to di/dt induced conductivity modulation lag.  Further analysis 

of the CIGBT turn-on is examined in detail in chapter 5 during ZCS switching, where it 

was found that the large peak over-voltage is a result of device structure as well as external 

circuit influences.  

 
Figure 4-19  Medici simulation of CIGBT turn-on voltage peaks with varying di/dt  
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Figure 4-20 Medici simulation of CIGBT turn-on current peaks with varying di/dt  

 

 

0.5 1.0 1.5 2.0 2.5 3.0

2

4

6

8

10

12

14

16

18

20

 CIGBT
 IGBT

 

V C
E P

ea
k 

(V
)

di/dt (A/µs)  
Figure 4-21  Experimental comparison of di/dt induced voltage peaks of CIGBT & IGBT devices 

          (Vce=500V, Ice=25A, Vg=15v, Tj=300K, C=0.22µF) 
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4.4.2  Temperature Influence on Voltage Overshoot at Turn-On 

 Analysis of the CIGBT overshoot at varying junction temperatures was undertaken 

by switching the device under ZVS conditions at 300K, 340K, 370K and 400K. It was 

expected that elevated temperatures would reduce the forward recovery peak at turn-on due 

to the increase in carrier lifetime, reducing the bulk resistance through the drift region and 

reducing the conductivity modulation lag effect. Table 4-3 shows the results obtained from 

the experimental testing. It is clear that the losses during the turn-on period are also 

reduced due to the reduced peak voltage at elevated temperatures.  

 

 Device Temperature Voltage peak Turn-on losses 

CIGBT 300K 12V 0.49mJ 

CIGBT 340K 8V 0.46mJ 

CIGBT 370K 7V 0.43mJ 

CIGBT 400K 6V 0.39mJ 

 
Table 4-3  Temperature influence upon CIGBT turn-on voltage overshoot 

 

 

Figure 4-22 shows the experimental results obtained from oscilloscope measurements 

of the anode voltage. It is apparent that the higher the temperature, the lower the overshoot 

voltage. This dependence is due to the increase in carrier lifetime within the device at 

elevated temperatures, resulting in an enhanced conductivity modulation within the drift 

region. The temperature influence aids in reducing turn-on losses, however it has a 

detrimental effect upon turn-off losses as is discussed in section 4.5.2.   

The same influence is seen in the IGBT; however the CIGBT exhibits a higher peak 

overvoltage at turn-on. A maximum peak of 4 volts was observed in the IGBT at room 

temperature. Therefore, the phenomenon discussed so far can not fully explain the higher 

observed voltage peak for the CIGBT. Further investigations in to this are given in chapter 

5 which looks at the influence the device structure has on this effect.  
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Figure 4-22  Temperature influence of CIGBT turn-on voltage overshoot  

 (Vce=500V, Ice=25A, Vg=15v, C=0.22µF) 
 

 

4.5  CIGBT Turn-Off Transient Analysis 

During turn-off of the ZVS transient a current “bump” can be seen in the DUT 

current trace. It is common to see such a bump, illustrated in Figure 4-23, during zero 

voltage soft-switching due to the slow rate of rise of voltage across the switching device 

during turn-off [98]. The magnitude of this bump can be seen in the experimental results 

shown in Figure 4-24. Despite only being a few amps, it influences the turn-off losses and 

switching speed of the device. This phenomenon is due to the effect of the relatively slow 

rising electric field in the device; causing a reduced sweep-out speed of the excess 

carriers from the n-drift base region. During turn-off of the device, there will be no 

voltage across the device present and a significant amount of excess charge remain 

trapped within the drift region due to the lack of electric field. For hard switching, the 

electric field is present which would ordinarily remove the charge.  As the voltage across 

the device begins to rise, due to the charging of the resonant capacitor, an inrush of hole 

current causes a rise of the current through the device. The current then begins to fall 

again due to the reduction of the carrier concentration from recombination.  
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Figure 4-23 Illustration of ZVS current bump during turn-off 

 

4.5.1 dv/dt Influence Upon Turn Off Current Bump 

The magnitude of the current bump observed is primarily determined by the dv/dt; 

which is dependent upon the size of the resonant capacitor. The faster the dv/dt of 

collector voltage during turn-off, the more pronounced the current bump becomes. With a 

large resonant capacitor, the excess charge in the drift region is swept out more slowly 

and so the carrier concentration is reduced more through natural recombination before the 

electric field rises sufficiently to deplete the remaining charge. This results in a lower but 

more prolonged current bump. 

From experimental results obtained during ZVS of the CIGBT, a current bump was 

observed. To determine the dv/dt influence upon the CIGBT turn off current bump, four 

values of capacitance were used: 0.1µF, 0.47µF, 0.97µF & 1.16µF. Figure 4-24 shows the 

experimental current waveforms observed. It is clearly seen that smallest of the capacitors 

results in a higher magnitude of the current bump at turn-off.  

Figure 4-25 shows the influence the capacitor has on turn-off loss. Turn off loss was 

measured as 90% gate voltage to 0% collector current. The losses are increased by a factor 

of two by reducing the capacitor value from 1.16 µF to 0.94 µF. It is clear from Figure 

4-24 and Figure 4-25 that a smaller capacitor results in a higher current bump magnitude 

and therefore higher turn-off loss. However, the duration of the bump is prolonged with a 

larger capacitor, thus reducing the permissible switching frequency. Therefore, a trade off 

exists between the switching losses and the maximum switching speed.  
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Figure 4-24  Experimental results of dv/dt influences upon CIGBT current bump during ZVS  
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Figure 4-25  Turn-off loss dependence upon resonant capacitor 
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4.5.1.1  Simulation of CIGBT Turn-Off Current Bump 

   To further verify the results and to gain an insight into the internal dynamics of the 

CIGBT, 2D numerical simulations were carried out.  The simulated current waveforms are 

shown in Figure 4-26 and it can be seen that not only is the magnitude affected by the 

capacitor, but the speed at which the current bump decays is also dependent upon dv/dt. 

The fast charge removal with high dv/dt results in a large but short current bump, whereas 

a low dv/dt provides a slower and lower magnitude current bump.   

From Medici 2D simulations, the expulsion of trapped charges during the turn-off 

period can be visualised. Figure 4-27 (a) and (b) show a cross-section through the device 

during ZVS turn-off. The black lines show current flow through the device, the blue arrows 

represent hole current vectors and the red lines show the depletion region. 

 

 

 
 

Figure 4-26  Simulation of CIGBT ZVS current waveforms & dv/dt influence 
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Figure 4-27  (a) Cross-section of CIGBT during simulated ZVS turn off, (b) during maximum current 
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From Figure 4-27 (a) hole current (blue) can be seen throughout the device. The gate 

has been turned off and there is no further electron flow in to the device. A large amount of 

holes are collected in the p well region, however there is still an abundance of charges 

within the drift region. As there is no significant electric field across the device during 

ZVS turn-off, the charges remain trapped in the drift region and begins to recombine. 

Once the voltage across the device begins increasing, the depletion region of the p 

well / n- drift extends towards the anode. Figure 4-27 (b) shows the depletion region (red 

line) at midpoint of the drift region. The descending depletion region sweeps out the 

charges towards the anode and resulting in the formation of the current bump. Further 

increase in anode voltage causes further depletion until nearly all charges have been swept 

out. The depletion region never reaches the anode terminal completely, and so a small 

number of charges remain which naturally recombine and the current tails off to zero. 

 

4.5.2 Temperature Effect Upon Turn Off Current Bump 

The effect junction temperature has on CIGBT turn-off current bump was analysed 

by subjecting the device to varying temperature whilst switching. The device was placed 

on a hot chuck and tested at 300K, 340K, 370K and 400K.   

Figure 4-28 reveals the influence the temperature has on the current bump magnitude 

by superimposing the current waveforms taken at 300K, 340K and 400K. The increase in 

the magnitude of the current bump with increased temperature can be attributed to the rise 

in carrier lifetime and hence a larger stored charge in the drift region. An increase in the 

PNP transistor gain will also provide an increased current at elevated temperatures due to 

enhanced injection efficiency [61].   

The drift region technology also plays a part in the magnitude of the current bump. 

The CIGBT tested had a PT structure which aids in the overall reduction of current. With 

an NPT structure, the carrier lifetime is large even at room temperature and so the current 

bump is more prolonged. Carrier mobility is reduced at high temperature and thus excess 

carrier recombination occurs at a slower rate due to the larger carrier lifetime. [22]. A 

higher charge concentration exists in the drift regions that are swept out by the rising 

potential across the anode. 

 101



       

During the current bump stage of turn-off, the voltage at the collector is rising 

significantly and so the power dissipation at this point increases, despite the initial zero 

voltage switch-off condition. The current bump therefore contributes to the majority of the 

turn-off losses under ZVS. Figure 4-29 shows the losses during the current bump stage 

with varying temperatures. It is clear that elevated temperatures have a detrimental effect 

on the turn-off losses. However it was observed in section 4.4.2 that turn-on losses are 

reduced with higher temperatures, therefore the combination of both effects allow total 

losses to remain at tolerable levels throughout the operating temperature range.  
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Figure 4-28 Experimental results showing temperature influence on CIGBT turn-off transient 
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Figure 4-29   Temperature influence upon the ‘current bump’ losses of CIGBT 
 
 
 
 

4.6 Conclusion 

The experimental and theoretical analysis of the CIGBT whilst under zero voltage 

soft switching conditions has been presented. Both the IGBT and CIGBT were subjected to 

ZVS at room temperature and high temperature for experimental performance analysis. For 

the first time the distinct advantage the CIGBT has over the IGBT is clearly seen from the 

experimental results, revealing a reduction in overall loses and lower dynamic saturation 

voltage.  Dissimilar transient responses were witnessed in the experimental waveforms of 

the CIGBT and subsequently verified through 2D numerical simulations. Conductivity 

modulation lag has shown to have an influence on the turn-on over-voltage and is chiefly 

dependent upon di/dt. Increased overvoltage of the CIGBT at turn-on was also seen which 

indicates a structural influence within the device rather than just circuit influences; which 

will be investigated further in Chapter 5.   

Turn-off current bumps were observed experimentally and found to be dependent on 

the size of the resonant capacitor due to the slow rate of rise of anode voltage and reduced 
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excess carrier sweep-out rate. Turn-off losses were seen to be lower in the CIGBT due to 

the enhanced charge extraction of the device. High temperature testing showed an increase 

in the magnitude of the turn-off current bump phenomenon, while a reduction in the turn-

on voltage overshoot was seen. Both can be attributed to the increase of carrier lifetime 

with the CIGBT; causing reduced conductivity modulation lag at turn on and an increase in 

excess trap charge at turn-off with elevated junction temperatures. 

 To obtain a complete picture of the internal dynamics of the CIGBT under soft 

switching conditions, further analysis is required and the following chapter will subject the 

devices to zero current switching with comparisons between NPT and PT IGBTs to get a 

better understanding of the unique transient responses observed in the CIGBT under such 

conditions.   
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Chapter 5 

 

5 Zero Current Switching Analysis 

For minority carrier semiconductor devices to operate at their highest efficiency, zero 

current switching can be employed. By eliminating the current through the device during a 

switching transient, the losses associated with stored carriers in the device can be 

minimised. In the previous chapter, the CIGBT was analysed under ZVS and interesting 

soft-switching phenomena such as turn-on conductivity modulation lag and current tail 

bumps during turn-off were witnessed. The CIGBT showed unique characteristics not 

previously seen during switching, which will be further analysed in this chapter by 

subjecting the device to ZCS transient conditions. In order to examine the performance of 

the CIGBT during ZCS, comparisons with commercial Non-Punch Through (NPT) and 

Punch Through (PT) IGBTs will be made.  For the NPT device, a Fairchild 1.2KV 

(HGTG18N120BN) was used, while for the PT device, an Advanced Power Technologies 

1.2KV (APT25GP120B) was used. Fabricated TCIGBT devices are also tested and its 

performance is compared with the planar CIGBT. 

 

5.1 Zero Current Switching Circuit Operation 

In order to create zero current switching conditions it was necessary to develop a 

circuit that could replicate ZCS in single pulse operations without resonant oscillations. 

The circuit used for ZVS analysis in chapter 4 was modified for ZCS. The circuit can be 

seen in Figure 5-1. The notable differences from the ZVS circuit is the addition of 

freewheeling diode D2 and an entirely different switching sequence as shown in Figure 

5-2. A new timing system was devised to obtain the required gate pulses and is described 

in section 5.1.2.  
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Figure 5-1  Zero Current Switching Transient Test Circuit. (Gate drives not shown for simplicity) 

 

 

Diode D2 allows a freewheeling path for the load inductor (L1) current when S1 is 

turned off.  Diode D2 is a key component for generating zero current at the DUT collector 

node as it allows all the inductive energy to be dissipated such that the DUT can be 

switched off with zero current.  Diode D4 clamps the anode potential of the DUT to the 

bus voltage to ensure high voltage resonant transients do not occur, which may otherwise 

cause premature device breakdown. Diodes D1 & D3 are there to protect the switching 

devices from any negative transients that may cause damage. All diodes were rated at 

1.2KV, 50A.  Resistor R1 is connected to the circuit to ensure that all the energy in 

capacitor C1 is discharged at turn on and thus allows the DUT to turn on with a zero 

collector potential.  
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Figure 5-2  Switching sequence of ZCS test circuit 

 

 

With the aid of the switching waveform diagram in Figure 5-2, the ZCS circuit 

operation will be examined. The following time stages can be distinguished: 

 

t0: During this initial state, the resonant components L1 & C1 are discharged via         

R1 and all switches are in the off state.  

 

t1: Both the auxiliary switch (S1) and the DUT are turned on simultaneously. Switch 

S1 begins conducting and provides current to the inductor, L1. During this stage 
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there is no current flowing through the DUT and can be perceived as turning on 

under zero current conditions.  

 

t2: Current now begins to ramp up through the DUT at a rate determined by the 

inductors di/dt. The DUT undergoes conductivity modulation and the voltage 

overshoot subsides. Va begins rising slightly with increasing anode current due to 

the voltage drop across the device. 

 

t3: When the desired current through the DUT has been reached, switch S1 is turned 

off which stops the current flow to L1. As the magnetic field around L1 collapses, 

the remaining stored current flows through the free-wheeling diode D2. This 

causes current through the DUT to abruptly fall to zero. 

 

t4:  Now that current has fallen to zero, The DUT can be switched off under zero 

current conditions. The gate voltage is returned to zero and the DUT is effectively 

off, however there remains an excess of trapped charge carriers inside the drift 

region. Due to the absence of any voltage across the device, the carriers are only 

reduced slightly through natural recombination mechanisms. 

 

t5:  S1 is now turned back on and as the DUT is now in the off-state, the current must 

flow into C1 and cause the potential to rise across the DUT at a dv/dt determined 

by the value of C1. The rising electric field through the device can now begin to 

sweep out the excess carriers. This movement of charge causes a current bump to 

be seen in the characteristics.  

 

t6: The voltage across C1 rises until it reaches the bus voltage and then S1 is turned 

off to end the sequence. 
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5.1.1 Circuit Simulation 

Using Saber circuit simulation package, the circuit in Figure 5-1 was simulated to 

make sure that zero current transients would occur at the correct time using the selected 

component values were adequate. The waveforms are shown below in Figure 5-3. The top 

trace is the gate signal from auxiliary switch S, the middle trace is the DUT gate signal and 

the two bottom traces are the DUT collector current (purple) and voltage (green). 

Clearly seen is the ZCS transient period once the auxiliary switch is turned off. 

DUT gate signal is then returned to 0V. The voltage across the capacitor slowly ramps up 

to the bus voltage after the auxiliary switch is turned back on to complete the cycle. 

 

 

 

Figure 5-3 Saber simulation waveforms of zero current switching circuit 

 
 

After verification that the circuit would be stable using the calculated component 

values, the next stage was to design and fabricate the experimental circuit. The next section 

will describe the development of the timing sequence control for the ZCS circuit. 
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5.1.2 Timing System for Switching Sequence Control   

Just as with the ZVS circuit in Chapter 4, it was necessary to carefully control the 

timings of the gate signals for the sequence to work accurately in the experimental circuit. 

The circuits needed to be suitably isolated from the potentially dangerous high voltages in 

the switching system and optical isolation was achieved by utilising two opto-pulse 

generators within the IGBT switching test rig. The timing sequence used for ZCS differed 

significantly from that used with ZVS and a new timing system was devised. The two 

pulse generators within the switching test-rig were interconnected using their external 

triggering connections. This allowed automatic triggering to generate the necessary 

sequence for the gate drives. By utilising the variable time circuits in the generators, 

accurate timings could be achieved. The gate drive connected to the DUT converted the 

optical output to an electrical signal for device driving. 

The gate drive to the auxiliary switch required a high-side drive circuit, similarly to 

that described for the zero voltage switching circuit in chapter 4. The control signal for the 

gate driver was fed from opto pulse generator No.2; as can seen from the simplified block 

diagram of the timing system in  

Figure 5-4. The opto pulse generator was triggered on the rising edge of the DUT gate 

signal, which was delivered via opto generator No.1. This method provided the necessary 

dual pulse scheme for the auxiliary switch whilst a single pulse was delivered to the DUT, 

as seen from the switching diagram in Figure 5-2. 

To convert the optical signal to an electrical signal for the high-side driver IC input, an 

Agilent Technologies fiber-optic receiver module (HFBR-2521) was used [95]. As the 

output from these modules was an open collector transistor, the signal was inverted by 

using a simple transistor follower. The signal could then be used to drive the high-side IC. 

Similarly to the ZVS circuit, all electrical circuits were inserted in to the IGBT switching 

rig case for safety.   

 110



       

 

 
Figure 5-4 Diagram showing configuration setup of switching rig for ZCS testing 
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5.2 Experimental Switching Waveforms 

Experimental oscilloscope traces for both the PT-CIGBT and commercial NPT & PT 

IGBTs were switched with the ZCS circuit. CIGBT switching waveforms are seen in 

Figure 5-5, while NPT-IGBT and PT-IGBT switching waveforms are seen in Figure 5-6  

and Figure 5-7 respectively. Switching conditions were 600V bus voltage with a current of 

20A. Trace 1 is the anode voltage using a X100 attenuation probe. Trace 4 is also the 

anode voltage but using a X10 probe so that forward recovery and dynamic saturation can 

be monitored without significant over-bias of the scope. Trace 2 is the gate signal to the 

device, while trace 3 is the anode current. This was monitored using a Rogowski current 

coil connected at the back of the switching rig [97]   
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Figure 5-5  ZCS Waveform trace for CIGBT (Vce=600V, Ice=20A, Vg=15V, Tj=300K,  
 L=385µH,C=0.1µF, 10µs/div) 

 

 

Figure 5-6 ZCS waveform Trace for NPT-IGBT  (Vce=600V, Ice=20A, Vg=15V, Tj=300K,  
  L=385µH,C=0.1µF, 10µs/div) 
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Figure 5-7  ZCS waveform Trace for PT-IGBT (Vce=600V, Ice=20A, Vg=15V, Tj=300K,  
  L=385µH,C=0.1µF, 5µs/div) 

 
 

During the switching cycle there are three distinct transient periods; the turn-on 

voltage peak, conduction period and turn-off current peak, all of which contribute to the 

overall energy losses.  At turn on, the anode current begins conducting through the device 

and a voltage peak is observed in the anode voltage; this is primarily due to the forward 

recovery of the device, however other factors influence this as will be described in the 

following section.  Current then continues to rise and the DUT enters dynamic saturation.  

During dynamic saturation the on-state forward voltage drop is greater than that obtained 

during static conditions due to a combination of conductivity modulation lag and inductive 

voltage drop [105]. During turn-off of the DUT, the anode current has decreased to zero to 

satisfy ZCS conditions. After the gate is turned-off, the anode voltage is allowed to rise to 

the bus voltage where it is clamped to prevent high voltage peak oscillations. As the DUT 

has turned off before the time the anode voltage rises, the excess carriers remain trapped 

within the drift region. When the anode potential rises, a current bump will develop as the 

charge is removed from the drift region [106].   

The switching results show that the CIGBT has a large turn-on over voltage, as was 
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the case with ZVS testing. Analysis of this phenomenon will be made in section 5.3. The 

performance of the CIGBT and comparisons with commercial NPT and PT IGBTs is now 

analysed. 

 

5.2.1 Switching Performance  

The switching results extracted from the experimental results are shown in Table 5-1. 

Comparative results can be seen for the CIGBT and both NPT and PT -IGBTs.  ZCS tests 

were conducted at 300K and 400K for high temperature performance analysis.  

It is clear from the results that the CIGBT has a lower on state voltage than both the 

PT-IGBT and NPT-IGBT, due to its thyristor nature. Losses were also lower throughout 

the temperature range. Despite the large turn-on voltage transient of the CIGBT the losses 

are lower at room temperature than the PT-IGBT.  At high temperature the PT-IGBT 

exhibits a reduction in on-state voltage as does the CIGBT. This negative temperature 

coefficient can be  attributed to the increase in carrier lifetime and injection efficiency 

within the device [98]. For the NPT-IGBT, the on-state voltage increases with elevated 

temperatures. This is due to the fact that carrier lifetime is already large in the device and 

the effect of the reduction in carrier mobility at higher temperatures causes the positive 

temperature coefficient with respect to voltage across the device [107]. The reduction of 

the on-state voltage at higher temperatures for the CIGBT and PT –IGBT allow the devices 

to exhibit a smaller increase in total losses (conduction and switching) than the NPT –

IGBT; as the increase in turn off losses is offset by the reduced on-state losses. 

Turn-off losses during ZCS are associated with the current bump which occurs as the 

voltage begins to rise across the device; expelling trapped charge. The CIGBT has the 

lowest turn-off loss at room temperature, whereas the NPT-IGBT has the largest turn-off 

loss; due to the thicker n- drift region. This results in a larger current bump because of the 

increase in trapped carriers. The situation is made worse by the large lifetime for the NPT-

IGBT which results in less carrier recombination between the time the device is turned off 

and the anode voltage rising.  The PT-IGBT and CIGBT, both have lifetime killing 

processes and smaller drift regions, therefore display reduced losses at turn-off. At higher 

temperatures, the CIGBT shows the lowest turn-off losses, indicating a smaller current 
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bump; primarily due to the enhanced charge extraction of the p well layer. As the p well 

region in the CIGBT is wider than the corresponding p base region in the IGBT, the p well 

can collect holes more effectively; thus reducing the total hole current within the drift 

region at turn-off [59].  

The larger turn-off losses in all three devices at high operating temperature can be 

attributed to the decrease in carrier mobility and the increase in carrier lifetimes, therefore 

reducing the effect of recombination upon the total number of trapped charges at the zero 

current switching point. For the NPT- IGBT the lifetime is already high and the drift region 

is larger so the turn-off losses are the worst for all devices. The CIGBT shows a rise of 

94% in turn off from 300K to 400K whereas the PT and NPT IGBT have 179% and 166% 

increase in turn-off loss respectively. This suggests the CIGBT is most suitable for high 

temperature operation, with an overall lower on-state voltage and turn-off loss when 

compared to commercial IGBTs. 

 

 

Device Temperature On-state  voltage Total losses Turn-off losses 

CIGBT 300K 2.83V 0.29mJ 69µJ  

PT- IGBT 300K 3.11V 0.32mJ 63µJ  

NPT-IGBT 300K 3.24V 0.40mJ 75µJ  

CIGBT 400K 2.72V 0.37mJ 134µJ 

PT-IGBT 400K 3.03V 0.42mJ 176µJ 

NPT-IGBT 400K 3.62V 0.50mJ 200µJ 

 
Table 5-1 Comparative table of ZCS switching performance for CIGBT, NPT-IGBT & PT-IGBT devices     

(Vce=600V, Ic=20A, Vg=15V, L=385µH, C=0.1µF) 
 
 

Figure 5-8 shows the trade-off comparison between the devices with respect to total 

energy (switching and conduction) loss and on-state voltage.  It can be seen that the 

CIGBT has the best trade-off and outperforms PT and NPT IGBTs in terms of lower losses 

and on-state voltage at both 300K and 400K operating temperature. Also clearly seen from 

the graph is the positive temperature coefficient of the NPT-IGBT with respect to on-state 
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voltage, which is in stark contrast to both the CIGBT and PT-IGBT which exhibits a lower 

on-state voltage with increasing temperature.  

Despite the lower losses and on-state voltage, the CIGBT has exhibited larger turn-on 

transients than the IGBT during both zero voltage and zero current switching. These 

transients are clearly seen in the CIGBT waveform in Figure 5-5. The unique observed 

transients in the switching waveforms of the CIGBT are investigated for the first time and 

discussed in section 5.3. 
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Figure 5-8  Comparison of CIGBT and IGBT switching trade-offs during ZCS  
(Vce=600V, Ice=20A, Vg=15v,  L=385µH, C=0.1µF) 
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5.3 Turn On Transients  

The turn on process of both CIGBT and IGBT were shown in Figure 5-5 & Figure 5-6 

respectively. It can be seen that both devices behave in a similar manner by exhibiting a 

transient over-voltage during turn on and a higher conduction period forward voltage drop. 

The measured voltages were 2.8V and 3.2V for the CIGBT and IGBT respectively.  Apart 

from the lower forward voltage drop observed by the CIGBT, the main difference between 

devices during ZC turn on is that the CIGBT shows significant over-voltage, which was 

also the case during zero-voltage switching [108]. Circuit parameters have a direct 

influence on the peak at turn-on. However, it was found that the CIGBT over voltages can 

also be attributed to internal structure of the device, which will be discussed in section 

5.4.1. 

5.3.1 ZCS Conductivity Modulation Lag 

Peak over-voltage during ZCS turn on of bipolar devices can be partly attributed to 

conductivity modulation lag [80], as was also found from the CIGBT ZVS results in 

chapter 4. The same process can be seen occurring in the CIGBT from the experimental 

waveforms in Figure 5-5. During the initial stages of turn on of the device, the drift region 

has yet to be fully modulated and acts as a resistive element due to the lack of free carriers. 

The current is forced through the un-modulated drift region and thus the potential drop will 

increase until the onset of high-level injection [25]. 

 From experimental analysis in chapter 4, it was shown that the rate of change of 

current through the device at turn on has a direct influence upon the overvoltage 

magnitude. The same is true for ZCS and is witnessed in both the IGBT and CIGBT. 

However, by overlaying the voltage and current waveforms of both devices it can be seen 

that the CIGBT has significantly higher peak voltage and current during the turn-on 

transient. Figure 5-9 shows that the CIGBT exhibits a larger voltage peak than the IGBT, 

while Figure 5-10 reveals significant current overshoot, observed during turn on.  

Also visible in Figure 5-9 is the lower on-state voltage of the CIGBT, due to the 

thyristor action. The lower on-state gives lower power loss than the IGBT, however the 

high peak overvoltage at turn on is not desirable as it increases turn on losses and may also 
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lead to stress of the CIGBT with continual operation.  
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Figure 5-9 Comparison of CIGBT & IGBT voltage peaks during ZCS turn-on 
 (Vce=600V, I=20A, Vg=15V, L=385uH, C=0.1uF) 
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Figure 5-10 Comparison of current peaks of CIGBT & IGBT during ZCS turn-on  

(Vce=600V, I=20A, Vg=15V, L=385uH, C=0.1uF) 
 

The CIGBT shows a 600% increase in collector voltage peak magnitude during the 

first 2µs of switch on compared to the IGBT. It is clear that the CIGBT overvoltage cannot 

be attributed to only di/dt induced conductivity modulation lag and circuit influences. 

Investigations were made into the cause of the overvoltage of the CIGBT and by utilising 

2D numerical modeling; verification of the experimentally observed phenomenon was 

achieved, as discussed in the following section. 
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5.4  Turn On Simulation Analysis 

Medici 2D numerical simulations were carried out on the CIGBT structure and it was 

verified that the turn on transients show large over voltage and currents. Figure 5-11 shows 

the simulated turn-on voltage and current transient. The markers on the voltage transient 

represent the time instants used for the plot of electron and hole concentrations through the 

device; as shown in Figure 5-13 and Figure 5-14 respectively. The cut-line through the 

CIGBT used for electron and hole concentration plots is shown as A-A’ in Figure 5-12. 
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Figure 5-11  Simulated turn-on voltage and current peaks of CIGBT 

 
 

The electron and hole concentrations are clearly seen to be increasing from 21µs 

onwards as the device turns on and conductivity modulation of the drift region begins.  It 

can be seen from Figure 5-11 that this is the point of initial turn-on where anode voltage 

starts rising.  From the hole concentration plot it is seen that holes are beginning to be 

injected from the collector into the drift region, with concentration lowest at the p well 

region; indicating that the thyristor has not yet turned on. Conductivity modulation lag 

reaches its highest rate at time instant of 23µs and the anode voltage overshoot reaches its 

peak. High-level injection then begins where both electron and hole concentrations within 
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the drift region are above the background doping concentration of 1e14 cm-3. This 

significantly reduces the drift region resistance; causing the voltage peak to fall. Charge 

neutrality is now seen at the time instant of 24µs where both hole and electron 

concentration is of equal magnitude within the drift region. At this point, the thyristor is in 

full conduction and concentration levels within the p well region are no-longer below that 

of the drift region.  

 It can also be seen from Figure 5-11 that a current rise appears at this point. This is 

because once thyristor conduction begins, a very low resistive path through the CIGBT is 

seen which causes the resonant capacitor to discharge; giving rise to the current spike 

observed in the collector current transient. Current then falls and begins to rise at the di/dt 

rate determined by the inductor. 

The high transient overvoltage observed in the CIGBT have a resemblance to that seen 

in Emitter Switched Thyristor (EST) devices; which is attributed to snap-back occurring 

during the turn on process [48]. In the CIGBT, due to its unique turn-on mechanism, snap-

back is absent in the static turn-on process and so can not be the cause of the overvoltage. 

Using further 2D numerical simulations, it was discovered that the CIGBT cluster spacing 

has a direct and significant influence on the overvoltage; as examined in the following 

section. 

 
 

Figure 5-12  CIGBT showing position of cut-line A-A’ used for carrier concentration plots 

A 

A’ 

 120



       

0 20 40 60 80 100
105

106

107

108

109

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

n well

p well

N-drift

anode

 20us
 21.7us
 22.1us
 23us
 23.5us
 24us

El
ec

tro
n 

co
nc

en
tra

tio
n 

(c
m

-3
)

Vertical distance from surface (µm)
 

Figure 5-13  Electron concentration through CIGBT during turn-on 
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Figure 5-14  Hole concentration through CIGBT during turn-on 
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5.4.1 Effect of Adjacent P-Well Spacing upon Turn-On Overvoltage 

The spacing between adjacent clusters has been found to have a direct influence upon 

turn-on operating performance. This spacing is defined as the p well - p well spacing and 

can be visualised from the 2D CIGBT structure in Figure 5-15. This spacing is an 

important parameter affecting the turn-on behaviour of the device as if the adjacent p well 

regions are too close, the depletion regions merge and stop the flow of electrons into the n-

drift region from  the MOSFET channel under gate 2.  

Simulations have shown that a p well - p well spacing of less than 12µm cause the loss 

of grounding to the n- drift region and also stops the p well region from achieving 

capacitive coupling with the anode. This results in the inability for the CIGBT to turn on 

correctly. Under these conditions the device turn-on is determined by the gain of the NPN 

transistor, created by n well/ p well/ n-drift regions, causing the thyristor to latch on via 

leakage currents. Once the thyristor regenerative action has occurred, the overvoltage 

decays to nominal values and the device conducts as usual.  

 

 
Figure 5-15 2D CIGBT structure showing adjacent P well spacing. 

 

 

Numerical 2D simulations with different p well spacing were carried out, whilst 

keeping all other parameters in agreement with the experimental CIGBT structure. The 

simulated structures were then switched in a zero-current switching simulated circuit. The 

p well – p well spacing was adjusted from a range of 18µm to 28µm at 2µm intervals. The 

P well - P well spacing 
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simulated voltage waveforms with all variants overlaid can be seen from Figure 5-16. A 

graph of maximum overvoltage plotted against p well spacing is seen in Figure 5-17. 

Clearly seen is the direct dependence of the adjacent p well spacing upon the magnitude of 

voltage overshoot. It was found that at 28µm, a peak of only 2.5V was observed in the 

simulated results. The peak rises to over 28V with a spacing of less than 16µm. Increasing 

the distance of the p well-p well spacing allows the n-drift to be effectively grounded and 

provides capacitive coupling with the anode and p well regions. It is clear that increasing 

the space aids in reducing the overvoltage; however, increasing beyond 28µm has little 

benefit, as can be seen from the exponential-like curve of Figure 5-17. Further increase in 

spacing results in area inefficiency with the device, as this area is not directly used for 

thyristor conduction [109]. Thus, an optimum value exists around 26µm, whereby 

overvoltage is significantly reduced at turn-on and area is not wasted. 

 

 
Figure 5-16 CIGBT turn-on voltage waveforms with varied p well–p well spacing from 18µm- 28µm 
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Figure 5-17  Effect of p well spacing on turn-on voltage peak of CIGBT 

 
 
 
 

Visualisation of unmerged and merged p well regions can be seen from the Medici 

simulation plots in Figure 5-18 and Figure 5-19 respectively. Black electron flow lines and 

red depletion regions are visible in the structure during conduction of the device. Seen in 

Figure 5-19 is the constricted flow of current and the reduced depletion region of the p well 

region, indicating loss of capacitive coupling. Figure 5-20 shows the loss of capacitive 

coupling with 14µm p well spacing. The p well potential no longer follows that of the 

anode potential with merged p well regions. With 28µm spacing it is seen that the p well 

region follows the anode voltage. The loss of capacitive coupling with merged p well 

regions results in incorrect turn-on behaviour of the main conducting thyristor, formed by p 

anode/n drift/ p well/ n well regions. 

With a small p well- p well spacing, the gain of the NPN transistor is also reduced 

causing a higher leakage current required to turn on the thyristor. Lower gain results in a 

higher overvoltage as the device turns on with snapback action. The dependence of the 

NPN gain on p well spacing can be seen in Figure 5-21.  The current gain of the NPN 
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transistor significantly increases once the p well spacing is increased beyond 18µm, as this 

is the point at which the regions become unmerged and normal operation can occur.  

For the experimental device used during ZVS and ZCS testing, the p well to p well 

spacing was 28µm with a junction depth of 12µm. Theoretically, according to simulation 

data, this should not cause the magnitude of voltage observed in the experimental results in 

section 5.2. This would then suggest a processing issue with the current CIGBT 

production; resulting in incorrect spacing. By examining the PNP (p well / n – drift/ p well) 

open base transistor test structures, short circuits were observed with large p well spacing, 

indicating a merged region. This was attributed to auto doping caused by a previous p+ 

anneal stage, prior to the triple diffusion process during fabrication.[59].  

In order for this issue to be eliminated, optimisation of the fabrication process is 

required, in particular the difficulties in triple diffusion and annealing need solving which 

lead to the merged p wells. Through optimisation of the p well spacing and eliminating the 

fabrication issues through tighter design rules, the turn-on overvoltage will be significantly 

reduced from that observed in experimental switching results. 
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Figure 5-18 CIGBT simulation during ZCS turn-on with unmerged (28µm) p-well regions 

 

 

 
Figure 5-19 CIGBT simulation during ZCS turn-on with merging (18µm) p-well regions  
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Figure 5-20 P well potential against anode voltage with 14µm & 28µm p well spacing 
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Figure 5-21  Influence of P well spacing upon NPN transistor gain within CIGBT    
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5.4.2 N Well Concentration Influence  

A further influence on the overvoltage seen during turn-on is the implant 

concentration of the n well region which directly affects the doping concentration of this 

region. Using Tsupreme process simulator and Medici device simulator, analysis on the 

ZCS turn-on overshoot was made.  If the doping concentration of the n well region is too 

low, then the CIGBT turns on with a resistive action.  This results in a snapback action in 

the I-V characteristics, as shown in Figure 5-22. As can be seen, a low implant dose of 5.9 

e13 cm-2 results in a snapback turn-on, as the device initially behaves like an IGBT until 

sufficient potential is developed across the p well resistance to allow the forward bias of 

the n well/p well junction, thereby turning on the thyristor.  At higher n well 

concentrations, the self clamping voltage is increased and the gain of the NPN transistor, 

formed by p base/n well/p well is increased; resulting in lower VCE turn on.  
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 Figure 5-22 I-V characteristics of CIGBT with varying n well implant concentration 
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Figure 5-23 shows the simulated voltage waveforms during a ZCS turn-on transient. 

A significant reduction in the overvoltage can be made by increasing the n well implant 

dose. Current waveforms show similar reduction in peaks with increased implant 

concentrations, as seen in Figure 5-24, indicating a reduced forward voltage drop within 

the device due to the enhanced modulation of the drift region. 

A trade off exists, however, between the increase in n well doping concentration and 

the FBSOA of the device. The voltage at which self-clamping occurs is increased with 

higher concentrations due to the restriction of the p base depletion region punching through 

to the p well region. With a higher clamping voltage, the cathode cells are subjected to 

higher potentials and results in reduction of the safe operating area. The increased n well 

doping concentration also results in a higher gain of the parasitic latchup transistor, formed 

by n+/p base/n well, which at high currents densities will turn on and lead to device failure. 

 An optimum value of n well implant dose appears to be between 6e13 cm-2 and 

6.25e13 cm-2. Increasing the dose beyond 6.5e13 cm-2 has negligible effect on further 

reducing the turn-on over voltage, as can be seen from the comparative graph of implant 

dose against voltage peak in Figure 5-25. 
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Figure 5-23 Influence of N well doping concentrations upon turn-on overvoltage in CIGBT 
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5.5 ZCS Turn-Off Transients 

During turn-off under zero current conditions, a current bump is produced when the 

voltage across the switching device begins rising. When the device is initially turned off, 

there is minimal voltage at the anode terminal and the voltage remains low until the 

auxiliary switch is turned back on. During this period there remains a large amount of 

charge carriers (electrons and holes) in the drift region of the device. Under normal hard 

switched conditions, at turn-off the voltage rises sharply and causes a sweeping depletion 

region to force out these charges, this results in the characteristic current tail seen in 

bipolar devices [107]. However with ZCS, the voltage is returned at a later time and also at 

a much slower rate, due to the resonant capacitor. With the absence of voltage across the 

device there remains a large amount of charges that are not swept out of the drift region. 

The charges will begin recombining naturally; however by the time the auxiliary switch is 

turned back on, not all carriers have recombined. The rising voltage then causes the 

depletion region to advance towards the anode of the device, thus expelling the remaining 

carries; resulting in a current bump. Due to the rising electric-field and the decaying carrier 

concentration the current reaches a peak and then tails off to zero. 

A current bump is just detectable in the experimental waveforms of both the CIGBT 

and IGBT in Figure 5-5 and Figure 5-6 respectively. However, due to resolution 

constraints of the current measuring coil and a minimum dual pulse gap of 10µs, it is not 

well defined. 2D Medici simulations help provide a clearer understanding of the 

mechanisms with the CIGBT during ZCS turn-off which define the current bump 

characteristics, as described in section 5.5.1. 

 

5.5.1 CIGBT ZCS Turn-Off Current Bump Analysis 

Medici 2D numerical simulations were carried out on the CIGBT structure under 

identical zero current switching conditions used in section 5.2. The entire switching 

transient can be seen in Figure 5-26. The effect of varying capacitor C1 is also shown. A 

close up of the current bump with varying values of C1 is seen in Figure 5-27. Clearly seen 

is the effect the dv/dt of anode voltage has upon the magnitude and duration of the current 
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bump. With a small dv/dt, (thus a large resonant capacitor value), the current bump will be 

small but prolonged. However, with a large dv/dt the current bump is short but high in 

magnitude. The rate at which the charges in the drift region are expelled will determine the 

magnitude and duration of the current bump. The influence the resonant capacitor has upon 

the current bump can be seen from Figure 5-28, which plots capacitance value against 

current magnitude. By increasing the capacitor value, significant reduction in the 

magnitude of current bump is seen. This is due to the depletion region slowly extending 

through the device allowing carriers to recombine without extraction from the anode 

terminals. Increasing capacitor beyond 2µF has little effect on the reduction of the current 

as by now the current magnitude is reliant on the carrier lifetimes within the structure; 

which will determine the recombination rate. A larger capacitor also slows the turnoff 

process and the effect can be seen in Figure 5-29, which plots capacitance value against the 

duration of the current bump. It is clearly seen by comparing Figure 5-28 and Figure 5-29 

that a compromise must be made between the size of permissible current bump and the rate 

at which the anode voltage is returned. 
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Figure 5-26  Simulation of ZCS transient with varying capacitor value of C1 
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Figure 5-27 Simulation of ZCS  CIGBT current bump and the influence of dv/dt upon magnitude 
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Figure 5-28 Effect of capacitance on ZCS current bump magnitude 
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Figure 5-29 Effect of capacitance on total duration of current bump 

 
 

5.5.1.1 Internal Carrier Dynamics 

By analysing the internal carrier concentrations, it can be seen how the CIGBT 

behaves during ZCS turn-off. Figure 5-30 shows the simulated current bump with markers 

on the current transient at time instants which correspond to the electron and hole 

concentrations plots through the CIGBT. Electron and hole concentration plots are shown 

in Figure 5-31 & Figure 5-32 respectively. The cut-line through the device used for the 

plots is the same as turn-on analysis as seen in Figure 5-12. The doping profile for the 

device was seen in Figure 2-26. Clearly seen in the profiles are the diminishing carriers and 

the sweep out of the charge from within the drift region. As the electric field rises across 

the device, the depletion region expands through the device; further expelling excess 

carriers. This is seen in the profiles from time instant of 37µs onwards. Prior to this time 

period, the auxiliary switch has not been turned back on and thus the electron 

concentration is reduced primarily through recombination from an initial magnitude of 

1x1016cm-3 to 1x1015cm-3. The expanding carrier depleted area within the drift region is 

apparent from the plots and by time instant of 38µs, has expanded to 60µm. The majority 

of the excess carriers are expelled by time instant of 37.5µs. The current bump reaches a 

maximum and then decays exponentially, aided further by recombination to give a current 
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tail. This tail region is primarily dependent on the carrier lifetime within the drift region; 

which determines the recombination rate. The wide p well region of the CIGBT allows 

absorption of holes during turn-off, therefore providing better charge extraction. This 

allows the CIGBT to exhibit lower turn off losses than IGBT, as indicated from the results 

in Table 5-1. It can be seen from Figure 5-32 that the p well region has a high hole 

concentration during the turn off process, indicating that the p well aids in hole 

extraction[103]. 
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Figure 5-30 Simulated CIGBT ZCS turn-off current bump (C1=0.5µF) 
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Figure 5-31 Electron concentrations through device during ZCS turn-off 
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Figure 5-32 Hole concentrations through device during ZCS turn-off 
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5.5.2 Auxiliary Switch Hold-Off Time 

An additional factor in determining the magnitude of the current bump is the time 

delay from ZCS switch-off to the turning on of the auxiliary switch. The longer this delay, 

the smaller the current peak; as excess carriers are reduced by recombination. The diagram 

in Figure 5-33 shows the switching period in question. It can be seen that the rise in anode 

voltage and the subsequent current bump does not take place until after the auxiliary switch 

is turned back on. If the mark-space ratio is reduced (longer off-time) then the excess 

carriers will have depleted through recombination and a reduced current bump will be 

present when the bus voltage begins to rise. However, a long off delay will result in very 

slow switching speeds and so a trade-off between faster switching speed (smaller time 

delay) and higher current bump must be made. 

 
 

Figure 5-33  Graphic showing auxiliary switch–off time transient 
 

 

In the experimental tests, this time period was set at 10µs. Due to limitations of the 

opto pulse generators, it was not possible to reduce this time period. By utilising device 

and circuit simulation, the influence on the current bump in the CIGBT can be seen. Figure 
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5-34 reveals the effect that the auxiliary switch hold-off time has upon the magnitude of 

the current bump. A very small hold-off time, causes the largest current bump; as trapped 

carriers have not had a chance to reduce due to recombination when the anode voltage 

begins rising. It is the carrier lifetime of the device and injection efficiency of the P+ anode 

region that determines the overall current bump as a smaller carrier lifetime allows for a 

greater recombination rate and thus a reduced charge in the drift region. As punch-through 

devices employ lifetime killing techniques due to efficient hole injection, the current bump 

is lower than an equivalent device with non punch-through technology which has a 

reduced charge extraction efficiency.  

The overall switching speed is a function of the auxiliary switch hold off time and so a 

compromise must then be made between a high current bump and slow switching speed, as 

the faster the switching the higher the turn-off losses will be due to greater expulsion of 

charge.  
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Figure 5-34 Effect of auxiliary switch off-time upon current bump magnitude (C1=0.1µF) 
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5.6 ZCS Analysis of the TCIGBT 

The planar CIGBT has been examined and compared with IGBT during ZCS. After 

the analysis was complete, trench gated CIGBT devices were made available for testing 

within the ZCS circuit. Experimental trench gated CIGBT devices were fabricated and 

packaged similarly to the planar IGBT with device rating of 1.2KV, 20A. The preliminary 

tests of the TCIGBT are revealed below with comparison to the planar CIGBT.  Both the 

planar and trench devices were subjected to room and high temperature testing to enable 

performance comparisons. Conditions were identical to that used when switching planar 

CIGBT with a bus voltage of 600V and anode current limit of 20A. 

Figure 5-35 shows the TCIGBT waveforms during a ZCS transient. The switching 

waveforms are similar to that of the planar CIGBT which was shown in Figure 5-5. The 

blue trace is DUT gate signal, red trace is anode voltage (x100 probe), orange trace is 

anode voltage with x10 probe and green trace is the anode current.  

 
 

Figure 5-35  TCIGBT ZCS experimental waveforms (Vce=600V, Ice=20A, Vg=15V, Tj=300K,   

      L=385µH,C=0.1µF) 
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The TCIGBT can be seen to operate similarly to the planar CIGBT; however the 

overvoltage at turn-on is reduced due to the advanced cathode structure. The effect of the 

merging p wells is still an issue with the TCIGBT (assuming a similar p well spacing from 

the planer CIGBT), causing an overvoltage, but a 60% reduction compared to the planar 

CIGBT is seen, aided by the reduction in forward voltage drop across the device and 

improved electron flow from the cathode.  

Table 5-2 reveals the comparative results obtained from experimental testing of the 

two devices. Clearly seen is the lower on-state voltage of the TCIGBT. This is primarily 

due to the absence of the JFET resistance region, as discussed in chapter 2. The lower 

resistance results in a lower voltage drop across the device which in turn aids with the 

reduction of the conduction losses.  The energy loss comparison is shown in Figure 5-36.  

From the graph, it can be seen that the TCIGBT exhibits lower overall losses than CIGBT 

at both room and high temperature. However turn-off losses are marginally higher 

throughout the temperature range. The higher turn-off losses can be attributed to the fact 

that the experimental TCIGBT devices were fabricated in a non punch-through drift 

technology, whereas the planar CIGBT had a punch-through structure. The higher carrier 

lifetimes and larger drift region length of the TCIGBT result in an increase in charge 

within the drift region at turn-off which causes a higher current bump during the ZCS turn-

off transient and thus higher losses are seen in the TCIGBT. 

 

 

Device Temperature On-state  
voltage 

Total 
losses 

Turn-off 
losses 

CIGBT 300K 2.83V 0.29mJ 69µJ  

TCIGBT 300K 2.52V 0.26mJ 73µJ 

CIGBT 400K 2.72V 0.37mJ 134µJ 

TCIGBT 400K 2.57V 0.34mJ 140 µJ 

 
Table 5-2 Comparative results of CIGBT and TCIGBT during ZCS at room and high temperature  

 (Vce=600V, Ice=20A, Vg=15V, L=385µH,C=0.1µF) 
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Figure 5-36  Energy loss comparison of planar and trench CIGBT during ZCS 
 
 

5.6.1 Turn-On Overvoltage Reduction 

Due to the enhanced gate structure of the TCIGBT and lower on-state forward 

voltage, improvements with the turn-on overvoltage are made. A reduction from 12 volts 

to 4 volts is seen from CIGBT to TCIGBT respectively.  Experimental tests were made on 

the TCIGBT with varying resonant inductor values to see the di/dt influence. Figure 5-37 

shows the results obtained. It is clear that the TCIGBT overvoltage is still influenced by 

conductivity modulation lag as is the case with CIGBT and IGBT; however a significantly 

educed overvoltage at turn-on allows the TCIGBT to exhibit the lowest total losses. 

Conductivity modulation lag affects all the devices, however, the planer CIGBT has shown 

the highest peak turn on overvoltage due to additional internal influences at turn-on as 

described previously in this chapter. 

Figure 5-38 shows the difference between the CIGBT and TCIGBT turn-on 

overvoltage. A differential voltage difference of approximately 15V is seen between the 

two devices. The preliminary TCIGBT test results look promising with regard to turn-on 

performance and switching operation, however poor wafer yield resulted in insufficient 
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number of devices to provide extensive analysis. Due to the lack of available packaged 

devices, further fabricated devices are needed to provide a clear understanding of the 

TCIGBT during ZCS. Once further TCIGBT devices are fabricated in PT, NPT and FS 

technologies, greater analysis into the performance of this device in soft switched 

applications can be made. 
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Figure 5-37  Influence of di/dt upon TCIGBT forward recovery transient. 
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Figure 5-38 Comparison of TCIGBT and CIGBT turn-on overvoltage with varying di/dt 
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5.7 Conclusion 

In this chapter the CIGBT has been shown and analysed whilst operating under zero 

current switched transient conditions. Switching losses of the CIGBT have seen to be 27% 

lower at room temperature and 26% lower at high temperature. 

 The turn-on voltage peaks observed in the CIGBT are considerably larger than that 

exhibited by commercial IGBTs. A 600% rise in overvoltage is seen which appears to be 

unique to the CIGBT during turn-on. It has been demonstrated that both IGBT and CIGBT 

overvoltage are influenced by di/dt of the inductor and the junction temperature of the 

device. The fast di/dt of the current gives rise to conductivity modulation lag within the 

drift region, however in the case of the CIGBT, device structure parameters were found to 

be the direct cause of the significant overvoltage transient. The p well spacing influences 

the turn-on mechanism of the main thyristor in the CIGBT which results in over-voltages 

at turn-on. Processing issues result in incorrect p well – p well spacing which resulted in 

large over-voltages. Optimisation of the p well spacing is required for reduction of this 

transient to allow smoother turn-on transient. Further to the p well influence, it has been 

seen that n well implant concentrations have a direct influence on the turn on operation too. 

At low n well concentrations, the device turns on with a snapback in the I-V characteristic 

and exhibits an increased turn-on overvoltage. A large n well implant dose results in an 

increase in the gain of the NPN transistor, thus reducing the peak overvoltage during turn-

on. If the n well doping concentration is too high, however, insufficient self-clamping 

results in the cathode cells being subjected to higher potentials; reducing the FBSOA. An 

optimum value of 6.25e13 cm-2 was found to aid in the reduction without significant SOA 

limitation. 

Turn off transients result in a current bump, associated with the expulsion of the 

trapped charge within the drift region. The current bump is influenced by dv/dt rising 

anode voltage, junction temperature, carrier lifetime of the device and also the turn-off & 

turn-on times of DUT and auxiliary switch respectively. The current bump in the CIGBT is 

small compared to the NPT-IGBT which has the worst turn-off losses.  
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Despite the over-voltages in the CIGBT, it manages to outperform the NPT and PT 

IGBT at room temperature and shows a 10% and 12% reduction in on-state voltage to the 

PT-IGBT and NPT-IGBT respectively at 20A, 25oC. Future fabricated CIGBT devices can 

be improved further by addressing the issues observed with soft switching. 

Preliminary testing of the TCIGBT has shown improved performance compared with 

the planar CIGBT, due to the reduction in on-state voltage; however further analysis is 

required with fabricated devices to fully understand the performance of the TCIGBT in 

high frequency soft-switching applications. 
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Chapter 6 
 
 

6 Conclusions  

 
The MOS gated thyristor structure of the CIGBT allows significant advantages over 

commercial IGBT devices with regard to on-state voltage and current handling. The unique 

self-clamping mechanism inherent within the CIGBT also allows a wide SOA and current 

saturation at high gate biases; which allows the CIGBT to outperform GTOs and other 

thyristor devices.  

In this thesis the characteristics of the CIGBT have been investigated and analysed 

under both zero voltage and zero current switching regimes. ZVS and ZCS circuits, with 

associated control systems, have been developed to allow analysis of both CIGBT and 

IGBT packaged devices at high voltage and current with variable junction temperatures, up 

to 400K. The CIGBT has been seen to outperform NPT and PT IGBTs in respect of lower 

on-state voltage and reduced switching losses across the entire operating temperature 

range.  Due to the thyristor structure, the CIGBT exhibited superior trade-off between on-

state and switching losses; indicating suitability for IGBT replacement in medium power 

soft-switched applications. 

However, the CIGBT exhibits large transient overvoltage during turn-on, which 

appears to be unique to the device {6}. Firstly, investigations were made in to the impact 

the di/dt of anode current has upon the magnitude of the transient, which also affects the 

tested IGBT devices. The lag between conductivity modulation of the drift region and the 

rapid increase in anode current was found to directly influence the transients at turn-on in 

all devices. The magnitude of the transient is a function of the di/dt, and consequently, the 

size of the load inductance {4}.   However, it was discovered that this was not the primary 

cause of the larger transient magnitude seen in the CIGBT. By utilising 2D numerical 

device simulations tools, it was discovered that structural parameters of the CIGBT were 

directly influencing the overvoltage at turn-on. Simulations suggested that if  the adjacent p 

well spacing is too close (<14µm), then the depletion regions merge which causes the loss 
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of n- drift grounding and capacitive coupling between the p well and  anode {1}. As a 

result, the CIGBT turn-on process is dictated by the initial leakage current of the NPN (n 

well/ p well/ n- drift) transistor as the device then turns on with a resistive snapback 

characteristic. By optimisation of the p well spacing, significant reduction in the turn-on 

transient can be made. Optimal distance was seen to occur at 26µm; whereby a large 

reduction in overvoltage is made without degrading device area efficiency. Increasing the 

spacing further causes a loss in current density due to the area not being used for thyristor 

conduction. 

In addition to the p well influence, device process simulations indicated that the n well 

implant concentration also played a part in the turn-on overvoltage. A large n well implant 

dose results in an increase in the self-clamping voltage and also the gain of the NPN 

transistor is enhanced, thus reducing the peak overvoltage during turn-on. At low n well 

concentrations, the device turns on with a snapback in the I-V characteristic and exhibits 

an increased turn-on overvoltage. If the n well doping concentration is too high, however, 

insufficient self-clamping occurs which results in the cathode cells being subjected to 

higher potentials; therefore reducing the FBSOA. Optimal values for the n well implant 

concentration dosage were found which aids in the reduction of turn-on overvoltage 

without detrimental effects to ruggedness of the device. 

Soft switching turn-off phenomena such as ZVS & ZCS current bumps were witnessed 

in the experimental CIGBT results and subsequently analysed using 2D numerical 

modeling tools. It was seen that the current turn-off transient was affected by the resonant 

capacitor value. A small dv/dt value results in lower current bump due to the increased 

recombination and slower expulsion of excess carriers within the drift region. A larger 

dv/dt results in a high current bump due to the enhanced electric field sweep-out of charge 

carriers. The large p well region of the CIGBT also aids in hole carrier absorption which 

further aids in the reduction of turn-off losses. 

The Trench CIGBT has been tested under ZCS and compared with the planar CIGBT 

for the first time under soft-switched conditions. Preliminary results suggest that the 

TCIGBT offers improvements with respect to on-state voltage, total energy losses and 

turn-on overvoltage. A reduction in overvoltage was seen in the TCIGBT due to the 
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improved cathode structure; however p well influence may still cause a larger overvoltage 

than the IGBT. Further investigations in to this are required when fabricated devices are 

available with structural parameter variations. 

From the research, interesting operating phenomena have been observed in the CIGBT 

during soft-switching and subsequently investigated. The development of the CIGBT and 

TCIGBT as an application specific device requires additional research and thus the next 

chapter will examine proposed future work for further research opportunities. 
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Chapter 7 

 

7 Future Work Proposals 

The research undertaken for this thesis could be used as the basis for further 

investigations. The foreseen continuation of studies is outlined in the following sections 

below: 

 

7.1 High Frequency Soft-Switching Analysis 

In order to verify the suitability of the CIGBT for use in medium power soft-

switching converter applications, it is necessary to test under high frequency conditions. 

By subjecting the device to sustained operation at high frequency, its reliability, 

ruggedness and efficiency can be established whilst being able to analyse thermal 

behavioural characteristics from long-term switching. 

 It would be necessary to develop a switching rig for this analysis with the ability to 

deliver high voltage/current at high frequency. The dynamic IGBT switching rig used for 

soft switching transient analysis discussed in this thesis would not be able to supply the 

required power; due to the energy being stored in a 200µF DC capacitor bank and supplied 

via a 100VA transformer from the 240V mains supply. To be able to switch 600V/20A at 

100KHz would require 6KJ of stored energy per second. It would not be possible to sustain 

the DC link voltage by charging via the transformer and mains supply as large energy 

storage would be required which is not only impractical, but potentially dangerous too. The 

best way to achieve this would be to utilise a DC generator and switch mode power supply 

methods to achieve the desired power ratings.  

 

 148



       

7.1.1 Induction Heater Application 

A common industrial application is induction heating, which utilises power 

semiconductor switches to induce large currents in a work coil for contact-less heating. 

The CIGBT could be tested at high frequency by the development of the circuit seen in 

Figure 7-1. The circuit allows zero current switching to be implemented and large currents 

are created in the work coil without the need for large power demands on the switching 

device; due to impedance matching. This would elevate some of the issues described in 

section 7.1 whilst providing an opportunity to analyse the CIGBT in a high frequency 

environment. The use of both a high-side and low-side device also provides the 

opportunity to analyse two devices and their mutual performance characteristics. 

 

 
Figure 7-1 Proposed induction heating test circuit 

 
 

7.2 Thermal Imaging 

Using infrared microscopy and Raman thermography techniques, the thermal 

fingerprint of the device could be analysed. This would provide a graphical depiction of 

thermal hotspots during high current, high speed switching and to investigate device self-

heating effects. By optimising the device structure and package, better heat distribution 

could be realised to enable higher current density operation without current crowding or 

secondary breakdown effects. To obtain the measurements, it will be necessary to image 

through the 4µm metallic contact layer on the top of the device; which could limit the 

resolution of the heat signature. This could possibly be overcome through chemical 
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thinning of the metallic layer to allow the infrared microscope to ‘see’ through the metal. 

This could lead to new techniques for imaging through thick metal layers on device 

structures, which would be useful for not only power devices but also RF / microwave 

devices. Infrared microscopy could allow a highly accurate thermal fingerprint to be 

mapped out to aid with further optimisation of the device. 

 

7.3 Structural Optimisation 

As seen from the switching waveforms in this thesis, the CIGBT exhibits transient 

overvoltage at zero voltage/current turn-on. These can be reduced if not eliminated by 

further optimisation of the device structure and fabrication processes.  Future drift region 

technologies such as soft punch through (field stop) can also be implemented in the 

CIGBT. The combination of drift region optimisation and cathode enhancements such as 

trench gates and injection enhancements, would enable further improvement in 

performance.  

The Reverse Conducting CIGBT (RC-CIGBT) is still in development but is seen to 

be an important step forward in power electronics with possible applications in motor 

drives. Once fabricated devices are available it would be necessary to analyse it under soft-

switching resonant conditions to see the ramification of applying negative peak transients 

to the performance of the device.   

 

7.4 Long Term Reliability Studies 

Long term reliability studies of the CIGBT have yet to be undertaken. So far, only 

short term reliability studies have been performed and the long term stability of the CIGBT 

is not yet known. By using high frequency analysis, the CIGBT’s long term reliability can 

be analysed. Subjecting devices to high frequency soft-switching for sustained time periods 

will provide a valuable insight in to how well the CIGBT copes with such stress and if any 

performance degradation occurs by utilising accelerated aging techniques.  

Packaging is also a concern for long term reliability of semiconductor devices. A 

major failure mode of power semiconductors is caused by wire bond failures within the 
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packaging. Wire bonds from the semiconductor to the pins can break due to large current 

peaks and solder may crack due to the thermal stresses it is subjected to. It is therefore 

imperative that such failure analysis must be carried out also to create reliable devices. The 

package type in which the semiconductor die is placed is also important as this dictates the 

thermal resistance and also how much added lead inductances is introduced in to the 

circuit; especially important with high frequency resonant operation. 

This study would allow any possible long-term failure modes to be identified. This is 

important if the CIGBT is to be used in industrial applications which would require large 

mean-time-to-failure values.  
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Appendix A 
 

Published Papers 
 
Journal papers 

{1} J.C.Nicholls, M.R. Sweet, K.V.Vershinin, E.M.Sankara Narayanan.    “Zero-current 

soft-switching performance of 1200-V PT clustered insulated gate bipolar transistor”      

IEEE Transactions on Power Electronics, vol .22, no. 4, July 2007, p1177-1185. 

 

{2} S.Hardikar, J.C.Nicholls, D.W.Green, M.R.Sweet, E.M.Sankara Narayanan.   

“Influence of layout design on the performance of LIGBT”   IEE Proceedings-Circuits, 

Devices and Systems, v 153, n 1, 2006, p 67-72. 

 
Conference papers 

{3} S.Hardikar, J.C.Nicholls, D.W.Green, M.R.Sweet, E.M.Sankara Narayanan.   

“Influence of layout design on the performance of LIGBT” Proceedings of 7th 

International Seminar on Power Semiconductors, ISPS, 2004, Prague. 

 

{4} J.C.Nicholls, M.R.Sweet, E.M.Sankara Narayanan.   “Zero-current soft-switching of 

1200-V PT clustered insulated gate bipolar transistor (CIGBT)” Proceedings of 3rd 

IET International Conference on Power Electronics, Machines and Drives, PEMD 

2006, Dublin, p450-454. 

 

{5} K.V.Vershinin, M.Sweet, L.Ngwendson, J.C.Nicholls, E.M.Sankara Narayanan, 

J.Thomson, P. Waind, J.Bruce.  “Experimental demonstration of 1.2KV Trench CIGBT 

in NPT technology” Proceedings of the 18th International Symposium on Power 

Semiconductor Devices & ICs (ISPSD), 2006, Naples, p48-51. 

 

{6} M.Sweet, J.C.Nicholls, K.V.Vershinin, O.Spulber, L.Ngwendson, E.M.Sankara 

Narayanan.  “Zero voltage switching of a 1200V PT clustered insulated gate bipolar 

transistor”  Proceedings of the 17th International Symposium on Power 

Semiconductor Devices & ICs (ISPSD), 2005, California, p263-6.  
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