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Abstract
New Insulated Gate Bipolar Transistor (IGBT) designs are reliant on simulation tools,
such as Sentaurus technology computer-aided design (TCAD) models, which allow for
rapid device development that could not be achieved by manufacturing prototypes due to
the cost and time associated with fabrication. These simulations are, though,
computationally expensive and typically most design engineers develop these TCAD
models only in two dimensions. This leads to inaccuracies in the model output since
manufactured transistors are inherently three-dimensional (3D).
Based upon a commercial IGBT, this thesis begins by outlining the development of a 3D
TCAD model using design details provided by the manufacturer. Large variations
between the experimental data from the manufactured device and the simulation model
lead to the discovery of widespread birds-beaking within the IGBT – an uncontrollable
processing defect that the manufacturer was unaware of. This thesis presents a new
simulation technique to account for this processing error while minimising computational
effort and investigates the consequence of this birds-beak on the reliability of the device.
The verified 3D IGBT model was also used to determine an optimum cell design that
considered critical 3D effects omitted from previous studies.
An extensive literature review for the Reverse-Conducting IGBT (RC-IGBT) is provided.
It is shown that despite the benefits of the RC-IGBT, the device suffers from many
undesirable design trade-offs that have prevented its widespread use. The RC-IGBT
designs that have currently been proposed in literature, either present a trade-off in
performance, an inability to be manufactured, or a requirement for a custom gate drive.
This thesis presents a new RC-IGBT concept, the ‘Dual Implant SuperJunction (SJ) RCIGBT’ that addresses these concerns and is manufacturable using current state of the art
techniques. The concept and proposed manufacturing method enables, for the first time,
a full SuperJunction structure to be achieved in a 1.2kV device.
In addition, an investigation into a coordinated switching scheme using both a silicon
IGBT and silicon-carbide MOSFET was undertaken, which aimed to improve turn-off
ii

losses within the IGBT without sacrificing on-state losses. Thermal modelling of the
power devices switching under inductive load was explored as the system was optimised
to use a SiC MOSFET in excess of its nominal ratings, reducing the overall system cost.
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“Pooh began to feel a little more comfortable, because when you are a Bear of Very Little
Brain, and you Think of Things, you find sometimes that a Thing which seemed very
Thingish inside you is quite different when it gets out into the open and has other people
looking at it”
A.A. Milne, The House at Pooh Corner (1928), Chapter 6
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Introduction
It is estimated that at least 50% of the electricity used worldwide is controlled by power
transistors, with widespread use of these devices in the consumer, industrial, medical and
transportation sectors [1]. Power semiconductors have been evolving since their
invention in the late 1940’s but with the move towards greater electrification for
transportation, renewable energy sources, and industrial applications the demand for
efficient power semiconductors is increasing. Given the number of these devices used
worldwide, even a small increase in efficiency has the potential to have a significant
impact upon global energy consumption, and so there is a need for the research activity
in this field to intensify to meet this need. This chapter introduces the Insulated Gate
Bipolar Transistor, the dominant power device in the 600V to 4.5kV range [2], within the
context of the wider power semiconductor device market, detailing its invention, major
development milestones, and performance characteristics. In conclusion, an outline for
this thesis is provided.
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1.1 The History of the Power Device
The invention of the bipolar transistor in 1947 was the first reported semiconductor power
device [3]. Initial devices used germanium, which in 1952 was used to develop a
200V/25A power rectifier [4], however, by the end of the decade silicon (Si) had become
the dominant material for power devices as it was more suitable for the diffused deep
junctions that are required for high voltage blocking.
By 1956, the thyristor concept was proposed [5], and was the first example of a power
device suitable for conducting both high current and high voltage. Initially, thyristors did
not have gate control (they needed to be commutated off), but by 1961 the Gate-Turn-Off
(GTO) thyristor was developed [6]. Further development of the GTO thyristor continued
for a number of decades, as the devices were used extensively in traction and energy
recovery circuits [7], [8].
The power Metal Oxide Field Effect Transistor (MOSFET) was developed throughout
the 1970’s [9]–[12] and culminated in a 600V power MOSFET by the end of the decade
[13]. The power MOSFET, shown in Figure 1, is a voltage controlled device (with high
input impedance on the gate) and therefore has much simpler gate drive requirements
than thyristors, which reduces the cost and complexity of the control circuitry. However,
compared to the bipolar action of the thyristors and power bipolar transistors, the power
MOSFET, as a majority carrier device, has relatively poor on-state performance and
limited blocking capability, which is governed solely by the thickness and doping of the
drift region.

Figure 1 - Power MOSFET structure
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The next logical step in device development was to combine the benefits of the earlier
bipolar devices (low conduction losses) with the voltage, high impedance, gate control
characteristic of the power MOSFET. The Insulated Gate Bipolar Transistor (IGBT)
addressed these issues, and its invention is discussed further in Section 1.2. Today, the
IGBT is considered to be one of the primary power devices on the market; currently
IGBTs and IGBT modules account for 28% of the $17.5 billion power semiconductor
industry ($4.8 billion market share), and in the next 5 years the IGBT market is set to
increase in value to $6.18 billion [14].
Similar developments in lateral devices have been made, with the Lateral Double-diffused
Metal-Oxide- Semiconductor (LDMOS) for low power applications and the lateral IGBT
(LIGBT) [15] for relatively higher power. Both of these are suitable for use within power
integrated circuits.
One of the major developments in the power semiconductor device was the invention of
the superjunction concept in the late 1990’s [16]–[18], which is widely considered the
most innovative concept since the invention of the IGBT. The concept enables the device
to surpass the limit of silicon, which is defined as the trade-off between on-state resistance
and breakdown voltage as expressed in Equation 1. The application of highly n-doped
and p-doped pillars to the drift region enables a more optimised distribution of electric
field within the drift region compared to conventional power devices. The superjunction
IGBT is explored in more detail in Section 1.5.1.

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =

4𝐵𝐵𝐵𝐵 2
2.5
�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
≈ 8.3 × 10−9 𝑉𝑉𝐵𝐵𝐵𝐵
3
𝜀𝜀0 𝜀𝜀𝑟𝑟 𝜇𝜇𝑛𝑛 𝜉𝜉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Equation 1 - Relationship between the specific drift resistance (Rspecific-drift) and the breakdown voltage
(BV) of the device, with the specific approximation for silicon. ε0 is the permittivity of free space, εr is the
permittivity the semiconductor material, µn the mobility of electrons, ξcritical is the critical electric field for
the semiconductor material [1]

Since the 1990’s work has also focussed on the use of wide bandgap materials, or
materials with a larger bandgap energy compared to silicon [19], [20]. The primary
materials of interest are silicon-carbide (SiC), gallium nitride (GaN) and, more recently,
diamond. The first commercially available wide bandgap power device was a SiC
Schottky diode introduced by Infineon in 2001 [21]. Since the development of the first
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SiC MOSFET [22], several generations of devices have been developed and are
commercially available in the 650V – 1.7kV range with current ratings in the region of
hundreds of amps [23]. GaN devices are also emerging into the market, with high electron
mobility transistors (HEMTs), metal-insulator-semiconductor FETs (MISFETs) and
hetero-junction lateral Schottky diodes. However, the cost per amp of SiC and GaN is
still significantly higher than Si since both the material and processing costs are greater
[24], [25]. Diamond based devices, such as the vertical FET structure [26], are able to be
produced in laboratory conditions, but given the processing requirements these devices
are not yet close to commercialisation.
Figure 2 shows the suitable applications of the modern silicon power devices that are
commercially available, in terms of their most efficient voltage rating and frequency of
operation. It can be seen that the IGBT sits in between the thyristor and the power
MOSFET, competing with both devices at the extreme of their respective operating
windows.

Figure 2 - Operational frequency and capacity of typical power devices with suitable applications marked
[27]
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1.2 IGBT Invention
The attribution of the invention of the IGBT has been much disputed. It has often been
claimed that several papers between 1979 and 1980 present the invention of the IGBT
such as Baliga [28], Plummer [29], Leipold [30] and Tihanyi [31], but the structures
described do not exactly emulate the IGBT behaviour. In the case of [28], [30], [31] the
proposed device is described as a Metal Oxide Semiconductor (MOS) controlled turn-on
thyristor, and [29] describes series connected bipolar transistors (or thyristors) with a
MOSFET. [32]–[34] correctly describes an IGBT as a pnp transistor driven by a base
current supplied via a MOS gate, and these references fall between 1982 to 1984.
However, the first example of a bipolar structure driven by a MOS gate actually dates to
1968 from a patent by Mitsubishi [35], which also shows a structure almost identical to
the modern IGBT and correctly describes the principle of operation. This structure was,
though, not conceived for power applications, and was in fact designed for use within
radio frequency (RF) circuits.
The name of the IGBT was derived from the Insulated Gate Transistor (IGT) and the
Conductivity Modulated Field Effect Transistor (COMFET). Throughout the 1980’s the
original commercial devices could block only about 600V and a few amperes but today
modern IGBTs can be rated in excess of 6.5kV and 3600A (when packaged in high-power
modules) [36].

1.3 Structure of the IGBT
Figure 3 (a) shows the current commercial IGBT design. It consists of several regions; a
trench MOS gate for high impedance voltage control and a bipolar pnp element formed
form the p+ collector/n-buffer and n-drift/p-well which reduces the drift region resistance
through conductivity modulation. The device is often viewed as the combination between
a Power MOSFET and a bipolar transistor, as shown by the equivalent circuit in Figure 3
(b).
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(a)

(b)

Figure 3 - (a) Schematic of modern trench IGBT structure, (b) Equivalent circuit schematic of IGBT

1.3.1 Development of Trench Structure
The introduction of the trench gate was one of the major developments of the IGBT.
Figure 4 shows a planar variant for comparison with Figure 3 (a). The trench design was
first reported in 1986 [37] and demonstrated in 1989 [38] with the intention of increasing
the MOS channel density and reducing latch-up susceptibility. Theoretically, a 30-40%
overall loss advantage with no serious penalties in safe operating area (SOA) can be
achieved [39]–[41]. Advanced trench structures have been developed by numerous
manufacturers [42]–[45] despite initial reservations as to whether it would lead to any
performance benefits [46], because direct experimental measurements were difficult due
to issues with manufacturing of the trench. Improvements in etch quality and surface
roughness through a combination of wet and dry etching or using a sacrificial oxidation
[47], [48] helped overcome these issues. Fabrication of the trench is still, however,
complex and defects such as birds-beak at the top of the trench still occur due to
processing variations [49], [50].
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Figure 4 - Planar IGBT structure

The trench IGBT does offer a number of advantages compared to the planar variant [1],
[38], [51].


Higher channel density
Trench cells are smaller than planar cells and therefore a greater number of
MOS channels can be formed within a given area. This in turn reduces the
channel resistance of the IGBT.



Enhanced PIN diode effect
The trench gate increases plasma injection, and hence conductivity modulation
within the drift region. Electrons accumulate at the bottom of the trench
effectively forming a thin n+ emitter layer for the PIN diode (which is formed
with the p+ collector/ n-buffer and n-drift regions). Given this region under
the gate is traditionally the weakest modulated region, the PIN diode effect can
be significant. This enhanced conductivity modulation reduces on-state losses,
but does not affect the turn-off, in particular the tail current, which is primarily
governed by charge at the collector.



No parasitic JFET effect
Planar IGBTs can suffer from electron current crowding due to the depletion
region formed between the p-well n-drift region. The trench structure
effectively eliminates this effect (it is possible for this effect to remerge for very
dense structures but in most cases, it is negligible).
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Reduced latch-up susceptibility
The parasitic thyristor structure formed via the n+ emitter/p-well/n-drift and
n-buffer/p+ collector is supressed as the n+ emitter implantation can be
reduced in size as a result of the trench structure. This reduction in size reduces
the lateral resistance under the n+ implant, reducing the likelihood of
triggering the thyristor structure and the IGBT latching.



Improved gate contact
The thickness of polysilicon is larger for the trench IGBT which improves the
gate contact and reduces the resistance, which results in a faster turn-on of the
IGBT.

1.3.2 Emitter Design
The emitter design, including the trench gate placement and n+ and p+ implants can be
varied to provide a trade-off between on state and short circuit performance.

Figure 5 - Cell topologies for the IGBT [1]

The layout of the polysilicon gate on the top surface of the IGBT can follow many
different geometries as shown in Figure 5. The linear window is actually the preferred
design, with the other arrays suffering from either increased latch-up susceptibility or
difficulty in producing an accurate mask [52]. Only the atomic lattice layout has improved
8

latch-up susceptibility [53] and has been used to produce an IGBT that does not latch
even when operating in the saturation region at 200ºC [54]. Despite these benefits, the
fabrication is still more complex and the linear gate layout has become the dominant
design.
Using the linear gate layout, minimising the saturation current (Ic(sat)) and therefore
improving the short circuit safe operating area (SCSOA), is typically achieved by
increasing the number of dummy trenches (increasing the silicon area per cell) or reducing
the channel size for a given cell area by alternating the n+ implant with the p-well under
the emitter in the z dimension (hole bypassing the emitter). Hole bypassing the emitter
was first proposed in 1994 [42] with the aim of increasing the channel resistance. A
limited number of devices were fabricated, but measurements were not able to fully
quantify the device behaviour [42]. A further study was conducted, implementing 2D
simulation techniques with some experimental measurements, however this was unable
to quantify all 3D effects within the IGBT due to modelling limitations [55]. The effect
of hole current within the IGBT, and in particular its effect on the channel inversion, has
also been considered but the study was limited to a 2D device model [39].

1.3.3 Drift, P+ Region and Plasma Distribution
The original IGBT designs were based upon a punch through (PT) concept (Figure 6 (a)),
which uses a highly doped p+ substrate as a base material with the n+ and n- epitaxially
grown on top. In the forward blocking state the entire n-region, which is made as short as
possible to minimise on-state losses and tail current during turn-off, is depleted.
Therefore, the electric field is terminated by the highly doped and relatively thick buffer.
The main disadvantage for this structure is that the p+ anode is the substrate wafer and
thus is required to be highly doped to avoid a high series voltage drop across this region.
Consequently, the collector doping cannot be varied to control the injection and as such
the n-buffer layer is required to be highly doped to control the amount of holes injected
into the drift (the base transport factor), and often a further reduction of charge carrier
lifetime is required using gold doping or electron beam irradiation. Lifetime killing
methods require further fabrication steps and leads to a poor trade-off between on-state
and transient losses. For a PT device the hole current accounts for 40-45% of the total
current. [1], [56].
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(a)

(b)

(c)

Figure 6 - Various collector designs for the IGBT, (a) punch though (PT), (b) non-punch through (NPT),
(c) soft punch through (SPT) [57]

The alternate Non-Punch Through (NPT) concept (Figure 6 (b)) does not contain a buffer
region as the n-drift is made longer such that, when blocking voltage, the depletion region
does not reach the p+ collector, hence avoiding punch through. Unlike the PT device, the
p+ collector implant is formed at the end of the fabrication process through back
implantation and thus can be made relatively thin and the doping changed to modify the
injection efficiency. Given this, the charge distribution for the NPT is more uniform and
with a lower peak value at the collector. For a NPT device the hole current accounts for
20-25% of the total current. [1], [56].
The SPT [57], fieldstop (FS) [58] or light punch-through (LPT) [59] design (Figure 6 (c))
offers a compromise between the PT and NPT IGBT structures. It has a short punchthrough type drift region (similar to the PT design), but also includes a buffer region and
lightly doped p collector (characteristic of the NPT). The concept controls hole injection
by changing the efficiency of the emitter junction, and as such the buffer is more lightly
10

doped than a traditional NPT IGBT; low enough to not influence hole injection but
sufficiently high to prevent the depletion region reaching the collector contact. This
results in a device with an initial fast turn-off typical of a NPT but eliminates the long tail
[36], [57]. Compared to the PT design, the SPT has a soft turn-off behaviour reducing
noise, overshoot and electromagnetic interference (EMI) issues [57], and a positive
coefficient of temperature with resistance, making it suitable for paralleling devices for
use in higher power applications [36], [57].
The three concepts are compared in Table 1, but given the performance and
manufacturing benefits, the Trench SPT IGBT is the leading IGBT design.

Feature

PT IGBT

NPT IGBT

SPT IGBT

Drift layer thickness

Thin

Thick

Thin

Epitaxial

Float Zone

Float Zone

Thick and highly doped

N/A

Thin and lowly doped

Thick and highly doped

Thin and relatively

Thin and relatively

(substrate)

lowly doped

lowly doped

Lifetime killing

Injection efficiency

Injection efficiency

Low

Medium

Low

High

Low

Low

Short

Long

Short

High

Low

Low

Positive

Positive

Wafer type used for
fabrication
Buffer layer
P+ collector implant
Bipolar gain control
method
Relative on-state losses
Relative switching
losses
Relative turn-off
current tail duration
Relative voltage
overshoot (inductive
applications only)
Temperature

Negative (under

coefficient

majority of conditions)
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Short Circuit Safe
Operating Area
Reverse Bias Safe
Operating Area

Medium

Large

Large

Narrow

Large

Large

Table 1 - Comparison of PT, NPT and SPT IGBT structure and behaviour [1], [36], [56], [57]

1.4 Manufacture of the IGBT
Fabrication of the trench IGBT begins either on epitaxial wafers (PT IGBT) or float zone
wafers (NPT and SPT IGBT). Firstly, the device termination is formed around the outside
of the cell, followed by the diffusion of the p-well. In the case of SPT and NPT devices,
the p+ collector implant is formed on the backside of the wafer and annealed. For all
wafers, the n+ source is formed and the trench is etched through a multilayer mask using
a combination of wet and dry etching or using a sacrificial oxidation [47], [48].
Following this, gate oxidation, polysilicon filling and etch-back, and polysilicon
oxidation with further thickening with deposited oxide is undertaken. Contacts are made
via metal deposition and patterning, passivation and pad opening. [44].

1.5 Alternate IGBT-Based Structures
There are a range of IGBT variants that have been proposed in literature, the most
significant of which have been summarised below.

1.5.1 Superjunction IGBT
The superjunction (SJ) IGBT, based upon the CoolMOS concept [16], [18], [60], was first
reported in [61] with further development in [62]–[65]. In this device the drift region has
n and p pillars which are more highly doped than the typical IGBT n-drift, as shown in
Figure 7. These pillars are doped to meet charge balance requirements [66]. Under
forward blocking, the pillars deplete laterally at a lower voltage compared to a traditional
constant drift region implant, resulting in a uniform potential distribution (approaching a
square electric field along the drift region compared to a triangular distribution for NPT
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and trapezoidal for PT), which maximises the breakdown of the device per drift unit
length. However, compared to the SPT IGBT, the superjunction IGBT only offers a
marginal improvement in drift region length as the SPT cell has already been optimised
to approach a square electric field distribution.

Figure 7 - Superjunction IGBT structure [61]–[65]

The on-state and transient performance of the superjunction IGBT offers several benefits
compared to the traditional IGBT structure. The n/p pillars result in plasma clustering in
the middle of the device towards the anode [62], whereas in an ordinary IGBT this plasma
is at the cathode. Typically an absence of plasma at the cathode would significantly
increase the drift resistance of the IGBT (as there is no conductivity modulation in this
region), but in the superjunction structure the doping of the pillars in the drift region can
be increased by at least one order of magnitude compared to an ordinary drift region.
Therefore, this unipolar conduction through the pillars does not result in excessive
resistive losses at the cathode side of the drift region [62]. This behaviour applies similarly
to lateral bipolar superjuntion devices [67]. Due to this reduced plasma formation in the
superjunction IGBT, the switching speed is significantly improved as the device does not
suffer from the long tail that is characteristic of the IGBT. It is also worth noting that the
SJ IGBT will only be suitable for lower breakdown voltages (<1.7kV) as to achieve a
higher blocking voltage the n/p pillar doping must be increased. To compensate for this
the anode injection efficiency must also be significantly increased, which results in a nonuniform plasma distribution and excess charge at the anode side that, in turn, limits the
performance benefit offered by the SJ IGBT at these higher breakdown voltages.
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Fabrication of the full superjunction is, however, complex. State of the art fabrication
techniques limits a pillar length to 65µm [68] as there is a concern regarding the creation
of voids within the structure [69]. Therefore it is not possible to produce a full
superjunction structure in a 1.2kV IGBT and hence the semi-superjunction IGBT (Figure
8) has been proposed, which offers some, if not all of the benefits of the full SJ IGBT
[66]. A variation with the superjunction implant applied from the anode-side has also
shown similar benefits [70]. Experimental results for the SJ-SPT-IGBT and SJ-NPTIGBT were reported at 650V validating the simulation models and indicating that the
switching losses of the SJ-NPT were lower than the SJ-SPT-IGBT. The SJ-NPT device
had better short circuit ruggedness than the SJ-SPT, but both exhibited superior on-state
and switching performance compared to a traditional SPT-IGBT [69]. The results
highlight that the trade-off between the forward and reverse conduction capabilities in the
superjunction design is difficult to optimise [71].

Figure 8 - Semi-SJ IGBT structure [66]
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1.5.2 Injection Enhanced Gate Transistor
The Injection Enhanced Gate Transistor (IEGT) shown in Figure 9, is a trench IGBT with
a reduced n+ emitter contact area. It features unconnected cells that reduces hole injection
since holes are required to travel along long resistive paths to reach the cathode shorts
[43], [72]. This concept is similar to the dummy p-well regions and dummy trenches used
in modern IGBT designs (as discussed in Chapter 3), but here the trenches are much
deeper and wider than in a standard IGBT. This results in enhanced electron injection at
the cathode side of the drift region, in a similar way to the PIN diode effect as discussed
in Section 1.3.1, and these dummy trenches act as field plates when the device is blocking
forward voltage. The device offers a low on-state voltage drop without a significant effect
on the switching losses [73]. The IEGT cell has been optimised for 3.3kV and 4.5kV [72].

Figure 9 - Injection Enhanced Gate Transistor (IEGT) structure [43]

1.5.3 Carrier Store Trench Bipolar Transistor
The Carrier Store Trench Bipolar Transistor (CSTBT) features a PIN diode structure
within the IGBT as a n+ layer (denoted as n-injector) is placed under the p-well as shown
in Figure 10 [74]. The device is produced by Mitsubishi [75]. The placement of the n+
layer weakens the pnp bipolar transistor within the device, instead creating a PIN diode
(p+ collector/n-buffer, n-drift/n-injector) which acts in parallel with the PIN diode effect
formed under the trench gate (Section 1.3.1). Similar to the IEGT concept (Section 1.5.2),
the CSTBT has increased conductivity modulation at the top side of the drift region, but
this n-injector can be difficult to optimise as it can degrade the breakdown performance.
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If the n-injector doping is too high, it can inhibit depletion region growth into the drift
region, which can result in premature avalanche of the device, but it must be sufficiently
high otherwise the benefit of the PIN diode is supressed.

Figure 10 - Carrier Store Trench Bipolar Transistor [74]

A variant of the CSTBT is the Trench Emitter Switched Thyristor (Trench EST), which
includes an additional second p-well below the n-injector, creating a thyristor structure
(rather than a PIN diode) [76]. Again, this variant increases plasma formation at the top
of the drift region, but it is important that the n+ injector is discontinuous in the third
dimension (into the page) to enable safe removal of holes during switching. Fabrication
is also difficult as stacks of doping layers must be produced under the p-well, and it is
this that has prevented the concept becoming a commercial product.

1.5.4 High Conductivity IGBT
The High Conductivity IGBT (HiGT) is another variant on the IEGT and CSTBT
concepts, produced by Hitachi [77]–[79]. In this case, to enhance electron injection at the
top of the device a n layer is placed around the p-well to prevent holes from reaching the
cathode short (p+ implant under cathode). A trench and SPT variant has also been
produced [78]. Its operation, and issues, are almost identical to the CSTBT cell (Section
1.5.3).
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Figure 11 - High conductivity IGBT structure (HiGT) [77]

1.5.5 Reverse-Conducting IGBT
A full review of the Reverse-Conducting IGBT is given in Chapter 5.
The Reverse-Conducting IGBT (RC-IGBT) structure was first proposed in 1987 with a
collector shorted, p-channel IGBT [80] building upon the concept suggested by Ueda et
al. [37]. The concept is to integrate a reverse conducting diode within the IGBT, in a
similar fashion to an inherent body diode within a power MOSFET, for use within
applications which require a free-wheeling diode. Figure 12 shows the RC-IGBT
structure, which differs from a traditional IGBT due to the inclusion of n+ regions (anode
shorts) into the p-collector (p-anode) [71], [81]. When a reverse voltage is applied to the
device, electrons are provided by the n+ anode short and holes are injected from the p+
emitter (p+ cathode), resulting in the device behaving similar to a PIN diode. The RCIGBT has several benefits over a separate IGBT and diode solution and has the potential
to become the dominant device within many power electronic applications. However, the
device suffers from many undesirable design trade-offs that have prevented its
widespread use, most prominently a snapback in the on-state characteristic that can lead
to overheating and ultimately the destructive failure of the device [82]. These issues with
the RC-IGBT are discussed further in Section 5.2.
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Figure 12 - Reverse conducting IGBT structure [83]

1.6 Modes of Operation
The IGBT operates in four modes;


Off state
The reverse-biased PIN junction (formed from the p-well/n-drift/n-buffer)
supports the voltage applied to the device between the collector and emitter.
The drift region doping and length is optimised such that the main mechanism
for breakdown is avalanche at the p-well/n-drift boundary.



Turn-on
Application of a positive gate voltage with respect to the emitter (for n-channel)
causes inversion of the p-well under the gate and the formation of a MOS
channel between the n+ emitter implant and n-drift, enabling the flow of
electrons towards the collector. This electron current serves as the base
current of the pnp transistor (p+ collector/n-buffer, n-drift/p-well), which when
triggered injects holes into the drift region. The conductivity of the n-drift layer
increases rapidly as plasma is formed.



On-state
The total current flowing in the on-state is equivalent to the sum of the electron
current flowing through the MOS channel and the hole current from the
collector to the emitter. Typically, the static gain of the pnp transistor within
the IGBT is between 0.2 and 0.5.
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Turn-off
The IGBT is turned off by reducing the gate-emitter voltage, typically reduced
to -15V to increase the speed of turn-off. This removes the MOS channel, which
removes the base current to the pnp element of the IGBT. The turn-off speed is
determined by the open base current decay of this pnp transistor and the time
taken to remove the excess plasma within the drift region. These features result
in the long tail in the current during turn-off which is characteristic of the
IGBT.

In the following sections, some of these operational cases are expanded in more detail.

1.6.1 On-state
On-state characteristics of an IGBT, shown in Figure 13, are very similar to those of a
MOSFET, except that conduction begins at a collector-emitter voltage (Vce) of 0.7V, and
not 0V as for a MOSFET. This is because the p+ collector/n-buffer junction must be
forward biased for hole injection, which for silicon requires 0.7V to be applied. Despite
showing linear and saturation regions similar to that of a MOSFET, just after turn-on the
IGBT exhibits a slight superlinear region where there is a rapid decrease in the onresistance as conductivity modulation occurs within the device. Saturation of the IGBT is
caused by the same mechanism as for the MOSFET – pinch off of the channel. Current
densities of the IGBT are also higher than a typical MOSFET (100-200A/cm2 compared
to 30A/cm2 respectively).

Figure 13 - Schematic representation of IGBT on-state characteristics
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1.6.2 Turn-Off
Typically, IGBT turn-off events occur under inductive load conditions using a circuit
similar to that shown in Figure 14. The IGBT switching characteristics are similar to those
of a power MOSFET, and a typical turn-off waveform is shown in Figure 15 [1], [84]–
[86].

Figure 14 - Schematic of IGBT inductive load transient test circuit [87]

Figure 15 - Schematic representation of IGBT turn-off characteristics under inductive load conditions
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At the point at which the gate-emitter signal voltage is driven low (typically -15V), the
voltage at the gate of the IGBT (Vge) falls slightly to reach the initial plateau (Vge,Io) with
no change in collector current or voltage, and this is the source of the majority of the turnoff delay for an IGBT. Vge,Io is the local threshold voltage and at this gate voltage the
Miller capacitances are being discharged such that the MOS channel can be removed and
there is no further injection of electrons into the n-drift. The collector voltage increases
from this point as the depletion region begins to form within the device at a rate limited
by the gate resistance as defined in Equation 2.

Vge,Io
𝑑𝑑𝑉𝑉𝑐𝑐𝑐𝑐
=
𝑑𝑑𝑑𝑑
𝐶𝐶𝑔𝑔𝑔𝑔 𝑅𝑅𝑔𝑔

Equation 2 - Rate of increase of collector voltage (Vce) at turn-off of IGBT where Vge,Io is the gate voltage
at full-load collector current Io at turn-off, Cgc parasitic gate-collector capacitance, Rg is the gate
resistance [85]

At the point at which the collector-emitter voltage reaches the supply rail voltage, the
free-wheeling diode takes over the current through the inductor such that the IGBT
current is allowed to fall. Typically, there is also an overvoltage spike in the collector
voltage above the supply voltage induced by the stray inductance in series with the IGBT
and the collector current reducing (negative

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

). The rate of decrease of collector current

is limited by the gate resistance as shown in Equation 3;

Vge,Io
𝑑𝑑𝑖𝑖𝐶𝐶
= 𝑔𝑔𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑
�𝐶𝐶𝑔𝑔𝑔𝑔 + 𝐶𝐶𝑔𝑔𝑔𝑔 �𝑅𝑅𝑔𝑔

Equation 3 - Rate of decrease of collector current (ic) at turn-off of IGBT where gfe is the device
transconductance, Vge,Io is the gate voltage at full-load collector current Io at turn-off, Cge the parasitic
gate-emitter capacitance, Cgc the parasitic gate-collector capacitance and Rg is the gate resistance [85]

As the collector current decreases, there are two sections to this curve. Initially there is a
rapid decrease in collector current which is due to the removal of the fraction of the
electron current (MOS current) at the cathode terminal. This is followed by the long ‘tail’
caused by the bipolar current from the internal pnp transistor structure. It is this long ‘tail’
that is responsible for the majority of IGBT turn-off losses and which also limits the
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maximum switching frequency. Stored charge remains in the n-drift region which can
only be eliminated through recombination (carrier sweep out is not possible as the
MOSFET portion of the device is off and there is no negative voltage applied to the IGBT
to produce a negative drain current). It is typically desirable for the carrier lifetime in this
region to be high to reduce the on-state voltage drop, but this, in turn, worsens the
switching performance.

1.6.3 Safe Operating Area
The safe operating area (SOA) is defined as the boundary of voltage and current which a
power device can be operated in without destructive failure [1]. For an IGBT the
maximum collector current at low Vce is limited by the on-set of thyristor latch up
(triggering of the parasitic thyristor formed by n+ emitter/p-well/n-drift, n-buffer/p+
collector). At high collector-emitter voltages and low current the maximum voltage is
constrained by breakdown of the device. It is worth noting that during switching events,
there are instances when the IGBT must be able to conduct high current under high
voltage conditions. During this time the device can be susceptible to avalanche-induced
secondary breakdown, which would result in the destructive failure of the device; during
turn-on this phenomenon limits the forward-biased safe operating area (FBSOA) and
during turn-off the reverse-biased safe operating area (RBSOA).
The short-circuit safe operating area is another key parameter for the IGBT. There are
occasions when an IGBT may experience a short circuit event (due to failure or an event
in the surrounding circuitry) [1]. Industry standards state that the IGBT must be able to
withstand this high current flow under short-circuit conditions for 10μs under elevated
ambient temperatures (150ºC) [87] as this represents the worst-case time taken for gate
drivers to detect the event and turn off the IGBT. Typically though, to improve the
reliability of the device, most commercial IGBTs are designed to withstand short circuit
conditions far in excess of this 10μs minimum. The time that the IGBT survives under
these conditions is known as the short circuit endurance time of the device and the
capability of the IGBT to withstand this particular high voltage, high current condition is
referred to as the short circuit safe operating area (SCSOA).
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1.6.4 High Temperature Operation
IGBTs often operate at high temperatures, typically 125ºC but often 150ºC and sometimes
175ºC. The bipolar and MOS elements have opposite behaviours for increasing
temperatures so the IGBT has competing effects making its behaviour more complex to
predict. The MOS proportion of the device has a positive relationship between
temperature and on-state losses (as the temperature increases so does the voltage drop
across the device), but the bipolar element has the opposite relationship. In general, with
elevated temperature, the mobility degrades significantly in the MOS channel (reduction
in transconductance). In the drift, this reduction in mobility with temperature is still
present, but the hole injection efficiency and lifetime compete against this effect and
increase with temperature. Overall, the threshold voltage of the IGBT typically reduces
with temperature, since the voltage drop across the anode junction reduces (at a rate of
2mV/ºC), and it is this property which governs much of the IGBT behaviour, such as an
increase in saturation current with temperature and transient losses. [1], [88]–[91].

1.7 Overview of the Thesis
This thesis will deal with a variety of topics concerning the design and optimisation of
the IGBT. The discussion will cover several areas including device-based, and circuit
level investigations, using both experimental data and advanced 3D modelling
techniques.


Chapter 2 will introduce the simulation techniques used throughout this thesis.
The discussion will focus on the necessary considerations that must be made
to develop a verified model that emulates the behaviours of manufactured
devices.



Chapter 3 uses these simulation techniques and focusses on the development
of the 3D IGBT model based upon a commercial device. This model is verified
using experimentally gathered data. It is shown that a single accurate model
could not be produced due to widespread birds-beaking across the IGBT die
area. Instead a two-device model is proposed to fully characterise the behaviour
of the device in all modes of operations, including static and dynamic as well
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as during fault modes such as short-circuit. It is demonstrated that this birdsbeaking significantly reduces the reliability of the device.


Chapter 4 uses this fully verified 3D IGBT model to determine an optimum
design for the IGBT emitter geometry that considers critical 3D effects omitted
from previous studies. In particular the effect of varying the n+ emitter implant
depth in the third dimension is investigated and it is revealed that there are
competing effects within the IGBT.



Chapter 5 presents an extensive review and critical analysis of current reverseconducting IGBT concepts. The chapter presents the most promising RC-IGBT
concepts, which have been simulated under the same conditions such that they
can be directly compared. The limitations of each design is evaluated and
reveals that all concepts either present a trade-off in performance
characteristics, an inability to be manufactured, or a requirement for a custom
gate drive.



Chapter 6 introduces the new novel RC-IGBT concept; the Dual Implant
SuperJunction Reverse-Conducting IGBT. The device is fully characterised, in
terms of its blocking, on-state and transient performance and compared to a
traditional RC-IGBT structure to highlight the performance benefits of the new
structure.



Chapter 7 utilises the verified IGBT model alongside a SiC MOSFET
simulation model to investigate the use of a circuit-based solution to produce a
novel low-cost solution to improve the IGBT dVce/dt without affecting the onstate performance. Thermal analysis is undertaken to determine the suitability
of the concept and it is shown that a SiC MOSFET can be safely used in this
topology while exceeding its device current rating by a factor of three.



Chapter 8 summarises the conclusions made in the thesis and discusses the
potential for future research in light of these results.
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Sentaurus TCAD Simulation Methods
It is commonplace to use simulation tools to predict the behaviour of circuits prior to
manufacture, enabling the optimisation of designs at minimal cost. Circuit level
simulations, such as Simulation Program with Integrated Circuit Emphasis (SPICE), use
compact models for transistors, which require little computational effort but yield less
accurate results. To improve the accuracy of the simulation output, finite element
modelling software, such as Sentaurus technology computer-aided design (TCAD),
allows the physical interactions within the device to be modelled, but at the expense of
computational effort.
The simulation work conducted in this thesis has been completed in Sentaurus TCAD,
with a particular focus on simulations in three-dimensions. This chapter provides an
overview of the physical models used in these simulations, and specific techniques for
modelling these structures.
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2.1 Introduction
Sentaurus TCAD is an electrothermal, mixed-mode device and circuit simulator for onedimensional, two-dimensional, and three-dimensional semiconductor devices. It solves
coupled, non-linear partial differential equations, using advanced physical models
derived from experimental measurements. The physical models describe the carrier
distribution and conduction mechanisms within the device. By combining these models
with user defined set-up parameters (such as terminal voltages and ambient temperature),
currents, voltages, and charges are computed. The simulation software is capable of
simulating most types of semiconductor device, in silicon as well as silicon-carbide (SiC)
and III–V compound homostructure and heterostructure devices. Typically, most TCAD
simulations used for power device development are completed in two-dimensions,
however with the improvement and reduction in cost of computational power threedimensional models are becoming increasingly prominent. [92]
This chapter outlines the critical physical models activated within Sentaurus TCAD when
simulating silicon-based power semiconductors and explains some of the techniques
implemented to achieve accurate results while minimising computation effort. Given
Chapter 7 introduces a SiC MOSFET model, a wide bandgap material, a brief description
of specific SiC models have also been included.

2.2 Physical Models
Physical models applied to silicon devices include mobility models, a definition for the
bandgap and the intrinsic carrier concentration, as well as any other effects which need to
be considered such as impact ionisation (avalanche breakdown). Details about the main
models used in this thesis are given in the sub-sections below. Unless otherwise stated,
the Sentaurus default parameters were used as defined in [92]. Appendix A.1 lists any
alternate parameter values used, which are particularly applicable to 3D Si IGBT models,
and Appendix A.2 provides the simulation parameters used for SiC models.

2.2.1 Bandgap Modelling
There are two models primarily used to model the bandgap (and therefore, the intrinsic
carrier density) in silicon; Slotboom bandgap narrowing and the old model for Slotboom
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bandgap narrowing. These two models are fundamentally the same but have different
default parameters.
The Sentaurus bandgap model follows the empirical formula given in Equation 9 [92],
[93];

𝛼𝛼𝑇𝑇 2
𝐸𝐸𝑔𝑔 (𝑇𝑇) = 𝐸𝐸𝑔𝑔 (0) −
𝑇𝑇 + 𝛽𝛽

Equation 4 - Lattice temperature-dependence of bandgap where Eg(0) is defined as the bandgap energy at
0K (1.1648eV for Slotboom and 1.1537 for Old Slotboom), T is the temperature of the lattice and α and β
are material parameters, which for silicon are 4.73e-4 eV/K and 636K respectively [92], [93]

Equation 5 describes how Sentaurus calculates effective bandgap having considered the
effect of bandgap narrowing, where ∆𝐸𝐸𝑔𝑔0 varies between different bandgap models.

Equation 6 provides the specific equation for ∆𝐸𝐸𝑔𝑔0 for the Slotboom models, where the

only difference between the Slotboom bandgap narrowing model and the old model for

Slotboom bandgap narrowing are the specific values for the parameters. Note that
∆𝐸𝐸𝑔𝑔𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 in Equation 5 is an optional correction to account for carrier statistics and is
applied to all models for bandgap narrowing within Sentaurus. The model is based upon

the measurements of the material parameter µnni2 for npn bipolar devices and µpni2 for
pnp bipolar devices (where is µn is the mobility of electrons, µp the mobility of holes and
ni the intrinsic carrier density) from silicon bipolar transistors and a 1D model for
collector current [94]–[97].

𝐸𝐸𝑔𝑔,𝑒𝑒𝑒𝑒𝑒𝑒 (𝑇𝑇) = 𝐸𝐸𝑔𝑔 (𝑇𝑇) − �∆𝐸𝐸𝑔𝑔0 + ∆𝐸𝐸𝑔𝑔𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 �

Equation 5 - Effective temperature dependent bandgap of a material 𝐸𝐸𝑔𝑔,𝑒𝑒𝑒𝑒𝑒𝑒 (𝑇𝑇), where Eg(T) is defined in
Equation 4, ΔEg0 describes the bandgap narrowing at 0K and is dependent on the model of bandgap
narrowing used, ΔEgFermi is an optional correction to account for carrier statistics

∆𝐸𝐸𝑔𝑔0

2

𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡
𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡
= 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 �ln �
� + ��ln �
�� + 0.5 �
𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟
𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟

Equation 6 - Bandgap narrowing for the Slotboom and Old Slotboom model where Eref and Nref are
material defined parameters and Ntot is the total doping concentration. For Slotboom model, Eref is 6.92e3eV and Nref is 1.3e17cm-3. For old model for Slotboom, Eref is 9.0e-3eV and Nref is 1.0e17cm-3.
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Although both models are suitable for use within vertical silicon power devices, the old
model for Slotboom bandgap narrowing has been shown to be more physically realistic
in certain circumstances [98].

2.2.2 Mobility Models
The mobility of a carrier, either electron or hole, is defined as the proportionality
contestant that relates the average carrier velocity and the electric field [1];

𝜐𝜐 = 𝜇𝜇𝜇𝜇

Equation 7 - Average carrier velocity (υ) as a function of the mobility of the carrier (µ) and the applied
electric field (E) [1]

Free carriers, travelling in the direction of the electric field, undergo scattering events,
which can occur due to a number of different reasons. In the bulk, scattering can occur
either due to an interaction with the lattice (dependent on temperature) or with ionised
donor/acceptor atoms (dependent on the concentration of ionised impurities). Additional
scattering near semiconductor surfaces also occurs, and in bipolar devices the high
concentration of electrons and holes being simultaneously injected increases the
probability of mutual scattering and, hence reducing the effective mobility. [1].
To account for all these effects, different mobility models are used within Sentaurus
which can be combined using Matthiessen’s rule [92]:

1
1
1
1
= + + + ⋯
𝜇𝜇 𝜇𝜇1 𝜇𝜇2 𝜇𝜇3

Equation 8 - Overall mobility of carriers (µ) defined as an average of mobilities derived from individual
models (numbered 1,2,3…) [1]

The following mobility models were implemented within Sentaurus for device
simulations detailed within this thesis [92];
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Doping dependent Masetti model
Mobility degradation due to impurity scattering (primarily used for 2D models
only)



Doping dependent Philips Unified Mobility Model
A well calibrated model, which describes both majority and minority carrier
bulk mobilities. The model accounts for the temperature dependence of
mobility, electron-hole scattering, screening of ionised impurities by charge
carriers and clustering of impurities.



Enhanced Lombardi Model
Particularly applicable to MOS channels, this model accounts for mobility
degradation at interfaces, which for MOS channels is caused by the high
transverse electric field that forces carriers to interact strongly with the
semiconductor-insulator interface. This model account for the surface
contribution due acoustic phonon scattering as well as surface roughness.



Canali Model for High-Field Saturation
In high electric fields, the relationship given in Equation 7 no longer applies
and the velocity of carriers saturates to a finite speed. This model is
temperature dependent, and the output depends on the other mobility models
that have been activated for the simulation. This can be calculated either
parallel or perpendicular to the interface.

For all these mobility models, the parameters used are the default silicon parameters as
defined by Sentaurus [92]. These parameters have been derived from extensive
simulations, experimental results, and values published in literature. If desired, specific
silicon crystallographic lattice orientation values are available for some of these models
which can be used instead. This is discussed further in Chapter 3, and these parameter
values are given in Appendix A.1.

2.2.3 Generation-Recombination Models
Generation-recombination models describe the processes that exchange carriers between
the conduction and valence band, which are particularly significant for bipolar devices.
There are three main models implemented [92];
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Shockley-Read-Hall Recombination
This model describes recombination through deep defect levels in the gap
between the conduction and valence bands. It can account for lifetimes which
are a function of doping, electric field and temperature, but typically only
doping and temperature dependence is used in power device models.



Auger Recombination
Auger recombination is the process in which an electron and a hole recombine
in a band-to-band transition, and the resulting energy produced by this
recombination passes to another electron or hole. This model is temperature
dependent and accounts for the decrease of the Auger coefficients at high
injection levels [99].



Avalanche Generation (van Overstraeten – de Man Model)
Electron-hole pair production due to avalanche generation (impact ionisation)
only occurs once an electric field threshold has been met, and if there is a
possibility of acceleration of these carriers (wide space charge regions).
Temperature dependence is accounted for and the coefficients of this model
are derived from experimental results [100]. Avalanche is typically only
applied in breakdown simulations to avoid unnecessary computational effort.

2.2.4 Temperature Dependence
Calculation of the lattice temperature is required to describe self-heating within the
device, which is critical for some simulations such as short-circuit fault conditions. This
is typically calculated using the thermodynamic model, which implements drift-diffusion
models to calculate a spatially dependent lattice temperature during a standard circuit
simulation. The effect of heatsinks and packaging can also be accounted for by defining
thermal resistance on contacts. [92].

2.2.5 SiC Specific Models
Silicon can typically be considered to be fully ionised at room temperature, however, for
aluminium acceptors in silicon carbide it is no longer safe to make this assumption, and
hence the incomplete ionisation model must be activated. The incomplete ionisation
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model is probability based, using the activation energy of the dopants and the temperature
to calculate the likelihood of ionisation.
Traps also need to be considered at the SiC/oxide interface. These traps account for a
defect in the crystallographic structure that can capture a carrier, and a large density of
traps, which is characteristics of a SiC/oxide interface, can prevent the formation of high
conductivity inversion layers [1], [101]. Within Sentaurus TCAD the concentration of
these traps within a region can be specified, as well as the energy distribution within the
bandgap. For the SiC model used in Chapter 7, the most simplistic approach is taken
whereby the concentration is modelled as a fixed charge at the interface, which is, by
default, taken to be distributed over 13 energy levels in the bandgap [92].
Also, for SiC devices Fermi statistics are activated. For silicon devices, Boltzmann
statistics are used to describe the behaviour of electrons or holes. Fermi, or Fermi-Dirac,
statistics are physically more correct, but computationally more expensive, however they
are important to use for high carrier densities in excess of n>1e19cm-3. Given the SiC
device studied in this thesis is only modelled in 2D, it was acceptable to activate this more
complex model. [92].
An alternate parameter set for the SiC models is given in Appendix A.2, which accounts
for the material variation compared to silicon, and also the additional models activated.

2.3 Contact
Sentaurus TCAD enables contacts to be specified as electrodes, which mark an electrical
boundary condition. These regions are not included in the simulation (are not meshed, see
Section 2.4) and are therefore typically removed. It is possible to define a specific work
function at an electrode to emulate a metal-semiconductor interface if a pre-defined metal
or material is not specified. Lump or distributed contact resistance can also be specified
at any contact as required, and is implemented in Chapter 3, Section 3.3.2.3.3, [92].

2.4 Meshing of Structures
Meshing in finite element software defines the points at which calculations are made to
determine the behaviour of the item. It is critical that the mesh itself is optimised,
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particularly for 3D structures. Under meshing can result in convergence issues, but overmeshing can result in an over constrained problem that requires significant, unnecessary,
computational effort. Given 3D structures are significantly larger than 2D variants, care
and attention must be made in defining the mesh. At interfaces, regions where doping
varies significantly and other areas of interest (e.g. the channel region on an IGBT), a
much finer mesh is used compared to the bulk to ensure that the charges are properly
evaluated. Typically, the mesh size gradually increases away from these regions and
ultimately matches the coarser bulk regions. Figure 16 shows the typical meshing of an
IGBT around the emitter and gate, showing a refinement of the mesh in these regions of
interest.

Figure 16 - Meshing structure around a trench IGBT gate and emitter; brown region oxide, red region n+
doping, dark blue region p+, light blue region p-well, yellow region n-enhancement, green region n-drift

2.5 Mixed Mode Simulations
Mixed mode simulations enable circuit simulations of one or more TCAD models
alongside other components based upon compact SPICE models. Despite being
computationally more demanding than a full compact circuit model, by using the TCAD
model in this way, accurate results for the power device behaviour in various applications
can be achieved. Lattice heating effects can also be included in these simulations (Section
2.2.4). This mode is typically used to model transient events such as turn-off behaviour
and short-circuit events.
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2.6 Conclusion
This chapter has outlined the relevant simulation techniques implemented in Sentaurus
TCAD, for both 3D silicon power semiconductors as well as some additional
considerations for SiC, a wide bandgap material. The techniques discussed in this chapter
have been applied to the TCAD simulations presented in this thesis.
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3D Modelling of Large Area IGBTs
New IGBT designs are becoming increasingly reliant on simulation tools that enable
rapid device development which, due to the cost and time associated with fabrication,
could not be achieved by manufacturing prototypes. Using finite element modelling
software, Sentaurus TCAD, allows the physical interactions within the device to be
modelled more accurately than an equivalent compact circuit model. These simulations
are computationally expensive and typically most design engineers develop TCAD models
only in two dimensions. However, modern transistor designs are inherently 3D, and thus
to ensure that the device performs as expected when manufactured, it is critical that
models are accurate and account for the effects resulting from the 3D structure.
Therefore, it was necessary to produce a fully verified 3D model which could be used to
characterise and understand all device phenomena, particularly in this third dimension
which has historically been overlooked.
This chapter considers a commercial Insulated Gate Bipolar Transistor (IGBT) and
details the development of a 3D model using commercially sensitive data obtained from
the manufacturer. It is shown that despite having all this information about the device, a
single accurate model could not be produced due to processing uncertainty across the
IGBT die area. Not only did this processing uncertainty, known as birds-beak, have a
strong effect on the accuracy of the TCAD simulations but it had the consequential effect
of reducing the reliability of the device. 1

The material in this chapter has been taken from the following publication:
E. M. Findlay and F. Udrea, “Modeling of Large Area Trench IGBTs: The Effect of Birds-Beak,” IEEE
Trans. Electron Devices, vol. 66, no. 6, pp. 2686–2691, 2019, doi:10.1109/TED.2019.2911020
1
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3.1 Introduction
The trench IGBT design was first reported in 1986 [37] and demonstrated in 1989 [38]
with the intention of increasing the MOS channel density and reducing latch-up
susceptibility. Theoretically, a 30-40% overall loss advantage with no serious penalties
in safe operating area (SOA) can be achieved [39]–[41], and advanced trench structures
have been developed by numerous manufacturers [42]–[45]. However, fabrication of the
trench is complex and defects such as birds-break at the top of the trench occur due to
processing variations [49], [50].
Development of new IGBT designs are becoming increasingly reliant on simulation tools,
which allow for rapid device development that could not be achieved by manufacturing
prototypes due to the cost and time of fabrication. However, to ensure that the device
performs as expected when manufactured, it is critical that the models are accurate. Threedimensional models enable more complex and realistic structures to be emulated and 3D
modelling is becoming increasingly prevalent as processing power becomes more readily
available. However, the high computational demands mean that designers are restricted
to model only a very small proportion of the total device active area, which can have
negative consequences. In the case of large area high power devices, processing variations
across the chip can become significant, particularly for trench designs, and the simulation
model becomes inaccurate as these deviations from the ideal structure are difficult to
account for.
This chapter details the development a 3D Sentaurus TCAD model to simulate the
behaviour of a 1.7kV 150A Trench IGBT. The effect of process variations across the chip
area on the device characteristics are investigated, and simulation techniques to account
for this are proposed. The practical implications on device performance as a result of these
processing defects are also demonstrated and, to minimise their effects, a new n+ emitter
implantation design is given.

3.2 IGBT Device Structure
Investigations were conducted using a CRRC TG450HF17M1-S300 Half Bridge IGBT
module, rated for 1.7kV and 450A. The module circuit configuration is given
schematically in Figure 17 (a), where 3 IGBT and 3 diode die are connected in parallel to
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form a single switch (each individual die is rated to 150A). An image showing the inside
of the module is given in Figure 17 (b). Given that a single IGBT die was modelled in the
simulation, all currents derived experimentally were divided by three such that they
became comparable with the simulation output.

(a)

(b)

Figure 17 - Module layout of TG450HF17M1-S300 Half Bridge IGBT, (a) schematic connections (b)
image of module connections with 6 IGBT die and 6 diodes (A1, A2, A3 forms IGBT A; DA1, DA2,
DA3 form diode DA; B1, B2, B3 forms IGBT B and DB1, DB2, DB3 form diode DB as defined in (a))

Figure 18 - Schematic of full IGBT cell simulated

Figure 18 is a schematic representation of the 3-D TCAD IGBT model developed in
Sentaurus. A 3-D model was necessary since the n+ doped region under the emitter was
not continuous throughout the whole depth of the device; the n+ implant alternates with
regions of p-well (in z-dimension, into the page on Figure 18). This structure repeats
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throughout the whole depth of the device. A 2-D variant with modified area scaling factor
was explored in Section 3.4 but was found to be inaccurate.
Doping profiles were taken from commercially sensitive spreading resistance profiling
(SRP) plots provided by CRRC. Due to the nature of the measurement for a SRP plot, it
is not always representative of the true doping level. For example, if the probes are not
correctly contacted to the bevelled surface, then there will be an error in the resistance
measurement. Also, if the angle of the bevel is too steep, or the distance between the
probes too wide, there will be an error in the concentration, especially as the probe nears
the junction. The measurement only takes account of a very specific point on the silicon
surface and does not account for variation across the profile of the implant; the effect of
sintering of the aluminium on the collector contact causes a local increase in p++ doping
at the contact [102] which cannot be seen in the SRP plot as the resolution is too course
for this measurement. Therefore, it is important that these measurements are used as a
guideline, and a small amount of adjustment is made to match the simulation device
output to the experimental results. Further details are given in Section 3.3.
To minimise the simulation time, the cell structure is simplified to the smallest possible
replicating cell. As such, an area scaling factor is applied to the simulation results so that
the output emulates the behaviour of the whole die. To account for all fringing effects (at
a n+/p-well boundary the effective channel area increases due local depletion regions),
the n+ emitter implant should be located centrally and the overall cell depth (z-dimension)
increased. However, by neglecting some of these fringing effects, the cell size could be
reduced significantly giving the structure in Figure 19 (equivalent to 0.000166% of the
device active area). By using the reduced cell size, the number of node points and
therefore computational time, is reduced by 74% and 93% respectively. The penalty for
using the smaller cell is the accuracy of the simulation output; the saturation current at a
gate-emitter voltage (Vge) of 9V is 8% higher for the larger cell in Figure 18 compared to
the result using the Figure 19 structure . This discrepancy in the real channel length due
to the additional fringing effects can be accounted for by increasing the area factor of the
smaller model. Therefore, the benefit of faster simulations offsets this slight reduction in
accuracy and thus the simulations conducted in the remainder of this chapter use the
smaller model as shown in Figure 19.
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Figure 19 - Schematic IGBT cell simulated with reduction in the size in z-dimension

The parameter file for silicon used default values provided by Sentaurus. Both simulation
and experimental measurements were conducted at 298K, unless otherwise stated, and
were measured in accordance with the IEC standard [87].

3.3 Development of 3D Simulation Model
Development of an accurate model, validated by the experimental data, was achieved
through an iterative process as illustrated in the flowchart given in Figure 20. Further
details about each measurement is given in the subsequent sections.
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Figure 20 - Flowchart of model validation process

3.3.1 IGBT Threshold Measurement
Threshold measurements were taken in accordance with the IEC standard and in line with
the conditions outlined on the CRRC datasheet [87], [103]. The test circuit is shown in
Figure 21, and threshold is achieved when the collector current for the module is 15mA,
therefore per cell it is 5mA.
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Figure 21 - Schematic of threshold measurement test circuit [87]

To match the threshold voltage, the p-well doping by the gate is adjusted along with the
fixed charge within the gate oxide. Increasing the p-well doping increases the threshold
voltage, whereas increasing the fixed gate oxide charge decreases the threshold. To be
physically realistic of a typical device, the fixed charge within the oxide should be within
the range 1e10cm-3 and 3e11cm-3. For the results in Figure 22, the peak p-well doping is
set to 2.39e17 cm-3 and the gate oxide is fixed at 8.25e10cm-3. Both numbers can be
adjusted at the designer’s discretion, and their relationship for a fixed threshold voltage
is illustrated in Figure 23. Note that Figure 23 uses p-well doping value at the n+/p-well
interface, not the peak p-well doping as discussed for Figure 22.

(a)

(b)

Figure 22 - Gate threshold measurement of original 3D model, Collector-Emitter Voltage (Vce)=1V,
ambient temperature 298K (a) sub-threshold (b) at threshold, experimental Vth=6.04V, simulation
Vth=5.99V at Ic=5mA
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Figure 23 - Dependence of gate oxide charge on p-well doping for fixed threshold voltage (Vth = 6.1V)

The simulation results in Figure 22 have excellent matching at the sub-threshold level
(Figure 22 (a)), with the curve diverging at higher currents (Figure 22 (b)).
A few conclusions can be inferred from the results;


In the simulation the injection of carriers is too high as the gate voltage
increases. 10mA through the device corresponds approximately to 8mA/cm2
where the excess charge in the device is lower than the n-drift doping.
Therefore, at this low collector current, this discrepancy cannot be attributed
to the IGBT pnp transistor gain; removing the p+ emitter (to produce a
MOSFET) still exhibits too high an injection as shown in Figure 24.



The divergence at higher gate voltages suggests that the mobility of the
majority carriers within the channel is slightly high and may need to be reduced
for future simulations.

Although the simulation model did not match the experimental data exactly, there was
sufficient agreement to justify running further simulations.
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Figure 24 - Gate threshold measurement of original 3D model and equivalent MOSFET structure
highlighting the effect of hole injection from anode, Collector-Emitter Voltage (Vce)=1V, ambient
temperature 298K

3.3.2 IGBT On-State Characteristics
The IGBT output characteristics (Ic Vce curve) were run for several gate voltages, in line
with those specified on the datasheet so that both the simulation and experimentally
gathered results could be directly compared to the manufacturer’s expectations. Again,
the measurement was taken in accordance with the IEC standard [87]. The test circuit is
shown in Figure 25, with the collector and gate continually pulsed to ensure there were
minimal self-heating effects within the device. A small gate resistor (not shown) was
attached to provide stability. The measurement was recorded when the gate was fully
charged and the collector current stable.

Figure 25 - Schematic of IGBT output characteristic measurement test circuit [87]
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Figure 26 - On-state characteristics, original 3D model using default silicon parameter file as defined by
Sentaurus, ambient temperature 298K

Using the device model in Section 3.3.1, the IGBT output characteristic is shown in
Figure 26. The simulated device shows very poor on-state matching, both in terms of the
gradient of the IcVce curve in the linear region and the saturation current; the saturation
current exceeds the experimental results by over 5 times at Vg = 9V.
The saturation current (IC(sat)) can be defined as;
𝐼𝐼𝑐𝑐(𝑠𝑠𝑠𝑠𝑠𝑠) =

𝜇𝜇𝑛𝑛𝑛𝑛 𝐶𝐶𝑜𝑜𝑜𝑜 𝑍𝑍
2
�𝑉𝑉𝑔𝑔 − 𝑉𝑉𝑡𝑡ℎ �
2𝐿𝐿𝑐𝑐ℎ �1 − 𝛼𝛼𝑝𝑝𝑝𝑝𝑝𝑝 �

Equation 9 - Saturation collector current, where Lch is the channel length, µni is the inversion layer
mobility, αpnp is the gain of the pnp structure within the IGBT, Cox is the specific capacitance of the gate
oxide, Z is the length of the IGBT in the z-plane (into the page on Figure 18) , Vg is the gate voltage bias
and Vth the threshold voltage. [1]

Looking at each variable in turn;


Typically, αpnp can be expected to vary between 0.15 to 0.4, with the most
common values being in the range 0.2-0.3. Therefore, the bipolar action of the
IGBT [(1-αpnp)-1] increases the saturation current for a given gate voltage by a
factor of 1.6 compared to a MOSFET of the same geometry. Consequently, the
discrepancy in Figure 26 cannot be attributed to the hole injection efficiency
alone. Note: αpnp has been defined as Iemitter = Ielectron + Ihole where Ielectron =
Iemitter(1- αpnp) and Ihole = Iemitterαpnp
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Threshold voltage is in line with the experimental results as determined in
Section 3.3.1 and shows acceptable agreement.



The experimental measurement was taken in a quasistationary state such that
there was no gate current when the collector current was recorded and therefore
there cannot be an error in the recorded gate voltage.



Both Z and Lch, which are dependent solely on the device geometry, were
known to be correct in this instance given that the device dimensions and layout
had been provided by CRRC (the area scaling factor can account for, at most,
a 15% discrepancy which is insufficient to account for this error, nor does the
shape of the Ic Vce trace indicate a simple scaling issue).

The two remaining variables, the gate oxide capacitance and the mobility of the inversion
layer, were investigated in turn to determine their influence on the saturation current.

Gate Oxide Capacitance
The gate oxide capacitance is fixed by the material (silicon dioxide), the geometry and
the thickness of the gate oxide trench. In recent years there have been improvements in
the processing of trench devices and therefore it is not unreasonable to assume that the
oxide thickness is uniform down the length of the trench. The manufacturer stated that
the gate oxide thickness was 0.11µm, but there may be some small variations. Therefore,
the effect of the oxide capacitance was investigated numerically using Equation 9 by
uniformly changing the thickness of the oxide down the length of the trench. At a
thickness of 0.11µm (at value 1 on Figure 27 x-axis) the change in saturation current for
small variations in thickness is minimal; increasing the thickness by 0.01µm only
decreases the saturation current by 9%, partly due to the dependence of the gate oxide
capacitance on the device threshold voltage.
It was therefore concluded that the global thickness of the gate oxide capacitance was not
the principle source of the simulation error.
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Figure 27 - Relationship between saturation current and the thickness of gate oxide measured relative to
values at oxide thickness 0.11μm, for fixed n+/p-well doping, ambient temperature 298K

Mobility of Carriers
Mobility models were modified, particularly since the threshold measurement indicated
that the mobility of majority carriers within the channel was slightly high.
The High Field Saturation model (when the drift velocity of carriers is no longer
proportional to the electric field) was instead calculated parallel to the semiconductor–
insulator interface, which has been shown to be a more accurate model to represent the
MOSFET channel behaviour [92]. The old model for Slotboom bandgap narrowing was
also used since it has been shown to be more physically realistic [98]. In addition, specific
silicon parameter values based upon crystallographic lattice orientations were used, rather
than the default Sentaurus general silicon values. These more specific silicon values were
taken from the standard Sentaurus parameter file which have been experimentally
determined and validated by Sentaurus. Given the wealth of research conducted into
silicon, it is reasonable to expect that these values are accurate. These values are given in
Appendix A.1.
The effect of these modifications can be seen in Figure 28 where using these models
resulted in a 43% reduction in saturation current compared to the results in Figure 26. The
gradient of the IcVce curve in the linear region, particularly at higher gate voltages, also
had much improved matching to the experimental results. However, the saturation current
still exceeded the experimental values by over 200% (Vg = 9V) and, particularly at lower
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gate voltages, the collector current-collector voltage trace shape still differed significantly
from the experimental results.

Figure 28 - On-state characteristics, using 3D model with optimised physical models, ambient
temperature 298K

Further Considerations
Various other aspects of the IGBT geometry and behaviour were investigated to
determine if they were the cause of the errors in the simulation model. These have been
explained in more detail in the sections below.

Emitter Shorting Dummy p-well Connections
The effect of emitter shorting the dummy p-well regions (p-well adjacent to the dummy
trenches in Figure 19) was also considered, which in previous simulations had been left
floating as CRRC maintained that there were no connections. These dummy p-well
regions provide a secondary avenue for hole extraction and therefore reduce the number
of electrons injected at the emitter and hence reduce plasma formation at the top of the
device. Figure 29 shows that this emitter shorted device has a 34% decrease in the
gradient of the IcVce curve in the linear region compared an equivalent device with
floating dummy p-well regions, but the saturation current remains unchanged. This
therefore provides further evidence that the MOSFET channel is dominating the error in
the saturation current shown in Figure 28.
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Figure 29 - On-state characteristics comparing 3D model with optimised physical models and dummy pwell regions either floating or emitter shorted, ambient temperature 298K

Self-Heating Effects
Self-heating effects were also considered using the thermode command within Sentaurus
as significant self-heating in the channel region would reduce mobility and therefore
reduce the saturation current. Simulations were conducted assuming only the backside of
the wafer provided an avenue for thermal extraction (the thermal resistance of this contact
was derived from the device datasheet). There are, however, competing effects within the
device as the threshold voltage decreases with temperature and saturation current is
proportional to (Vg – Vth)2 as shown in Equation 9. Overall, the saturation current only
increased by 0.5% compared to the non-thermal model. Although this is more realistic of
the device conditions, to include lattice heating the computational time increased by over
5 times. Therefore, self-heating effects were not considered in subsequent simulations of
on-state or transient switching behaviour.

Parasitic Resistance
Modules have a series parasitic resistance caused by bond wires and connections which
can result in the applied gate emitter voltage across the device contact not being equal to
that made at the external module connections. This parasitic resistance is shown
schematically in Figure 30. Either all the resistance can be modelled on the emitter (Figure
30 (a), denoted model A) or it can be distributed with the collector (Figure 30 (b), denoted
model B), but the former has the greatest impact on the gate-emitter voltage.
47

(a)

(b)

Figure 30 - Schematic showing parasitic impedances that typically present on an IGBT module with a) all
distributed resistance shown on the emitter and b) resistance distributed between collector and emitter

The modelled IGBT has a total active area of 1.305cm2, which equates to a series
resistance of between 0.767mΩ and 1.534mΩ for the parasitic impedance in model A. A
1.534mΩ resistance in series with the emitter was introduced to the model and the effect
on the simulated characteristics is shown in Figure 31 and Figure 32. Although there is
an improvement in the gate threshold characteristic, the collector current-voltage
waveform is still a poor match.
Investigations were conducted into the effect of increasing the emitter resistance further,
but it was found to distort the overall shape of the waveform, such that matching the
experimental results was untenable.

Figure 31 - Gate threshold measurement comparing original 3D model with optimised physical models
with and without a 1.534mΩ resistance connected to the emitter, Collector-Emitter Voltage (Vce)=1V,
ambient temperature 298K
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Figure 32 - On-state characteristics comparing original 3D model with optimised physical models with
and without a 1.534mΩ resistance, ambient temperature 298K

Determining the Source of the Error
It has been the assumption thus far, due to the matching work as detailed in Section 3.3.1,
that the threshold of the simulation was correct and therefore the error must exist in the
multiplying terms of Equation 9. However, having considered the value of each of these
other parameters, it now seems unlikely that these are the cause of the issue. Further
experimental data was therefore taken to plot the relationship between saturation current
and gate voltage. The experimental procedure was identical to that used in Figure 21,
except that the collector voltage was increased to 4V to ensure the device was in
saturation.
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Figure 33 - Saturation current for increasing gate voltage comparing original 3D model with optimised
physical models and the same model with the threshold voltage increased by 0.85V, Vce=4V, ambient
temperature 298K

Figure 33 shows the relationship between saturation current and gate voltage of the
device, using the modified mobility model as detailed in Section 3.3.2.2. The overall
shape of the curve for the 3D simulation results matches the experimental curve well,
which indicates that the multiplying terms of Equation 9 are correct, however, the
simulated results are 0.85V too close to the y axis. Consequently, it can be concluded that
either the applied gate voltage or the device threshold in the simulation model is incorrect.
Since the measurement was taken at zero gate current, the discrepancy is therefore with
the device threshold voltage. Increasing the threshold voltage of the simulated device by
0.85V (by increasing the p-well doping) produces the on-state characteristics shown in
Figure 34, with Figure 35 providing a zoomed in view at turn on. This simplistic
modification to the simulation model results in good matching for large currents, however
it is physically unrealistic as the simulation model turns on at a much higher gate voltage
than experimental results have shown, so further investigation was required.
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Figure 34 - On-state characteristics of 3D simulation model with optimised physical models and threshold
voltage increased by 0.85V, ambient temperature 298K

Figure 35 - Zoom of on-state characteristics at the point of turn-on for 3D simulation model with
optimised physical models and threshold voltage increased by 0.85V, ambient temperature 298K

3.4 2D Simulation v 3D Simulation
A 2D simulation model, using the same doping, gate charge and mobility models was
also run for comparison. Despite matching the gate threshold (Figure 36), the 2D model
still suffers from the same voltage offset as seen for the 3D model (Figure 37), providing
further evidence that this offset is not a modelling issue. As a result, the threshold voltage
of the 2D model also needs to be increased by 0.85V for the on-state current to match.
Figure 37 also shows that, for the 2D model, the gradient of the curve is too steep; the 2D
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model does not account for fringing effects at the n+/p-well boundary along the gate and
therefore an error in Z is expected. The 3D simulation output shows that fringing increases
the length of the IGBT channel in the z plane by 2.5%, which, if included in the 2D model,
would increase the saturation current further. As it stands, there is a 35% discrepancy
between the gradient of the 2D results and the experimental curve, which therefore
indicates that this is not caused by fringing effects alone and that the 2D model does not
fully account for the carrier mobility nor the gain of the bipolar element of the IGBT.

Figure 36 - Gate threshold measurement comparing 3D and 2D model using same physical models,
Collector-Emitter Voltage (Vce)=1V, ambient temperature 298K

Figure 37 - Saturation current for increasing gate voltage comparing original 3D model with optimised
physical models and the equivalent 2D model, Vce=4V, ambient temperature 298K

Improved matching could be achieved for the 2D model by replacing the Philips unified
mobility model used in the 3D simulation with the doping dependent Masetti model. Both
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models account for doping-dependent scattering in the device, but the Philips unified
mobility model also accounts for other effects such as electron-hole scattering [92].
Implementing this more simplistic Masetti model in the 2D simulation results in the
saturation current having only a 2.5% error in the on-state, which can be attributed to the
unaccounted fringing effects, and overall, it has a good on-state curve matching (Figure
38).

Figure 38 - On-state characteristics of 2D simulation model with doping dependent Masetti model and
threshold voltage increased by 0.85V, ambient temperature 298K

Yet despite this improvement in the on-state matching, the transient simulation is a
relatively poor match. Details about the inductive load turn-off measurement can be found
in Section 3.5.1. When a transient simulation is run with the same conditions, the 2D
simulation with the Masetti doping dependent mobility has too large a tail current
compared to both the 3D model and the experimental data, indicating that plasma
formation within the 2D device model is too high. The gate charge is also much reduced
resulting in a significantly shorter Miller plateau time (39% reduction compared to the
equivalent 3D model), signifying that the gate-collector Miller capacitance is too low in
the case of the 2D model. By reintroducing the Philips unified mobility model
improvements in the transient output are seen (shown in Figure 39), however the 2D
model output is still a significantly worse match to the experimental data compared to the
3D output. Given that the 2D model cannot provide consistent matching for all of the
53

measurements for a specific set of mobility models, it demonstrates the need for a 3D
model in this instance. The 2D model (excluding fringing effects) assumes that all holes
are extracted via the p+ under the emitter contact, but the 3D model accounts for a small
amount of hole extraction via the p-well emitter contact (behind n+ region in z plane).
This three-dimensional effect impacts the behaviour of the device and, as a result, a full
3D IGBT model is required to accurately model the device behaviour.

(a)

(b)

Figure 39 - Transient measurement comparing simulation results with both models’ threshold voltage
increased by 0.85V: 2D with doping dependent Masetti model and 3D model from section 3.3, ambient
temperature 298K (a) collector-emitter voltage and current (b) gate-emitter voltage

3.5 Effect of Processing Errors: Birds-Beak Effect
Using the relationship in Equation 9, for a threshold voltage of 6.04V (collector current
5mA, in agreement with CRRC datasheet values) and the other defined device
parameters, the theoretical saturation currents are significantly higher than the
experimentally measured values. Therefore, to explain this behaviour, it is proposed that
a processing defect across the chip area results in a small proportion of the IGBT active
area having a threshold voltage of 6.04V and the remainder of the device’s active area
having a higher threshold voltage. The proportion of the chip area that turns on at the
higher gate voltages dominates the large current measurements and thus the theoretical
relationship described in Equation 9 is still observed.
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The most likely cause of this threshold variation across the device is a birds-beak effect.
Bird-beaking is a defect within trench formation that is difficult to control during device
processing. The deep trench oxide structure of this device is prone to the bird-beak effect
as the oxide width does not remain constant due to processing variations [49], [50]. The
device used for this investigation also has an arsenic implanted n+ source: arsenic
implants are much more highly doped compared to phosphorous, resulting in a shallower
implant, but lower contact resistance, which is beneficial for the on-state performance.
Typically, birds-beaking can be neglected as it is assumed that the oxide width is constant
over the depth of the implant; but the combination of trench technology, shallow arsenic
implants and large device area brings this effect into consideration.

Figure 40 - Zoom of 3D TCAD model of the gate with bird-breaking (highlighted in grey)

To test this hypothesis, a new simulation model was developed to account for this birdsbeak effect, as shown in Figure 40. It is likely that a range of birds-beak sizes will be
present across the chip area following a normal distribution, however, to reduce the
computational effort, the device was modelled as two 3D structures in parallel: one 3D
model (as shown in Figure 19) which turns on at 6.04V (collector current 5mA) and
represents 8% of the total active area, and the remaining active area by a 3D model which
has a birds-beak applied at the channel (Figure 40). The applied bird beak is modelled as
a triangular structure which extends 0.06µm in the channel and is 0.9µm deep. The
threshold of the birds-beak model is set at 6.62V (collector current 5mA).
Figure 41 shows the threshold measurement from the dual birds-beak 3D model, which
now has good agreement with the experimental results, compared to the original 3D
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model shown in Figure 22. This threshold measurement is dominated by the behaviour of
the 8% (non-birds-beak) device area model cell and the reduced active area turning on at
this gate voltage diminishes the number of injected carriers, resulting in good matching
to the experimental data. Figure 42 shows the on-state characteristics which are
dominated by the behaviour of the birds-beak model cell. These are slightly worse than
those provided in Figure 34, but are still in good agreement (4.4% error in the saturation
current at Vg=10V). Introducing the birds-beak structure does significantly reduce the
saturation current but the device on-resistance increases as the injection efficiency for the
channel worsens. Increasing the IGBT pnp transistor gain (by slightly increasing the p+
collector doping) can counteract this without affecting the saturation current but results
in too large a tail current during turn-off. The simulation model could be made more
accurate by modelling a range of birds-beaks structures to account for more of the process
variation across the chip area, however, the computational effort would be significant.

Figure 41 - Gate threshold measurement of the dual device 3Dmodel with birds-beak, Collector-Emitter
Voltage (Vce)=1V, ambient temperature 298K (a) sub-threshold (b) at threshold, experimental Vth=6.04V,
simulation Vth=6.04V at Ic=5mA
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Figure 42 - On-state characteristics of dual device 3D model with birds-beak, ambient temperature 298K

3.5.1 Inductive load turn-off of dual 3D model
The IGBT switching characteristics were measured experimentally and compared to the
output from the birds-beak dual model simulation output, using an inductive load as
shown in Figure 43. Only turn-off was considered as the turn-on of the IGBT waveform
is characterised by the reverse recovery of the diode (across the load inductor L) which
was not included in the simulation model. The gate resistance Rg includes the on-chip
resistance. In this simulation and experimental measurements L=455μH and Ls=120nH.

Figure 43 - Schematic of IGBT inductive load transient test circuit [87]
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(a)

(b)

Figure 44 - Transient measurement of dual device 3D model with birds-beak, ambient temperature 298K
(a) collector-emitter voltage and current (b) gate-emitter voltage

The dual 3D simulation model and the experimental results at turn-off are particularly
well matched. Figure 44 (a) shows that the collector current and voltage traces have
excellent agreement, with the tail current in particular being very well matched. The
collector-emitter voltage trace indicates that Cgc is slightly high in the simulation model
since the voltage increases a little earlier than the real device, however this model does
not account for all the parasitics within the module (such as the effect of bond wires,
busbars etc.), which would lower the Cgc value if included. The tail current matches
particularly well, which signifies that the plasma formation within the IGBT is correct.
The gate-emitter voltage trace shown in Figure 44 (b) has a well-matched Miller plateau
voltage (equivalent to the device threshold voltage at this specific collector current)
indicating that the saturation current of this model accurately replicates the real device.
Prior to the Miller plateau, the initial fall of the gate voltage is slightly delayed and much
faster than the shallower trace measured experimentally. The time taken for the device
gate voltage to fall rapidly is dependent upon Cge, and to a certain extent Cgc and Vce. Vce
must reach the line voltage before the gate voltage can fall, but the dVce/dt from Figure
44 (a) matches well so this effect is minor compared to the difference in Cge. This
therefore indicates that Cge is too low in the simulation model compared to the real device,
58

which is again indicative of only modelling the active area of the cells and not accounting
for additional parasitics such as the effect of the busbar. In particular, the gate busbar adds
in extra capacitance which would take longer to discharge before the threshold voltage is
reached and the gate regains control of the current. Despite this, the turn-off plots
demonstrate that this dual cell modelling technique is a reliable method for a device
designer to use.

3.5.2 Imaging of the Birds-Beak Structure
To confirm the presence of birds-beak, the emitter region was observed in cross-section
by high angle annular dark field scanning transmission electron microscopy (HAADFSTEM) in a FEI Tecnai Osiris microscope operated at 200kV. The sample was prepared
by focused ion beam. The images in Figure 45 show two adjacent gate trenches either
side of the emitter contact. Not only is birds-beaking present in the sample, but the amount
of birds-beaking varies significantly between the two trenches. For this device, the n+
emitter implantation extends ~0.25µm into the silicon area, which coincides with the
thicker oxide regions in the images. The increase in thickness of the oxide is also in line
with that included in the simulation model with birds-beak, which is directly compared
in Figure 46. There is a normal distribution of birds-beak sizes across the device area,
which can be simplified to a single ‘average’ birds-beak size. The size of birds-beak used
for this simulation model was determined empirically.
These images confirm that birds-beak is the cause of the threshold variation seen in the
device behaviour.

(a)

(b)

(c)

Figure 45 - Cross-sectional HAADF-STEM images of the gate regions showing the presence of birdsbeak; (b) and (c) are taken from the regions indicated by the rectangles in the schematic image in (a) 1.
Acknowledgement is made to Dr F. C-P. Massabuau from the Material Science Department, University
of Cambridge for his assistance taking the HAADF-STEM images
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(a)

(b)

Figure 46 - (a) Cross-sectional HAADF-STEM images of the gate region showing the dimensions of a
single birds-beak as imaged (b) 3D TCAD model with bird-beaking (highlighted in grey) as shown in
Figure 40.

3.5.3 Implications of Birds-Beak Structure on Device Performance
The effect of the birds-beak on the device short circuit endurance time was investigated
using the dual threshold model developed in Section 3.5. The short circuit simulation
followed the IEC standard using the circuit schematic shown in Figure 47 [87]. The gate
resistance Rg includes the on-chip resistance. In this simulation Ls=100nH.
Self-heating effects were included in this simulation assuming only the backside of the
wafer provided an avenue for thermal extraction; a heat loss of 0.6K/W was included at
the collector in accordance with the manufacturer’s recommended heatsink (0.2K/W
thermal resistance of junction to module package, 0.1K/W thermal resistance module
package to heatsink, 0.3K/W thermal resistance of heatsink).

Figure 47 - Schematic of IGBT inductive load transient test circuit [87]
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Model Description

Endurance Time

Single model (birds-beak higher threshold cell only)

26.02μs

Dual model (non-birds-beak lower threshold 8% active area, paralleled with

21.36μs

birds-beak cell)
Dual model (non-birds-beak and birds-beak in same silicon bulk, 16% active

17.71μs

area, paralleled with birds-beak cell)
Table 2 - Summary of endurance time for 3D simulations models including lattice heating and heatsink at
collector (heat loss of 0.6K/W)

A summary of the simulation results is given in Table 2. Under short circuit conditions
the dual 3D model exhibits an endurance time of 21.36µs; the current density of the lower
threshold model (non-birds beak cell with 8% active area) is 0.179mA/cm2 and the higher
threshold model (birds-beak applied) is 0.143mA/cm2. As a result, thermal breakdown
occurs in the region with the lower threshold due to this higher current density. When the
birds-beak is applied across the whole of the device active area, the endurance time
increases by 21.8%. Therefore, it can be concluded that the lower threshold regions are
causing local hotspot formation across the chip area, which will reduce reliability and
ultimately cause premature failure of the device.

Figure 48 - Schematic of 3D simulation model with birds-beak cell (right) adjacent to non-birds-beak cell
(left) with same emitter and collector (not shown)
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However, this dual model is a simplification of the device heating as, in reality, the lower
threshold regions (non-birds-beak) are dispersed across the device active area and are
adjacent to other active regions which contain birds-beak. It is expected that there will be
an interaction within the silicon bulk for these two regions, which is not considered in the
current separate two cell simulation model. To address this, a further simulation model
was developed where a non-birds-beak cell was situated adjacent to a birds-beak cell with
a common collector and emitter as one model (Figure 48). This accounts for 16% of the
active area and the remaining active area is formed from another cell with birds-beak,
connected in parallel as before. This more complex model exhibits an endurance time of
17.71µs; a 17% reduction from the original dual model simulation result. Despite the
IGBT having a positive temperature coefficient of resistance which will cause a
redistribution of the charge away from the hotter non-birds-beak channel region to the
birds-beak channel region, the interaction in the silicon bulk means that the overall
temperature of both channel regions will be slightly higher than in the original separated
dual model, thus causing a faster rate of heating and a lower endurance time than was
previously accounted for.

3.5.4 Eliminating the Effect of Birds-Beak in Trench Devices
To overcome this reduction in endurance time, an additional phosphorus n+ emitter
implant is proposed, as shown in Figure 49 (a). A shallow, highly doped arsenic implant
is often preferred in power devices as it provides a low contact resistance to the emitter
metal which reduces the on-state losses of the device and its susceptibility to thyristor
latch up compared to a deeper traditional phosphorus implant. The study has
demonstrated, however, that in trench devices the arsenic implant is susceptible to the
effects of birds-beaking. As a result, an arsenic phosphorus co-implantation is proposed;
a technique commonly implemented in CMOS design [104]. By combining the arsenic
and phosphorus implants to form the n+ emitter, a low contact resistance can be achieved
while removing the threshold variation across the chip induced by the birds-beaking. The
phosphorus implant was applied locally along the gate to the simulation model. The same
gaussian implant was applied to the cells with and without the birds-beak, with a peak
concentration of 1e20cm-3 at the emitter metal and the implantation extending to a depth
of 1.62µm. Figure 49 (b) shows the threshold voltages of the two simulated cells,
demonstrating that this co-implantation strategy removes the effect of the birds-beak
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entirely. The threshold of the device is reduced compared to the original model as the pwell doping is lower at the n+ emitter/p-well interface, but designers can compensate for
this by increasing the p-well doping concentration, which will also help prevent thyristor
latch-up and punch-though under breakdown conditions.

(a)

(b)

Figure 49 - (a) Zoomed-in view of 3D TCAD model at the gate with birds-beak structure highlighted in
grey and the additional phosphorus co-implant for n+ source shown in striped green. (b) Threshold
measurement of TCAD model with additional phosphorus co-implantation, comparing cells with and
without birds-beak for same active area, Vce=1V, ambient temperature 298K

3.6 Conclusion
Large variations between the experimental data from the manufactured device and the
simulation model lead to the discovery of widespread birds-beaking within the IGBT –
an uncontrollable processing defect that the manufacturer was unaware of. This chapter
presents the importance of accounting for this in large area devices, and shows that 3D
modelling techniques alone do not guarantee an accurate device model. In practical terms,
this results in the designer struggling to validate models and underappreciating the true
behaviour of the device. The birds-beak phenomenon has been successfully imaged and
it has been demonstrated that this effect can be accommodated by using a simple twodevice simulation model to account for the variation in threshold voltages across the chip
area. This two-model technique reduces computational effort for designers while
producing accurate results. The birds-beak phenomenon has been shown to reduce the
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short-circuit endurance time of the chip by 31.9% as the areas of lower threshold conduct
25.2% higher current density compared to regions of the device which suffer from birdsbeak. To overcome this, an arsenic phosphorus co-implantation technique was
demonstrated in simulation where it was shown that there was no variation in device
threshold even with the presence of the birds-beak and/or variations across the device
area.
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Effect of Emitter Geometry on the
Performance of a 3D Trench IGBT
Having developed the verified IGBT model in the previous chapter, it was used to
determine an optimum cell design that considered critical 3D effects omitted from
previous studies. Currently no study has evaluated all the possible variations that can be
made to the IGBT emitter geometry to minimise on-state losses and saturation current.
The former is minimised to reduce energy losses and the latter is reduced to increase the
reliability of the power semiconductor.
This chapter includes extensive 3D TCAD simulations which have been undertaken to
investigate the effect of varying the n+ channel implantation in the z-dimension. The
results demonstrate that there are competing effects within the device; for small cells, or
cells with a limited channel depth size, the hole current modulation of the channel
dominates the device behaviour, resulting in a significant increase in Von and lower Ic(sat).
For larger cells or cells with an extensive channel depth, it is possible to partially trigger
the parasitic thyristor structure, resulting in an increased susceptibility to latch up under
short circuit conditions and at high temperatures, which reduces the reliability of the
device. 1 This chapter presents the designer with an optimum cell geometry and a set of
rules highlighting the limits within which they should work to produce a reliable device.

The material in this chapter has been taken from the following publication:
E. M. Findlay and F. Udrea, “Investigation into the Effect of Emitter Geometry on the Performance of 3D
Trench Insulated Gate Bipolar Transistor Structures,”, IEEE Trans. Electron Devices, under review.
1
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4.1 Introduction
The Trench IGBT has become the dominant IGBT device design compared to the planar
cell due to its increased MOS channel density and reduced latch-up susceptibility [55].
Theoretically, a 30-40% overall loss advantage with no serious penalties in safe operating
area (SOA) can be achieved [39]–[41]. However, the short circuit capability of the trench
device is poorer than the planar variant as the short circuit current is significantly higher
due to the reduced voltage drop across the channel [55]. Short circuit destruction of the
IGBT can be classified into four modes [105];
1. During device turn on, a large increase in current (di/dt) induces latch-up in the
device (by triggering the parasitic thyristor structure within the IGBT) resulting
in thermal runaway.
2. During device turn on dynamic avalanche occurs as the critical power of the
device has been exceeded due to plasma injection that results in a shorter
depletion region.
3. Thermal runaway of the device due to heating effects.
4. During turn off under short circuit conditions a rapid increase in hole current can
cause device failure due to latch-up.
Minimising the saturation current (Ic(sat)), and therefore improving the short circuit safe
operating area (SCSOA) is typically achieved by increasing the number of dummy
trenches (increasing the silicon area per cell) as explored in [43], or reducing the channel
size for a given cell area by alternating the n+ implant with the p-well under the emitter
in the z dimension. This is known as hole bypassing the emitter and is shown
schematically in Figure 50. Hole bypassing the emitter was first proposed in 1994 [42]
with the aim of increasing the channel resistance. A limited number of devices were
fabricated, but measurements were not able to fully quantify the device behaviour [42].
A further study was conducted, implementing 2D simulation techniques with some
experimental measurements, however this was unable to quantify all 3D effects within
the IGBT due to modelling limitations [55]. The effect of hole current within the IGBT,
and in particular its effect on the channel inversion, has also been considered, but the
study was again limited to a 2D device model [39].
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(a)

(b)

Figure 50 - Schematic of IGBT with (a) continuous n+ implant in z-dimension, (b) hole bypassing the
emitter with p-well

All of the previous studies, such as those in [39], [42], [43], [55] have investigated the
effect of varying one emitter geometric property independently on IGBT device
performance, but no previous study has modelled all variations in a comparative fashion
to determine the overall optimum design. [106] studies the effect of the 3D current flow
on the accuracy of TCAD simulations and does an initial analysis on the effect of hole
bypassing the emitter on saturation current, however the study is limited to an overall
fixed cell depth, and no consideration is made to the effect of dummy trenches. The study
outlined in this chapter develops this research further by comparing the effect of hole
bypassing the emitter and increasing the number of dummy trenches, for varying cell
depths, to determine the overall optimum method to minimise the saturation current
within a device. The effect that these geometric properties has on the on-state voltage
(Von) is also considered. The impact of these modifications on the transient (turn-off)
behaviour of the IGBT was investigated but shown to have no effect.

4.2 Device Structure
Figure 51 (b) is a schematic representation of the 3D TCAD IGBT model developed for
this investigation, based upon the previously calibrated simulation set-up as discussed in
Chapter 3 [107]. As highlighted by Figure 51 (a), which shows the original 3D IGBT cell
discussed in Chapter 3, there were a few modifications to the basic 3D structure. To
account for all fringing effects in the unit cell (the smallest replicating structure) the n+
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emitter implant was moved to be centrally located. The emitter connection also varies
slightly from the model developed in Chapter 3 as it was found that, for that original
structure, the emitter short to the p-well region was dominated by the p+ contact to the
side of the emitter n+ implant and therefore no variation in saturation current with p-well
depth was observed. As a result, for this study, the p+ region was moved to be adjacent
to the n+ channel implant so the effect of varying Zp (Figure 51 (b)) could be explored.
This modification does not inherently affect the IGBT behaviour but does exaggerate the
physical effects of the geometry change enabling a detailed investigation of this feature.

(a)

(b)

Figure 51 - 3D IGBT cell structure (not to scale) (a) original 3D IGBT model (b) modified model for this
study with inset showing zoom of emitter n+/p+ implantation in z plane.

Simulations were conducted for a variety of scenarios: with a fixed cell size (Zt, Figure
51 (b)), the depth of the n+ channel implantation (Zn, Figure 51 (b)) was varied. In
addition, for a fixed proportion of n+ channel implantation with respect to the overall cell
size (Zn/Zt constant), the effect of varying the depth of the cell (Zt) was explored. The
number of dummy trenches were also varied, but through all modifications the total active
area of the IGBT was kept constant such that all results could be directly compared. All
dummy trenches and dummy p-well regions were left floating unless otherwise stated.

4.3 Device Short Circuit Performance
The short circuit simulations were completed in accordance with the IEC standard
measurement [87] and followed the procedure outlined in Chapter 3, Section 3.5.3.
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Figure 52 - Short circuit saturation current for Zt 1μm, 4μm and 8μm with varying depth of n+ implant
(Zn), ambient temperature 423K. Total device area remained constant.

Figure 52 shows the variation in the saturation current for different n+ channel depths (Zn)
and for cell sizes (Zt) 1μm, 4μm and 8μm. Theoretically, four effects within the IGBT are
expected to be seen when modifying Zn for a given Zt, which can be identified and related
to the equivalent schematic of the IGBT shown in Figure 53;
1. A linear variation of saturation current with channel depth (MOSFET behaviour)
2. Second order fringing effects adding an additional Δz to the effective channel
depth
3. Modulation of the channel through the flow of hole current; higher hole current
reduces the channel resistance and increases Ic(sat) [39]
4. Inducing a partial latch up of the IGBT (partially triggering the thyristor
structure: n+ emitter, p-well, n-drift/n-buffer, p+ collector)

Figure 53 - Equivalent circuit schematic of IGBT
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Each of these effects can be seen in the results presented in Figure 52. The 4μm cell
follows a linear relationship between n+ channel depth and saturation current, indicating
that, for this size of device, the MOSFET channel behaviour dominates. By increasing
the hole bypass area (Zp) or reducing the n+ channel depth (Zn), there is an increased
voltage drop across the channel and the electric field becomes more concentrated at the
n+ emitter/p+ emitter junction. It is this higher electric field concentration that causes the
saturation of the carrier velocity at a lower collector-emitter voltage, thus reducing the
short circuit saturation current [55].

Figure 54 - Schematic of IGBT cell, showing cutline for Figure 55 (z-axis cut only) and Figure 56
(intersection of x-axis and z-axis cut)

(a)

(b)

(c)

Figure 55 - Hole current density at emitter of device with Zt=1μm under p+ implant as shown in Figure
54 z-axis cutline, (a) Zn 0.125μm (Zn/Zt 0.125), (b) Zn 0.25μm (Zn/Zt 0.25), (c) Zn 0.5μm (Zn/Zt 0.5),
ambient temperature 298K
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Figure 56 - Hole current density in the p-well with Zt=1μm (plot taken from the emitter contact to the
bottom of the gate trench) at the intersection of the z-axis and x-axis cutlines as shown in Figure 54, Zn
0.125μm (Zn/Zt 0.125), Zn 0.25μm (Zn/Zt 0.25) and Zn 0.5μm (Zn/Zt 0.5), ambient temperature 298K

For small n+ channel depths (Zn/Zt<50%), the 4μm and 8μm cells have the same
saturation current, indicating that for these larger cells, fringing effects are minimal.
Whereas for the 1μm cell, the saturation current exhibits a sub-linear behaviour caused
by the modulation of the channel by the flow of hole current. A significantly reduced hole
current flows through the 1μm cell with Zn/Zt=12.5% compared to Zn/Zt=50% (as
highlighted by the hole density plots given in Figure 55 and Figure 56). The consequence
of this is a significantly larger depletion region adjacent to the channel (shown in blue,
Figure 55), which, in turn, induces a larger channel resistance. This is caused by a lower
distributed substrate (n-drift) potential, which supresses enhancement of the channel
region and thus increases the tendency of the device to saturate [39]. At greater n+ channel
depths (Zn/Zt>75%), the 1μm cell again exhibits a sub-linear behaviour, this time caused
by pinch-off of the device; after accounting for fringing effects which increase Zn further,
the remaining p+ area under the emitter contact is too small and therefore inhibits the
extraction of holes, which causes the device to saturate prematurely.
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(a)

(b)

Figure 57 - (a) Schematic of IGBT cell, showing cutlines, (b) Electron current density in the p-well of
device (taken at the intersection of cutlines as shown in (a)) with Zt 8μm, for Zn 2μm (Zn/Zt 0.25) and Zn
7.76μm (Zn/Zt 0.97), ambient temperature 298K

For the 8μm cell at large channel depths (Zn/Zt>75%), a super-linear behaviour is
exhibited due to a partial latch up of the IGBT. In this case, the physical size of Zn
increases to such an extent that the n+/p-well boundary becomes forward biased due to
the concentration of holes running under the n+ implant (the hole current tends to flow
near the electron supply to satisfy the condition for charge neutrality [1]). This results in
the partial turn-on of the parasitic thyristor structure within the IGBT, as demonstrated in
Figure 57 by the increased electron density in the p-well for the cell with larger channel
depths (an increase of several orders of magnitude).
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Figure 58 - Short circuit saturation current for Zt 1μm, 4μm and 8μm with varying number of dummy
trenches, ambient temperature 423K. Total device area remained constant and Zn/Zt = 0.5.

Increasing the number of dummy trenches within the device reduces the saturation
current, as shown Figure 58. Since the total device active area remained constant for these
simulations, as the cell width increased (due to more dummy trenches), the channel
density reduced. As a consequence, fewer carriers are injected per unit area causing a
reduction in saturation current. This reduction does not follow a linear trend; these
trenches influence the flow of hole current and the modulation of the channel, but their
effect becomes diminished for increasing number of trenches. As expected, Zt had no
effect on the saturation current when varying the number of dummy trenches. Comparing
Figure 52 and Figure 58 it can be seen that having zero dummy trenches is of comparable
saturation current density to the cells with large channel depths (Zn/Zt>75%), however,
for larger numbers of dummy trenches, the reduction in saturation current is smaller
compared to the effect of reducing the channel depths to Zn/Zt<25%.

4.4 Short Circuit Current Versus On-State Voltage
The relationship between saturation current and on-state voltage is given in Figure 59 for
cells with a 50% channel depth (Zn/Zt) and 1.5 dummy trenches. On-state voltage was
measured at 100A/cm2 for a gate-emitter voltage of 15V, using the procedure for on-state
measurements as outlined in Chapter 3, Section 3.3.2.
The full expression for the on-state voltage drop of an IGBT structure is given as [1];
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𝑉𝑉𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑃𝑃+𝑁𝑁 + 𝑉𝑉𝑁𝑁𝑁𝑁 + 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

Equation 10 - On-state voltage drop for an IGBT where VP+N is the voltage drop across the p+ collector/nbase junction, VNB the voltage drop across the n-drift region once conductivity modulation has been
accounted for due to high-level injection conditions, and VMOSFET is the voltage drop across the MOSFET
portion. [1]

In this analysis VP+N was unchanged as there were no modifications made to the collector
geometry or doping throughout the study. It was therefore expected that, for a fixed Zn/Zt,
Von would increase with increasing Zt as the voltage drop across the channel becomes
greater: for larger devices, the effective channel area is reduced since the impact of the
fringing effects becomes increasingly negligible (the fringing depth remains a fixed
length because the n+ emitter and p+ emitter doping is unchanged). Figure 59 shows,
however, that cells with Zt in the range of 0.25μm to 1μm have an inverse linear
relationship between on-state voltage and saturation current. At these small dimensions
the effect of modulation of the channel due to the hole current becomes dominant; this
hole current reduces the tendency of the device to saturate as well as modulating the MOS
component (reducing Von as the variation in VNB becomes significant). For all other cells
in Figure 59, this modulation of the channel (VNB) becomes less significant and as such
the VMOSFET term increases with channel depth and dominates the expression for the onstate voltage (Equation 10).

Figure 59 - Relationship between short circuit saturation current (423K ambient) and on-state voltage
(100A/cm2, Vge = 15V, 298K ambient) for varying Zt with 50% channel depth (Zn/Zt) and 1.5 dummy
trenches.
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Despite this, the saturation current does not always reduce as a result of this larger onstate voltage, which would be expected for a MOSFET, due to the conflicting effects as
discussed in Section 4.3. Only cells with Zt in the range of 2μm to 4μm follow this
expected trend. For Zt in the range of 1μm to 2μm the saturation current behaviour is still
dominated by the hole current modulation of the channel; the 2μm cell has higher
distributed drift potential, increasing channel injection and therefore increasing Ic(sat). For
cells in the range Zt = 8μm - 16μm, the saturation current also increases with increasing
Zt but, at these dimensions, the partial latch up of the IGBT begins to be induced, to such
an extent that the 16μm cell has been shown to latch after only 2μs under short circuit
conditions. This simulation included self-heating effects (following the procedure
outlined in Chapter 3, Section 3.5.3). As a consequence of this latching, thermal run-away
of the device results in the 16μm cell design failing to meet the basic requirement that
IGBTs should be able to withstand short-circuit conditions for a minimum of 10μs [87].

Figure 60 - Relationship between short circuit saturation current (423K ambient) and on-state voltage
(200A/cm2, 298K ambient) for the dummy p-well and dummy trenches both either emitter shorted or
floating, with varying numbers of dummy trenches (0 to 3) for Zt 4μm and 8μm and 50% channel depth
(Zn/Zt). Total area factor remained constant.
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Figure 61 - Relationship between short circuit saturation current density (423K ambient) and on-state
voltage (200A/cm2, 298K ambient) for emitter shorted or floating p-well regions and (varying numbers
of) dummy trenches (0 to 3) for Zt 4μm with 50% channel depth (Zn/Zt). Total area factor remained
constant.

Figure 60 and Figure 61 investigate the effect of the dummy p-well regions and dummy
trenches on the performance of the IGBT. In Figure 60, for a 4μm and 8μm cell (Zt) with
50% channel depth (Zn/Zt), these dummy regions were either both left floating or both
emitter shorted. The results indicate that varying the number of dummy trenches to
increase the width of the cell reduces the saturation current and typically increases the
on-state voltage as expected, due to the reduction in channel density. Figure 60 highlights
that the size of the cell (Zt) has no effect on the saturation current. Zt has minimal effect
on Von, but Von is dependent on the electrical connections made to the dummy pwell/dummy trenches; floating connections have a reduced Von compared to emitter
shorting. This is in line with the results in Figure 58 and Figure 59.
Figure 61 investigates the effect of varying the electrical connections made to the dummy
p-well and dummy trenches independently. A 4μm cell with 50% channel depth (Zn/Zt)
was chosen for this investigation and all four combinations of electrical connections for
the dummy p-well and dummy trenches were evaluated. The results in Figure 61 indicate
that having the dummy p-well regions and the dummy trenches independently either
floating or emitter shorted has little effect on the saturation current, but the type of
connection to the dummy p-well significantly impacts Von. Emitter shorting the dummy
p-well regions results in an appreciably larger on-state voltage because this connection
provides an avenue for hole extraction away from the channel that, in turn, reduces the
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modulation of the channel by the hole current. By also emitter shorting the dummy
trenches, Von varies slightly for larger devices (larger number of dummy trenches) as the
field applied to these trenches further supresses the hole current flow parallel to the gate.
For the device with floating dummy p-well regions, as shown in Figure 61, Von reduces
from 0 dummy trenches to 0.5 (with the dummy trench either floating or emitter shorted).
This result is also evident in Figure 60. The presence of the dummy trench controls the
hole current flow at the top of the device, and, in this instance, increases the hole current
flow parallel to the channel significantly. This effect offsets the reduction in the channel
density caused by introducing this dummy trench, and hence reduces the on-state voltage.
It is therefore beneficial to have a dummy trench structure as part of the overall cell
design, and 0.5 dummy trenches is sufficient to achieve the performance benefit. From
the results in Figure 61 an optimum range of between 0.5 and 2 dummy trenches is ideal,
allowing a trade-off to be made between Von and saturation current at the designer’s
discretion depending on the application for the IGBT; an effect similar to adjusting the
p+ collector implantation. Further increases beyond 2 dummy trenches does continue to
reduce the saturation current but with the penalty of significantly increasing the on-state
voltage.

4.5 Transient Performance at Turn-Off
Figure 62 considers the relationship between on-state voltage and turn-off energy (Eoff)
for varying cell size (Zt). The turn-off energy losses were calculated from an inductive
load turn-off test using the same conditions as stated in Chapter 3, Section 3.5.1.
Given that the turn-off energy only varies from 38.7mJ/cm2 to 37.8mJ/cm2 (2% variation)
and there is no clear trend, it can be concluded that Eoff is essentially unaffected by the
cell size.

77

Figure 62 - Relationship between inductive load turn-off energy loss (Eoff) (298K ambient) and on-state
voltage (200A/cm2, 298K ambient) for varying Zt with 50% channel depth (Zn/Zt) and 1.5 dummy
trenches. Total area factor remained constant.

4.6 Conclusion
This chapter presents an investigation into the effect of geometric properties of a trench
IGBT cell, in particular comparing the effect of hole bypassing the emitter with the
introduction of dummy trench structures, on the saturation current and on-state voltage.
The results have demonstrated that there are competing effects within the device that
determine the overall behaviour. From the results, the optimum device is shown to be Zt
= 1μm, Zn = 0.5μm with at least 0.5 dummy trenches, and the dummy p-well regions
should be left floating. Reducing Zt or Zn further results in a reduction of the channel
modulation by hole current which significantly increases Von. Dummy trenches are
necessary to control the hole current flow at the top of the device, however increasing the
number of dummy trenches beyond 0.5 to reduce channel density and thus the saturation
current is at the designer’s discretion and provides a trade-off with the on-state voltage.
It has been shown, though, that increasing the number of dummy trenches beyond two is
undesirable as it results in a significant increase in on-state losses with only a minimal
reduction in saturation current. The effect of hole modulation of the channel has a larger
impact on saturation current than increasing the number of dummy trenches. In particular,
for larger geometries (Zt > 8μm and Zn > 6μm) it has been demonstrated that it is possible
to partially trigger the parasitic thyristor structure, resulting in an increased susceptibility
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to latch up under short circuit conditions. It has also been shown that the emitter geometry
has no effect on IGBT turn-off losses.
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Reverse-Conducting IGBT: A review
of current technologies
This chapter presents the Reverse-Conducting IGBT (RC-IGBT) which integrates an
antiparallel diode structure within the IGBT, in a similar fashion to the inherit body diode
within a Power MOSFET structure. The RC-IGBT has several benefits over a separate
IGBT and diode solution and has the potential to become the dominant device within
many power electronic applications; including, but not limited to, motor control, resonant
converters, and switch mode power supplies. However, the device inherently suffers from
many undesirable design trade-offs which have prevented its widespread use. One of the
most critical issues is the snapback seen in the forward conduction characteristic which
can prevent full turn-on of the device and result in the device becoming unsuitable for
parallel operation (required in many high voltage modules). This phenomenon can be
suppressed but at the expense of the reverse conduction performance.
This chapter provides an overview of the technical design challenges presented by the
RC-IGBT structure and reviews the alternative device concepts which have been
proposed in literature, while discussing the challenges in commercialisation. For the first
time, the most promising concepts have been simulated under the same conditions such
that they can be directly compared. Analysis shows that these alternate concepts either
present a trade-off in performance characteristics, an inability to be manufactured, or a
requirement for a custom gate drive.

1

The material in this chapter has been taken from the following publication:
E. M. Findlay and F. Udrea, “Reverse-Conducting Insulated Gate Bipolar Transistor: A Review of Current
Technologies,” IEEE Trans. Electron Devices, vol. 66, no. 1, pp. 219–231, Jan. 2019,
doi:10.1109/TED.2018.2882687
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5.1 Introduction
In recent years, the IGBT has replaced the silicon MOSFET in certain applications
because the IGBT has a lower on-state voltage for the same voltage blocking rating due
to the bipolar injection mechanism within the device [36], [84]. Compared to MOSFETs,
IGBTs can operate at higher power densities due to lower on-state losses [84], but power
MOSFETs have an intrinsic anti-parallel (body) diode providing a reverse conduction
path which is not present in the structure of a traditional IGBT [108]. For most power
electronic applications, including but not limited to motor control, resonant converters
and high switch mode power supplies, the IGBT is utilised in conjunction with a freewheeling diode (FWD) connected in anti-parallel, typically fabricated in either separate
packages or as connected die within a module [108].
The FWD performance is critical during both normal switching and under surge
conditions [36]. Separate connections introduce additional costs (bonding, packaging and
silicon) [36], [108]. Furthermore, these bond wires can introduce parasitic oscillations
under switching conditions, which can lead to additional die losses. By integrating the
switch and the anti-parallel diode into a single structure, the Reverse-Conducting IGBT
(RC-IGBT) enables a higher power per package footprint to be achieved [36]. However
the traditional RC-IGBT cannot be used in high power applications as the device is not
suitable for parallel operation due to the negative resistance characteristic exhibited in the
on-state (forward conduction) [109]. Limitations in fabrication technologies have also
hampered the development of the RC-IGBT concept, however with the emergence of
thin-wafer processing (and alternative techniques such as reactive ion etching [110]) more
device concepts are being realised and it has become an active area of research [108].
This chapter provides a review of the RC-IGBT concepts, highlighting the advantages
and disadvantages of each design and discussing the challenges in commercialisation.

5.2 Traditional RC-IGBT structure
The RC-IGBT structure was first proposed in 1987 with a collector shorted, p-channel
IGBT [80] building upon the concept suggested by Ueda et al. [37]. A commercially
available soft punch through (SPT) n-channel RC-IGBT is given in Figure 63. In order to
integrate the diode structure within the IGBT to enable a reverse-conducting capability,
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n+ regions (anode shorts) are implanted into the p-collector (p-anode) [71], [81]. When a
reverse voltage is applied to the device, electrons are provided by the n+ anode short and
holes are injected from the p+ emitter (p+ cathode), resulting in the device behaving in a
similar manner to a PIN diode. It has been reported that the doping profile of the field
stop (FS) layer can be optimised to improve turn-off losses by modifying the injection
efficiency of the anode (emitter) [81].

(a)

(b)

(c)

Figure 63 - Vertical Cross Section of Infineon IHW20N120R3 RC-IGBT (c), highlighting the
construction with the anti-parallel diode (a) and the IGBT structure (b) [83]

The RC-IGBT presents several advantages:
1. A RC-IGBT uses less area than an equivalent IGBT and diode (>30% size
reduction, Figure 64)
2. Reduction in assembly cost (bonding, packaging and less silicon area)
3. Reduction in wafer processing and testing cost
4. Lower thermal resistance and reduced temperature ripple as the same silicon
volume is used during both diode and IGBT conduction modes
5. More degrees of freedom in package layout
6. Improved reliability due to fewer bond wires within a module (bond wires
induce parasitic (inductive) effects)
7. More suitable for high junction temperature operation as the leakage current in
IGBT mode is lower due to the presence of the anode shorts (reduced pnp
transistor gain).
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8. Possibility of using a suitable gate signal to allow better trade-off between the
on-state voltage drop and the reverse recovery losses of the diode.
[108], [111], [112]

Figure 64 - Schematic representation of module size reduction of a standard IGBT/diode module (3
IGBT/diode die per switch position in half bridge configuration), compared to an equivalent RC-IGBT
module

It has also been shown that the performance and design trade-offs associated with the SPT
design are strongly minimised by the introduction of these anode shorts [111]. However,
the RC-IGBT structure within high voltage, hard switching application suffers from a
number of undesirable characteristics;


Snapback in the current-voltage characteristics is present (MOSFET shorting
effect)
Anode shorts provide a MOSFET structure within the IGBT such that at initial
turn-on of the device, unipolar conduction occurs (current flow through the anode
short) until the n buffer/p+ anode region becomes forward biased so that hole
injection from the p+ collector begins and conductivity modulation occurs in the
drift region. This results in a rapid decrease in the on-state resistance causing the
snapback exhibited in the I-V characteristic. This snapback, shown in Figure 65,
is more prevalent at lower temperatures, as the voltage drop needed to forward
bias the p+ collector/n buffer junction increases at lower temperature at a rate of
approximately 2mV/ºC. As a consequence, at low ambient temperatures the device
can fail to fully turn-on. Reduction in the density of n+ shorts within the device
area can reduce the snapback voltage but at the expense of the anti-parallel diode
performance. [36], [71], [108], [111], [113], [114]
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Figure 65 - Typical RC-IGBT on-state characteristics, with the snapback region highlighted in red



A trade-off between the IGBT on-state losses and the diode reverse recovery losses
(plasma shaping effect)
Plasma distribution affects both the on-state and switching losses. Moreover, the
collector p-wells in forward conduction (IGBT mode) are also the anode of the
device in reverse conduction (diode mode). It is desirable to have a high plasma
concentration in the upper part of the drift region (closer to the gate) to reduce the
on-state losses in IGBT mode, but in order to minimise the reverse recovery losses
of the diode, a low plasma concentration is desirable. These contradictory aims
are difficult to optimise, but typically local lifetime control helps to achieve
selective plasma reduction [115], [116]



Reduction in Safe Operating Area (SOA) (the charge uniformity effect)
Non-uniform current distribution occurs in RC-IGBTs due to the relatively large
p+ collector (anode) implant, compared to the n+ anode short. Current crowding
can occur at the p+ collector/n+ anode short boundary when the RC-IGBT
conducts in diode mode. This can result in the device overheating and the local
hotspot formation can ultimately lead to the destructive failure of the device. [117].



A trade-off between the IGBT and diode softness (drift layer effect)
It is desirable for the RC-IGBT to have a thin n-drift layer to minimise on-state
losses in IGBT mode. However, this low resistance induces a high di/dt during the
reverse recovery of the diode which causes it to exhibit snappy behaviour. The
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diode is therefore prone to hard reverse recovery which increases electromagnetic
interference [111], [118].
There have been many reported optimisations of the traditional RC-IGBT structure to
overcome these trade-offs, all with varying success. Several papers have investigated the
use of a dedicated gate drive scheme in order to reduce losses by varying the p-collector
(p-anode) efficiency [119], [120]. In terms of static loss during diode conduction mode,
a low (negative) gate voltage is required, but this increases the dynamic losses as the
carrier density within the device is higher, therefore complex gate drive schemes have
been developed to optimise these losses [120]. In the case of the Reverse Conducting
IGBT with Diode Control (RCDC), the addition of continuous p-anode areas on the
backside of the device suppresses the snapback behaviour, but does not remove it entirely.
Although the devices with this additional gate control enable the user to vary the on-state
voltage for the diode, the complicated nature of the gate control (the requirement for a
dedicated current direction detection during inverter operation) makes it unsuitable for
the majority of applications [119], [120]. An alternative variation is the introduction of
an oxide trench between the anode short and the p+ anode which increases the resistance
of the short such that the snapback characteristic is suppressed, but the device suffers
from non-uniform current flow and poor switching performance [121]. In addition, the
processing of the oxide trench on the back of the wafer is challenging and the effect of
phenomena such as hot carrier injection still needs to be examined.
Research has also been conducted into improving the junction terminations to improve
the safe operating area of the RC-IGBT [122] as well as optimising the dimensions and
structure of the FWD within the RC-IGBT to minimise losses without lifetime control in
order to minimise process steps [123].

5.3 Alternative RC-IGBT Structures
Several approaches have been proposed to improve the electrical performance of the RCIGBT. The concepts can be grouped into four classifications, which are explored in more
detail in the following sections;
1. Thyristor based structures
2. Complex backside processing
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3. Pilot structures
4. Other concepts
A summary of these structures’ advantages and disadvantages can be found in Appendix
A.3. 2D simulations of some of these concepts have also been undertaken; modelled using
a comparable cell to enable a direct performance comparison (Section 5.4).

5.3.1 Thyristor Based Structures
RC-IGBT with anti-parallel thyristor
A proposed RC-IGBT which utilises a thyristor to enable conduction in the reverse
direction is given in Figure 66. The NPT variation of this concept has also been reported
as the RC-Trench Clustered IGBT (RC-TCIGBT) [124]. Within the p+ anode region an
n+ column is present leaving a narrow p- layer before the n+ buffer region; the p base, ndrift/n buffer, p- layer, n+ column form the thyristor structure. It is reported that the
thyristor has a comparable on-state voltage to an anti-parallel PIN diode, but the thyristor
structure is not immediately triggered when a 0.7V forward bias is applied, instead
triggering when the current gain of the npn and pnp transistors equal 1 or when either the
npn or pnp is operating in punch through mode (either the n- drift/n buffer or the p- layer
is depleted). [113]

Figure 66 - Device structure of the RC-IGBT with anti-parallel thyristor [113]
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The narrow p- layer present in this design forms a barrier to electrons when conducting
in IGBT mode, thus avoiding the snapback phenomenon, assuming that Dp (Figure 66) is
of sufficient size. As DP is reduced, the gain of the npn transistor increases such that
electrons are no longer confined to the n buffer layer and the snapback characteristic in
the I-V characteristic re-emerges [113]. In the extreme (when DP = 0) this results in the
traditional RC-IGBT structure with anode shorts given in Figure 63. To minimise the
snapback phenomenon in the forward conduction direction it is important that the pnp
transistor is turned on quickly which can be achieved by;
1. Increasing the channel density
2. Increasing Rn- buffer
3. Reducing the current gain of the npn transistor to facilitate turn-on of the pnp
[113]
2D simulations showed that by increasing the channel density, a snapback characteristic
in the reverse conduction state emerges (the αpnp is reduced to such an extent that it is
difficult to turn on the thyristor) [113]. A similar snapback occurs in the reverse
conducting characteristic when the carrier lifetime is decreased, despite the overall
improvement to the switching performance [113]. To eliminate this snapback in the
reverse conduction characteristic, the addition of floating n+ dots to restrict hole injection
was proposed such that carrier lifetime could remain high without affecting switching
performance (Figure 67) [113]. A number of dots were removed above the n+ column to
reduce the turn-over voltage in the forward conduction without affecting the turn-off time
[113]. Simulation results have indicated several trade-offs with this proposed solution;


Snapback in the forward conduction mode was not eliminated, but the effect was
less pronounced with the removal of more n+ dots above the n+ column (Figure
68)



Turn-off time for the IGBT increased as more n+ dots were removed (Figure 69)
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Figure 67 - Device structure of the RC-IGBT with anti-parallel thyristor and n+ dots [113]

Figure 68 - Simulated output characteristics of the
RC-IGBT with different numbers of N+ dots
removed from the top of N+ column [113]

Figure 69 - Simulated turn-off waveforms in
IGBT mode with different numbers of N+ dots
removed from the top of N+ column [113]

A variation on the above design involves the addition of dielectric (oxide) trenches either
side of the n+ column, instead of using n+ dots. Simulation results have reported that this
technique also suppresses the snapback phenomenon and by increasing the number of
parallel thyristor structures within a single device (by reducing the n+ column and p+
anode widths) a more uniform current density distribution can be achieved in both the
forward and reverse conduction direction for a given device area, but this in turn results
in a reduction in the on-state characteristics in both modes. [125]
Experimental data to support the simulation results have yet to be reported for the RCIGBTs with anti-parallel thyristor structures. Both of these papers indicate that the trade-
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off between forward and reverse conduction capabilities is difficult to optimise for this
structure [71].

RC-IGBT with anti-parallel Shockley diode
The RC-IGBT with anti-parallel Shockley diode (SH-RC-IGBT) is shown in Figure 70.
The device is very similar to that shown in Figure 66, containing an n+ short, which is
instead isolated by an oxide trench. The reverse conduction FWD is achieved through a
Shockley diode formed by the p-base, the n-drift, the p2-base and the n+ short. In the
forward conduction state (Figure 71), the anode-short effect is suppressed as only a small
amount of current can flow through the npn transistor (n-buffer, p2-base, n+ short) thus
making the anode short inactive during initial forward conduction of the device. [126]

Figure 70 - Device structure of SH-RC-IGBT [126]

Figure 71 - Comparison of output I-V characteristics for SH-RC-IGBT and a conventional RC-IGBT
[126]
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During the reverse conduction state (Figure 71), the Shockley diode is easily triggered
for low leakage current as the p2-base is lightly doped and has narrow width compared
to the heavily doped n+ region. This therefore makes the current gain of the npn in diode
mode close to 1. The simulated SH-RC-IGBT on-state characteristics in both conduction
modes is better than the conventional RC-IGBT; in the forward and reverse direction onstate voltages reduced by 25% and 50% respectively. This is attributed to the SH-RCIGBT eliminating the effect of the anode shorts in IGBT mode and therefore it has a
significantly higher injection efficiency, whereas in diode mode, the device utilises the
bottom chip area better. To eliminate the snapback characteristic, the SH-RC-IGBT
requires a carrier lifetime less than 0.5µs and a 10µm wide drift region (300µm for a
conventional RC-IGBT). As a result of the former, the Shockley diode requires a much
higher current to be triggered, although the impact of this can be reduced by reducing the
doping concentration of the p2-base. The device also has an improved current distribution
which increases the SOA of the SH-RC-IGBT, but it suffers from a higher reverserecovery charge (Qrr) and longer delay in turn-off due to the higher injection efficiency
which makes it unsuitable for higher frequency applications. Overall, however, the turnoff losses are expected to be less than a comparable RC-IGBT. Results are limited to
simulation only. [126].

Pseudo-double anode RC-IGBT
A further variation upon the RC-IGBT with anti-parallel thyristor, the Pseudo-double
anode (PDA-RC-IGBT) structure is shown in Figure 72, with two variations to provide
diode and thyristor conduction. The PFC region is short-connected with the n-buffer
through a floating contact. Snapback is suppressed as, under forward conduction, the n+
anode and PFC region are reverse biased and therefore make no contribution to current
flow. When the structure is reverse biased (VCE<0) the floating contact ensures that both
bipolar transistors (pnp1 and npn1) are in a collector-base short-circuited configuration,
such that electrically the device behaves as two series connected diodes under this
condition. This does, however, result in a higher reverse voltage drop compared to a
traditional RC-IGBT. For larger current density applications, the device can be modified
to trigger the parasitic thyristor formed by pnp3 and npn3. Compared to the diode version,
the thyristor has lower on-state voltage drop but has a negative resistance characteristic.
The PDA-RC-IGBT has a recombination current in the forward conduction state which
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reduces the overall injection efficiency of the device, but has a significantly more uniform
current distribution for both diode and thyristor versions which increases the SOA of the
device. [127].

(a)

(b)

Figure 72 - PDA-RC-IGBT structure. (a) Diode version. (b) Thyristor version. [127]

5.3.2 Complex Backside Processing
RC-IGBT with floating p-region
Figure 73 shows a schematic cross-section of the RC-IGBT with floating p-region
structure. An oxide trench is present at the collector/anode of the device, with a floating
p doped region, p-float, located between the n-collector and the n-drift. The p-float region
begins at a distance Lg from the edge to the device. The FWD structure is achieved via pbody, n-drift, n-buffer and n-collector on the extreme left of the schematic. At large
currents, the npn transistor, formed by n-collector, p-float, n-drift, can become activated
to provide a low-impedance current path (the emitter for the forward and reverse
conduction is the n-drift and n-collector respectively). For small currents, the p-float acts
as a barrier to electrons, which together with the oxide trench forms a high-resistance
collector short path suppressing the snapback characteristic. The turn-over voltage for the
snapback is given by Equation 11, showing that increasing the collector-short resistance
reduces the effect of snapback. [121].
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Figure 73 - RC-IGBT with floating p-region device structure [121]

𝑉𝑉𝑆𝑆𝑆𝑆 = �1 +

𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑅𝑅𝑐𝑐ℎ
� 𝑉𝑉𝑐𝑐𝑐𝑐
𝑅𝑅𝐶𝐶𝐶𝐶

Equation 11 - Snapback turnover voltage, terms referenced to Figure 73 (Vcr voltage drop across pcollector/n-buffer junction when bipolar conduction begins, RCS collector short resistance, Rdrift drift
region resistance, Rch resistance of MOSFET channels) [121]

Simulation results have shown that by increasing LF the snapback can be reduced and
ultimately eliminated under certain conditions even at -40°C. In practice, however, LF is
reduced to achieve a better trade off in performance; smaller LF has lower turn-off losses
but increased forward voltage drop. With this optimisation, it is reported that the proposed
RC-IGBT turn-off time is reduced by 21% compared to a conventional RC-IGBT or 27%
compared to a Soft Punch Through or Field Stop IGBT (SPT-IGBT/FS-IGBT), which is
attributed to the small collector cell length and the action of the npn transistor. [121].
A similar structure utilising the p-plug concept has been proposed (Figure 74). This
device has an improved current distribution but suffers from the snapback effect. By
reducing the non-uniform current distribution typically found in RC-IGBTs, the
likelihood of local hotspot formation (and ultimately the destructive failure of the device)
is lowered. The introduction of the p-plug in the n-buffer layer above the oxide trench,
means that the electron path in the n-buffer is blocked (in the x direction, Figure 74), such
that the device can be split into two discrete parts (IGBT and diode) unlike a conventional
RC-IGBT. The device can be optimised to maximise the conduction volume in each
mode, with simulations reporting 90% utilisation in IGBT mode (75% for a standard RCIGBT and 35% for bi-mode insulated gate transistor (BIGT)) and 60% in diode mode
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(30% for a standard RC-IGBT and 27% for BIGT ). This increased the reliability of the
proposed device, but, in turn, did induce a larger snapback characteristic [117].

Figure 74 - RC-IGBT with floating p-plug situated on top of an oxide trench in the n-buffer layer [117]

Figure 75 shows the Carrier Stored Floating P-region Reverse Conducting IGBT (CSFPRC-IGBT). This device contains a n doped charge stored (CS) layer between the p-well
and the n-drift region, which is comparatively more doped than the drift region. The
addition of this layer reduces the on-state voltage drop in IGBT mode and, with increased
doping density, reduces the on-state resistance compared to a standard RC-IGBT with pfloat but increases the turn-off losses slightly. The concept of CS was also described in
the HiGT structure from Hitachi [77] and the SPT+ structure from ABB [128] (Section
1.5.4). For increasing carrier concentration in the CS layer, the I-V characteristic tends
towards a PIN diode, however the breakdown voltage of the device is reduced. There
were no reported results regarding the performance of the reverse conducting diode,
however, given the increase in carriers at the cathode, the performance is expected to
worsen. [129].

Figure 75 - CSFP-RC-IGBT structure [129]
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Fabrication of these structures are complex and costly due to the requirement for backside
photolithography and the non-uniform current distribution in both conduction states. As
a consequence, these results are limited to simulation only [118].

RC-IGBT with Alternating N/P Buffers (AB RC-IGBT)
The Alternating Buffer Reverse Conducting IGBT (AB RC-IGBT), shown in Figure 76,
has a similar structure to a conventional RC-IGBT with the addition of a buffer layer with
alternating n and p implants. These implantations are several micrometres above the
collector. In this device, the p buffer acts as an electron barrier, forcing the electrons to
flow through the high resistance n-drift region between the buffer and collector. Figure
77 compares the on-state performance of the AB RC-IGBT to the RC-IGBT with floating
p-region (Figure 73) and a conventional RC-IGBT. For a collector length (LC) 30µm, the
AB RC-IGBT can eliminate snapback entirely, whereas a collector length of 80 µm is
required for the RC-IGBT with floating p-region to eliminate snapback: shorter devices
are more desirable to reduce the current crowding at the anode short during reverse
conduction. [130].

Figure 76 - Alternating Buffer (AB) RC-IGBT [130]
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Figure 77 - I-V characteristic of AB RC-IGBT (LC (collector length)=30μm, LP (p+ length)=25μm), RCIGBT with floating p-region (LC=30μm, LP=25μm) and a conventional RC-IGBT (LC=300μm,
LP=295μm) [130].

This snapback suppression is achieved by increasing the relative implant width of the p
buffer region (Lpf) compared to the n+ buffer (Lnf) to increase the barrier to electron flow.
However, the AB RC-IGBT structure has a parasitic pnp transistor, formed between the
p+ collector/n-drift/p buffer. Base punch through of this parasitic transistor compromises
the blocking capabilities of the device which becomes increasingly significant for wider
p buffer implants. Wider p buffer regions also result in larger switching losses as the p
buffers obstruct extraction of excess carriers in the drift region during turn-off. However,
the AB RC-IGBT is still a 20% improvement on a conventional RC-IGBT for a device
with the same IGBT on-state voltage. Increasing the thickness of the buffer layer (Tbf)
also helps supress snapback by shielding electrons in unipolar mode, but this in turn
reduces injection efficiency and increases the on-state losses during IGBT conduction.
[130].

RC-IGBT with double gate structure
The Dual-Gate Bidirectional IGBT (BD-IGBT or DGIGBT) was first proposed by
Nakagawa in 1988, demonstrating the device’s potential using simulation results [131].
Fabrication techniques to realise this structure have followed and in 2014 a 1200V 25A
single-chip dual-gate BD-IGBT was manufactured with a fusion wafer bonding process
[132]. However fabrication of IGBTs with lower breakdown voltages using this method
have resulted in less than ideal electrical performance [132].
The structure of the BD-IGBT is shown in Figure 78. This structure inherently has a
reverse conducting diode: in the forward conduction mode, with gate 2 shorted and gate
95

1 positively biased, normal IGBT conduction occurs, whereas with gate 2 forward biased
and gate 1 shorted a forward voltage blocking state is provided alongside a reverse
conduction path, thus serving the same function as a FWD [131]. Turn-off losses are
smaller than a standard FS-IGBT as an anode short is effectively realised when an nchannel is formed underneath a positively biased gate, resulting in a shorter turn-off
irrespective of carrier lifetime within the device [131], [133]. Due to the structural
symmetry, the forward and reverse conduction behaviour is the same, with the I-V
characteristic 180° symmetric about the origin [133].

(a)

(b)

Figure 78 - BD-IGBT device structure. (a) Forward conduction mode. (b) Reverse conduction mode [131]

Figure 79 - Equivalent circuit of BD-IGBT [133]
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Operation of this device is, however, complicated. There are four modes of operation,
with their conditions summarised in Table 3 in relation to the equivalent circuit shown in
Figure 79. A quasi-IGBT mode can be achieved when both gates are positive, as the hole
injection efficiency of the backside p-well (in either conduction direction) is reduced by
the presence of the parallel MOS channel [133]. It is also possible to exhibit MOSFET
behaviour when the current is lower than a threshold value IH (typically ~4A/cm2) such
that the backside p-well is biased by <0.7V so hole injection does not occur. It is this
transition from MOSFET mode to quasi-IGBT mode which exhibits the snapback
characteristic in the I-V curve, however, in this quasi-IGBT mode much higher switching
speeds can be achieved than in the IGBT mode [133] and higher back-gate voltage
reduces the susceptibility of the breakdown voltage and leakage currents with temperature
[132]. It has been reported that multifaceted gate driving schemes can be implemented to
optimise the switching and on-state losses of the device for various applications [133].
However, this makes it undesirable for use within the majority of commercial circuits due
to the increased cost and complexity of driving two gates for a single switch.

IE
Mode

Gate Biasing
Component

Range

VG1E1 > VT, VG2E2 = 0

IE = I1

IE > 0

VG1E1 = 0, VG2E2 > VT

IE = I2

IE < 0

VG1E1 > VT, VG2E2 > VT

IE = I1 + I3

IE > IH

VG1E1 > VT, VG2E2 > VT

IE = I2 + I4

IE < -IH

VG1E1 > VT, VG2E2 > VT

IE = I3

0 < IE < IH

VG1E1 > VT, VG2E2 > VT

IE = I4

-IH < IE < 0

VG1E1 < VT, VG2E2 < VT

IE = 0

IE = 0

I: IGBT

II: Quasi-IGBT

III: MOSFET

IV: Blocking

Table 3 - Operation modes of BD-IGBT [133]

97

To be more favourable to a larger range of applications, the Automatically Controlled
Gate RC-IGBT (AG-RC-IGBT, Figure 80) has been proposed [71]. The structure is
similar to that given in Figure 78 except that the anode gate (gate 2) is connected to the
n+ region within the n-buffer through an ohmic contact. In this device, the voltage of gate
2 is lower than that of the anode in forward conduction mode and therefore snapback does
not occur [71]. In reverse conduction mode, when a voltage is applied to the anode, the
capacitance of gate 2 is charged through the floating n+ region (that the gate has an ohmic
contact with) until the threshold voltage is achieved and a reverse conduction path is
provided. The device suffers from a higher on-state resistance compared to a conventional
RC-IGBT [71]. The doping of the p2 base is reduced for faster charging of the gate and
to enable the device to operate at higher switching speeds and lower anode voltages,
however, this in turn reduces the injection efficiency of the anode in the forward
conduction state [71]. With some optimisation, it is possible to trigger the thyristor
structure (p+ region (top), n-drift/n-buffer, p2-base, n+-region) to form a MOS-controlled
thyristor (MCT) in the reverse direction. This structure has a lower on-state resistance
making it more suitable for higher current densities, but the snapback phenomenon reemerges in both conduction directions, presenting an issue if the device is paralleled [71].
In both variations of the AG-RC-IGBT, the non-uniformity of current distribution in the
volume of silicon can lead to localised hot-spots, limiting both the current capability and
reliability of the device [125]. There has been no reported experimental data for the AGRC-IGBT.

Figure 80 - AG-RC-IGBT structure [71]
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Tunnelling injection IGBT (TIGBT)
An alternative concept for the RC-IGBT is the Tunnelling Injection IGBT (TIGBT),
shown in Figure 81, which uses band-to-band tunnelling to overcome the known issues
with the traditional RC-IGBT. A highly doped (1019 cm-3) n-tunnel layer is sandwiched
between the p++ collector and the n-buffer. The band diagrams of these layers under a
range of conditions is shown in Figure 81. For forward conduction, the collector (anode)
and the gate are positively biased, and there exists a common band of energies such that
electrons can tunnel from the n-tunnel into the p++ collector. The device exhibits a
snapback characteristic since for increasing collector voltage the tunnelling current
decreases after reaching a peak value. This peak current exponentially increases with the
decrease in the barrier width which is dependent upon the doping concentrations. It is
possible to remove this snapback by increasing the doping concentration of the n-tunnel
and p++ collector but at the expense of the diode mode conduction losses. [118].

Figure 81 - TIGBT structure (left) with energy band diagram taken along cutline A-A’ at thermal
equilibrium, reverse conducting (gate zero biased and collector positively biased), and forward
conducting (gate biased to 15 V and collector negatively biased) [118]

In the reverse direction, the device is equivalent to a PIN diode in series with a backward
tunnel injection; with the collector negatively biased and the gate zero biased, electrons
can inject via band-to-band tunnelling from the p-collector into the n-tunnel layer. In
diode mode, the TIGBT exhibits a soft recovery as electrons extracted through tunnelling
across the n-tunnel/p++ collector junction induces hole injection into the n-drift which
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results in a small reverse recovery and minimal voltage overshoot. However, these
injected holes attract electrons to maintain charge neutrally in the drift region which need
to be extracted from the p-body to the emitter. This induces a relatively long current tail
in the turn-off which is undesirable in high frequency applications. The TIGBT conducts
uniformly across the device region (unlike a standard RC-IGBT) and therefore the device
has a smaller turn-on voltage at low currents and the reverse recovery peak currents are
reduced. The device also has the advantage over the other concepts that the fabrication
method does not need to allow for non-uniform current distribution nor require backside
photolithography, which is a complex and expensive fabrication process. However it is
very difficult to produce a very thin n-tunnel layer with such high doping as required for
the TIGBT. [118].

5.3.3 Pilot Structures
BIGT (Bi-mode Insulated Gate Transistor)
The BIGT was first proposed in 2009 by ABB Semiconductors, and consists of a hybrid
structure of an IGBT (referred to as a pilot-IGBT) and RC-IGBT integrated into a single
device as shown in Figure 82 [115]. The initial prototype device was a 3300V module,
but in 2013 a 6500V HiPak module was produced [109]. The overall module performance
(output current) of the BIGT compared to a separate IGBT/diode solution is up to 15%
higher [134].

Figure 82 - BIGT structure [115]
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The pilot-IGBT is sized to reduce the snapback in the forward conduction mode at low
temperatures [115]. The device has, however, suffered from secondary snapbacks due to
plasma formation primarily limited to the IGBT region with only a small section of the
RC-IGBT area being conductivity modulated [135]. In order to utilise the full device area
through the lateral expansion of the plasma area towards the RC-IGBT area, a radial
layout of the anode shorts is used. This achieves the optimum trade-off in diode and IGBT
conduction losses while eliminating this secondary snapback [135]. It also results in the
on-state characteristics being less sensitive to the n buffer doping, therefore providing
another degree of freedom to optimise the device for high temperature operation [135].
Reduction in the reverse recovery losses in the diode while minimising the impact on the
on-state performance in the forward direction is achieved by;
1. Finite control of the doping profile of the cathode (emitter) p-well and the cathode
(collector) p+/n+ regions
2. Local p-well Lifetime (LpL) control through particle implantation
3. Uniform local lifetime control through proton irradiation

[115]

The impact of these steps is shown in Figure 83. The finite control of the p-well results
in a worsening of performance of the individual device under surge, however in typical
applications where multiple devices are paralleled into a single BIGT module, this is
compensated by the increased silicon area such that the overall surge capability remains
constant [109]. It was reported that as a result of performing the uniform local lifetime
control, the forward conduction mode on-state voltage increased by 300mV to 3.3V at
125°C [115]. However, a 10% reduction in the diode mode reverse recovery and IGBT
mode turn-on losses are obtained when MOS Control Diode function is utilised [115],
[116]. This increase in the conduction losses limits the output current capability of the
device at low frequencies [109], and the on-state voltage drop in diode mode (reverse
conduction) is relatively high at 3.0V at 125°C [115].
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Figure 83 - Nominal reverse recovery currents for 3.3kV/62.5A BIGT operating in diode mode, showing
reverse recovery at 1800V, 62.5A (150A/μs), 125°C [115]

The gate voltage has a strong influence on the reverse conduction losses during diode
mode, as it affects the plasma shape near the emitter by causing the shorting of the RCIGBT/BIGT MOS cells p-wells which are functioning as the anode regions of the diode
[109], [136]. As a result, the gate voltage is required to be below the MOS channel
threshold so that p-well injection remains high [109], [136]. The optimum control has the
channel off during diode conduction mode, with it turned on towards the end of the diode
conduction time, before being turned-off again prior to diode reverse recovery to prevent
a short circuit [134]. As a consequence of this complex gate drive scheme to prevent
unnecessarily high conduction losses and to optimise switching performance, operation
of the device is more complex, making it less attractive to application circuit designers
[109]. It has been acknowledged that it is this requirement for a custom gate drive scheme
that is one of main obstacles preventing the BIGT from being adopted in mainstream
applications [136].
The device exhibits a strong positive temperature coefficient in both modes thus making
it suitable for paralleling in modules to achieve higher operating powers [115]. The SOA
of the BIGT is not compromised but the temperature ripple is reduced as the same volume
of silicon is heated during both IGBT and diode mode, therefore increasing the reliability
of the device [109], [115]. Switching losses are comparable to SPT IGBT/diode modules
but the BIGT does not show oscillations or voltage overshoot caused by current tail snapoff [109], [115]. The BIGT has softer turn-off behaviour in both conduction modes
compared to state of the art IGBT and diode modules due to the presence of injected holes
and charge extraction (Figure 84) [115].
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Figure 84 - BIGT anode (collector) charge extraction concept [115]

The Enhanced Trench Bi-mode Insulated Gate Transistor (ET-BIGT) is a further
development of the BIGT concept. The enhanced trench (ET) structure, shown in Figure
85, reduces conduction losses in the IGBT mode (Figure 86) by enhancing the excess
carrier concentration at the MOS cell structure [137]. It also provides improved
controllability while extending the maximum junction temperature rating [137]. The ETBIGT addresses the requirement on the BIGT that the gate voltage should be less than a
threshold during diode conduction to reduce on-state losses [109]; the ET design was
optimised for reverse mode conduction losses under positive gate biasing conditions for
ease of control and to maintain good surge capability [137]. Initial results have shown
that without MOS gate control the ET-BIGT can achieve lower switching losses
compared to the Enhanced Planar BIGT, but the trench cell does suffer from a higher
diode on-state forward voltage when a positive gate emitter bias is applied [137].
Figure 87 shows the introduction of a pilot diode perpendicular to the gate/emitter
trenches. Trench cell concepts in RC-IGBTs have a stronger gate shorting effect
compared to the lateral gate on a planar cell; in the case of the latter, there is a relatively
high diode hole injection at the centre of the p-well under the contact [137]. Therefore, to
implement an enhanced trench structure within an RC-IGBT, a pilot diode is required to
achieve low conduction losses under positive gate bias [137]. Results have indicated that
the pilot diode region does not affect the performance of the ET cell if the dimensions
between the repetitive pilot diode regions are large, however it does give a higher forward
voltage drop in diode mode [137].
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Figure 85 - Enhanced Trench MOS cell structure [137]

Figure 86 - Comparison of on-state voltage drop for Enhanced planar
BIGT and Enhanced Trench BIGT [134]

Figure 87 - ET-BIGT
showing pilot diode
position [137]

Further research has focussed on optimising the ET-BIGT with pilot diode to eliminate
the need for complex gate drive schemes: the on-state losses while operating in diode
mode under positive gate bias, are significant [136]. Three main approaches were taken
[136];
1. Use of a period n+ source region to minimise the gate shorting effect (Figure 88)
2. Increasing the p+ pilot diode implantation dose
3. Optimising the n+ anode shorts by high temperature annealing to increase
injection efficiency
Despite the improved diode on-state performance, the use of a periodic n+ source region
results in a slight increase in VCE due to the larger cell pitch, which becomes increasingly
prominent in high voltage devices [136]. Increasing the p+ pilot anode dose increases the
reverse recovery losses and optimising the anode short presents the classic trade-off
between diode mode on-state performance and reverse recovery losses [136]. Despite
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reducing the forward voltage drop of the diode by 1.2V compared to the reference BIGT
under +15V gate bias condition, the new BIGT suffers from a 21% increase in diode
recovery losses and an 11% increase in IGBT mode turn-on losses at 150°C [136]. This
indicates that this optimised version of the device is only suitable at low switching
frequencies (<500Hz) and that different design trade-offs should be chosen for
applications where the BIGT is required to switch faster [136].

Figure 88 - BIGT n+ source adaptations comparing standard symmetric MOS cell and new periodic MOS
cell design [136]

5.3.4 Other Concepts
RC-IGBT with superjunction structure
The majority of RC-IGBT development has focussed on the anode structure, however,
the Trench Field Stop Superjunction RC-IGBT (TFS-SJ-RC-IGBT) (Figure 89) instead
employs a superjunction structure at the cathode and utilises traditional anode shorts to
provide the reverse conduction path [66], [108]. It should be noted that the length of the
p-pillars in the superjunction structure do not extend all the way through the device; the
p-pillar length (Ymid) is considerably smaller than the total length of the drift region,
resulting in the device often being referred to as a semi-superjunction structure.
In the conventional RC-IGBT structure (and ordinary IGBT), the resistance of the n−drift
region (Rn-drift) is determined by the thickness and doping of the region, which is limited
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by the breakdown rating of the device. Employing the superjunction structure within the
RC-IGBT allows the n-drift doping to be increased by several orders to magnitude
without impacting the breakdown voltage, thus reducing the drift region resistance
significantly. In fact, in the SJ structure the drift region resistance is dependent on the
length of the pillar Ymid as it is the sum of the n-pillar resistance and the remaining drift
region resistance. By increasing Ymid, the snapback voltage is reduced and is eliminated
at 360µm even at low temperatures (Figure 90). For a TFS-SJ-RC-IGBT, which is
comparable with a CoolMOS structure (3 x 1015 cm-3 p-pillar doping and Ymid=70µm),
the switching losses of the proposed device are lower than a standard RC-IGBT, however
a snapback is present in the I-V characteristic. Increasing Ymid to achieve a deep
superjunction results in an initial increased gate capacitance, which decreases rapidly, and
therefore enhanced ringing is present in the switching waveforms, which can result in
worse switch-off losses compared to a NPT-IGBT [66], [69]. Increasing the doping
concentration of the pillars is also detrimental to turn-off of the device as the depletion
region expansion is slower [138]. The diode reverse recovery characteristic is, however,
unaffected by the superjunction structure [138].

Figure 89 - TFS SJ RC IGBT [66]
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Figure 90 - ON-state characteristics for a 3.3-kV TFS RC SJ IGBT p-pillar, doping concentration 3×1015
cm−3 for Ycell equal to 370 µm for varying Ymid (0–360µm) [66]

More recent studies have focussed on the possibility of applying the superjunction to the
anode side [70], similar to the Alternating Buffer Reverse Conducting IGBT concept
[130], as discussed in Section 5.3.2.2. In this alternative SJ device, it was shown that
pillar location is independent of the features of the cathode, thus making processing
simpler as there is no need for alignment [70]. It also decouples the anode design from
the cathode enabling the designer to better control the saturation current and short circuit
capability [70], and has the advantage over the AB RC-IGBT that the n/p pillars in the SJ
device do not also need to be optimised for breakdown capability [82]. Similar
improvements in snapback was reported for this anode SJ implantation, but, as for the
cathode-side SJ device, to remove the snapback entirely the SJ implant has to extend
through the entire drift region, which cannot be manufactured using current techniques
[70]. For the superjunction devices, state of the art fabrication techniques limits a pillar
length to 65µm [68], so from a single deep SJ trench it is not possible to achieve a full SJ
structure in the drift region of a 1.2kV IGBT.
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Figure 91 - SJ RC IGBT with
trench oxide [139]

Figure 92 - RC-IGBT concept with anode-side SJ trenches and
shorted collector trenches (SCT) [140]

A further adaptation of the structure given in Figure 89 is shown in Figure 91. The paper
reports simulation results showing the improved performance of the SJ-RC-IGBT
compared to the two-device alternative, however there is no data comparing it to the TFSSJ-RC-IGBT [139] and this alternative structure suffers from the same manufacturing
issues.
Most recently the anode-side SJ concept has also been proposed with the integration of
shorted collector trenches [140], resembling Figure 91 and is very similar in structure and
operation to the RC-IGBT with anti-parallel Shockley diode (Section 5.3.1.2), but with
the oxide trenches at the bottom shorted to the collector (shorted collector trench, SCT).
This device is shown schematically in Figure 92. This concept achieved snapback free
operation with a cell pitch of 8μm, compared to 160μm for the RC-IGBT with floating pregion (Section 5.3.2.1) and 800μm for the conventional RC-IGBT [140]. Improvements
in turn-off losses compared to these two other concepts were demonstrated, however,
there was a significant increase in the delay before turn off of the device (before Vce
increased), which would limit the maximum frequency of operation of the device, and the
high di/dt makes the device susceptible to ringing with any stray inductance. Also, like
all the concepts discussed in Section 5.3.2, this new RC-IGBT concept has very complex
fabrication requirements; the SJ structure is limited to 65μm deep [68], there is a need for
a trench on both the front and the backside, and a high alignment precision is necessary
between the trench and the superjunction pillar to avoid re-emergence of the snapback
characteristic.
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The majority of investigations for the SJ-RC-IGBT structure have been simulation based
due to the nature of manufacturing IGBTs using Field Zone (FZ) wafers and the concern
regarding the creation of voids within the structure [69]. Experimental results for the SJSPT IGBT and SJ NPT IGBT were reported validating the simulation models and
indicating that the switching losses of the SJ NPT IGBT were lower than the SJ SPT
IGBT. The SJ NPT has better short circuit ruggedness, but both exhibit superior on-state
and switching performance compared to a traditional SPT IGBT [69]. The results
highlight that the trade-off between the forward and reverse conduction capabilities in the
superjunction design is difficult to optimise [71].

Schottky Controlled Diode within RC-IGBT
The introduction of the Schottky controlled (SC) injection concept to the diode within the
RC-IGBT was reported in 2016. The device structure is given in Figure 93, where the p+
base and p- anode are formed separately to reduce reverse recovery loss by suppressing
carrier injection from the surface while the patterned cathode suppresses carrier injection
from the backside. The partially formed p+ ohmic areas on the anode are based upon the
SC concept and high dynamic ruggedness is achieved by connecting the internal electrode
of the trench at the diode area to the emitter electrode. The peak reverse recovery current
was reduced by 49% due to the introduction of the anode structure compared to a
conventional RC-IGBT, and the cathode structure reduced the tail current, but there was
increased ringing in the reverse recovery waveforms. The paper focuses on the diode
performance and does not comment on the overall performance of the RC-IGBT. [141].

Figure 93 - Schottky Controlled RC-IGBT structure [141]
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5.4 Comparison of RC-IGBT Concepts
2D simulations were undertaken in order to directly compare some of the RC-IGBT
concepts. A 1.7kV 150A trench SPT IGBT structure was used for this analysis, based
upon the structure developed in Section 3.4. The structure was modified to include an n+
anode short implant which covered 10% of the total collector area. This RC-IGBT
structure has not been optimised but provides a benchmark for comparison. This device
had a snapback voltage of 79.5V and a reverse conduction voltage drop of 3.66V at 50A.
Given the BIGT and RC-IGBT with double gate structure have been manufactured and
experimental results have been published, they were not included in this simulation
analysis. For this investigation the basic geometry of the IGBT cell and n+ implant was
not modified, and the concepts were implemented in line with the original study. The RCIGBT concepts which were considered are;
1. RC-IGBT with thyristor structure (thyristor based structure)
2. AB RC-IGBT (complex backside processing)
3. Tunnelling IGBT (complex backside processing)
4. TFS SJ RC-IGBT (other concepts)

Figure 94 - Simulated on-state characteristics for RC-IGBT concepts, ambient temperature 298K
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Figure 94 compares these concepts to the reference RC-IGBT. All concepts show
considerable improvement to the snapback characteristic, but with varying impact on the
reverse conduction performance.
The thyristor structure could have been optimised further to eliminate the snapback by
reducing the depth of the p+ collector implants (4µm in Figure 94, with Dp=7µm),
however this resulted in the device being unable to conduct in the reverse direction. In
fact, the reverse conduction was very difficult to design and optimise, either introducing
a secondary snapback as reported in the original study, or even a negative resistance
characteristic as shown in Figure 94.
For the Tunnelling RC-IGBT, the n++ region was doped in line with [118] to 7e19cm-3.
For tunnelling to occur, the n++ depth could not exceed 0.28µm (Figure 94), which is
unrealistic to manufacture given current fabrication techniques. For this IGBT cell
geometry, the device showed minimal conduction in the reverse direction. Optimisation
of this device is exceedingly difficult and, if it could be produced, would require a
fabrication processes with very small tolerances.
The Alternating Buffer was designed with Lp=2µm, Ln=1µm, Tgap=8µm. The ratio of
Lp/Ln was fixed at 2 in accordance with the study in [130]. This geometry produced
minimal snapback in the forward conduction, but in the reverse direction the on-state
losses increased by 91%. Figure 95 investigates the behaviour of the AB RC-IGBT with
different features. Once again the ratio of Lp/Ln was fixed at 2 in accordance with the
study in [130]. Figure 95 shows that doubling the number of buffer implants across the
width of the device (Lp/Ln=2) reduced the snapback by 17% but increased the onresistance in the reverse conduction by over 6 times. In addition, reducing the gap
between the buffer layer and the p+ collector implant (Tgap) to 2µm eliminated the
snapback in the forward direction but induced a large snapback in the reverse
characteristic. The placement of the anode shorts is also critical to the success of this
design; by moving the anode short from the centre of the cell to the edge, the snapback
shown in Figure 95 is removed entirely as the lateral resistance along the p+ collector is
increased, but this further increases reverse conduction losses, rendering the diode portion
of the device unsuitable for use within typical application circuits. The AB structure
replaces the traditional SPT buffer layer, and the design of this AB layer also needs to be
optimised for the breakdown capability of the device. The complex requirements of this
device makes the design and fabrication challenging.
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Figure 95 - AB RC-IGBT cell geometry comparison, Vg=15V, ambient temperature 298K

Figure 96 - Simulated on-state for TFS SJ RC-IGBT with varying pillar depth, ambient temperature 298K

For the SJ RC-IGBT, p-pillars were implanted under the gate trenches to emulate a more
realistic fabrication. For increasing pillar depth, a reduction in the snapback occurs
(Figure 96), with no effect on the reverse conduction performance as reported in [66],
[108]. For the 1.7kV IGBT cell, the snapback could not be removed in its entirety due to
the buffer design which limited the maximum pillar length to 87.5% of the total device
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thickness (y pillar = 175μm, Figure 96). The original study in [108] reported elimination
of the snapback but, to achieve this, had a buffer design which enabled the superjunction
pillars to extend to 97.3% of the total device thickness. The buffer design is therefore
critical to the performance of the SJ RC-IGBT, however the length of the required SJ
pillars means that at present, this device would be very difficult to fabricate.

5.5 Conclusion
This chapter presents a review of the recent advancements of the RC-IGBT structure,
outlining new concepts developed to overcome some of the technical design challenges
of the traditional device. The RC-IGBT features an anti-parallel diode integrated within
the same chip area which, at a module level, reduces the bill of materials, is a more
compact design and ultimately has a lower cost. The first RC-IGBT structure introduced
collector shorts, but optimisation of this implantation to give a good trade-off between
the forward snapback and the reverse conducting characteristics is extremely challenging.
The introduction of a pilot IGBT has been one of the most pragmatic solutions to resolve
the snapback issue, whist still offering good reverse characteristics. Double gate
structures have been hampered by the complicated gate drive requirements which have
prevented their widespread use. Other solutions such as the trench oxide barriers,
tunnelling devices, and complex buffer structures have also been proposed but at present
have only been validated through simulations. Such structures may be too complex to be
practical as they require advanced back-side processing of the silicon wafers. The SJ RCIGBT concept also suffers with processing issues as the superjunction structure needs to
extend deep into the drift region to give favourable trade-off characteristics. Nevertheless,
it is one of the most promising solutions as it alleviates the snapback issue whilst also
offering low switching losses both during forward and reverse recovery. Another
promising concept to alleviate the snapback is to use a thyristor with very low breakover
voltage instead of an anti-parallel diode. Whilst this eliminates the snapback in the
forward mode it introduces a snapback in the reverse conduction mode which is difficult
to control.
Despite these advancements, the RC-IGBT still has dynamic limitations particularly for
high power applications, as there are conflicting requirements for the diode and IGBT in
terms of their plasma distribution at the collector: high plasma concentration at the top of
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the drift region (p-well) reduces the on-state losses in IGBT mode, but to minimise the
reverse recovery losses and prevent EMC issues, a low plasma concentration is required
during diode mode. The snappy behaviour of the diode can be controlled by a low circuit
stray inductance or by reducing the IGBT turn-on di/dt, but this increases the IGBT turnon losses. Local lifetime killing in the diode regions can improve performance, but for
electron irradiation it is difficult to mask and therefore degrades the performance of
adjacent IGBT cells. Separate diode and IGBT chips allow optimisation of each device
independently, but the RC-IGBT offers improved utilisation of silicon area. The RCIGBT may also have an advantage in terms of the IGBT leakage current; the leakage
current amplification due to the pnp transistor gain is smaller as a result of the presence
of anode shorts. This can result in lower off-state losses especially at high junction
temperatures. No single solution to optimise all the static and dynamic trade-offs has
emerged for the RC-IGBT but it is an active area of current research.
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Dual Implant SuperJunction ReverseConducting IGBT
It has been shown in the previous chapter that the RC-IGBT has the potential to become
the dominant power device in a range of applications, which traditionally use a separate
IGBT and diode co-packaged. However, as discussed earlier, the traditional RC-IGBT
suffers from several undesirable characteristics and the various proposed concepts
designed to alleviate these issues either present a trade-off in performance
characteristics, an inability to be manufactured, or a requirement for a custom gate drive,
which makes it undesirable to application engineers.
The superjunction (SJ) RC-IGBT is one of the most promising concepts, but to achieve
the full performance benefits a deep SJ structure is required, which currently cannot be
manufactured. This chapter presents a new novel device, the Dual Implant SJ RC-IGBT,
that addresses these performance concerns associated with the traditional RC-IGBT but,
critically, is manufacturable using current state of the art techniques. This new concept,
for the first time enables a full SuperJunction structure to be achieved in a 1.2kV device.1

The material in this chapter has been taken from the following publication:
E. M. Findlay, F. Udrea, and M. Antoniou, “Investigation of the Dual Implant Reverse-Conducting
SuperJunction Insulated-Gate Bipolar Transistor,” IEEE Electron Device Lett., vol. 40, no. 6, pp. 862–865,
2019, doi:10.1109/LED.2019.2911994
1
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6.1 Introduction
In Chapter 5 it has been shown that the RC-IGBT structure, which integrates the diode
structure within the IGBT by the addition of anode shorts (n+ regions) [71], [81], presents
a number of advantages [82], [108], [111], [112];
1. An RC-IGBT uses less area than an equivalent IGBT and separate diode (>30%
size reduction)
2. Reduction in assembly cost (bonding, packaging and less silicon area)
3. Reduction in wafer processing and testing cost
4. Lower thermal resistance and reduced temperature ripple as the same silicon
volume is used during both diode and IGBT conduction modes
5. More degrees of freedom in package layout
6. Improvement in reliability due to fewer bond wires within a module (bond wires
induce parasitic (inductive) effects)
7. More suitable for high junction temperature operation as the leakage current in
IGBT mode is lower due to the presence of the anode shorts (reduced pnp
transistor gain).
8. Possibility of using a suitable gate signal to allow better trade-off between the
on-state voltage drop and the reverse recovery losses of the diode.
However, the RC-IGBT structure within high voltage, hard switching application suffers
from several undesirable characteristics [82];
1. Snapback in the current-voltage characteristics is present (MOSFET shorting
effect)
2. A trade-off between the IGBT on-state losses and the diode reverse recovery
losses (plasma shaping effect)
3. Reduction in safe operating area (SOA) (charge uniformity effect)
4. A trade-off between the IGBT and the diode softness (drift layer effect)
To overcome these issues, the majority of RC-IGBT development has focussed on the
anode structure, however, the Trench Field Stop Superjunction RC-IGBT (TFS-SJ-RCIGBT) instead employs a superjunction structure at the cathode and utilises traditional
anode shorts to provide the reverse conduction path [66], [108]. In the original study, the
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p-pillars in the superjunction structure did not extend all the way through the drift region;
the p-pillar length is considerably smaller than the total length of the drift region, resulting
in the device often being referred to as a semi-superjunction structure [66]. For a TFS-SJRC-IGBT, which is comparable with a CoolMOS structure (3e15cm3 p-pillar doping and
pillar length = 70µm), the switching losses of the proposed device are lower than a
standard RC-IGBT, however, a snapback is present in the I-V characteristic. By
increasing the pillar length, the snapback voltage was shown to reduce and ultimately be
eliminated at a pillar length of 360µm even at low temperatures [66], [108]. However,
this deep superjunction structure results in an initial increased gate capacitance which
decreases rapidly, and hence enhanced ringing is present in the switching waveforms,
which can result in worse switch-off losses compared to a NPT-IGBT and also increased
electromagnetic interference (EMI) [66], [69], [70]. Increasing the doping concentration
of the pillars is also detrimental to turn-off of the device as the depletion region expansion
is slower [138]. The diode reverse recovery characteristic is, however, unaffected by the
SJ structure [138]. As reported in literature and the results in Chapter 5, Section 5.4,
simulations have demonstrated the benefit of extending the SJ pillars further into the drift
region to remove the snapback, but this device is not currently manufacturable.
More recent studies have focussed on the possibility of applying the superjunction
structure to the anode side [70], similar to the Alternating Buffer Reverse Conducting
IGBT (AB RC-IGBT) concept [130]. In this alternative SJ device, it was shown that
pillar location is independent of the features of the cathode, thus making processing
simpler as there is no need for alignment during processing [70]. It also decouples the
anode design from the cathode enabling the designer to better control the saturation
current and short circuit capability [70], and has the advantage over the AB RC-IGBT
that the n/p pillars in the SJ device do not also need to be optimised for breakdown
capability [82]. However, the presence of the pillars at the buffer resulted in an increase
in the electric field at this boundary which resulted in punch-though the of the device. To
counteract this the buffer doping needs to be increased which reduces the injection
efficiency of the p-anode, which also needs to be compensated for. Similar improvements
in snapback has been reported for this anode SJ implantation, but, as for the cathode-side
SJ device, to remove the snapback entirely the SJ implant had to extend through the entire
drift region, which cannot be manufactured [70]. For the AB RC-IGBT the snapback can
also be supressed by increasing the relative implant width of the p buffer region compared
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to the n+ buffer, but this significantly compromises the blocking capabilities of the device
and increases switching losses. This makes the buffer design particularly hard to optimise,
as discussed in Chapter 5.
In the case of the superjunction devices, current state of the art fabrication techniques
limits the pillar length to 65µm, so from a single implantation it is therefore not possible
to achieve a superjunction structure throughout the drift region of a 1.2kV IGBT. This
chapter proposes applying two superjunction implants; one from the cathode side and a
second one from the anode side, and investigates the requirement for alignment of these
pillars. This work builds upon the concepts and results as given in [66], [70], specifically
for an RC-IGBT structure. Although demonstrated on the RC-IGBT the concept could be
applied equally to any power device structure (such as an IGBT or MOSFET) with a drift
region thickness less than 130μm.

6.2 Device Structure
Figure 97 is a schematic representation of the 1.2kV dual implant SJ RC-IGBT. It is based
upon the standard RC-IGBT structure with anode shorts [82], but the drift region contains
two separate regions of SJ pillars, one from the cathode side and a second from the anode
side. The 2D 1.2kV model used was based upon the verified 2D 1.7kV model developed
in Chapter 3. At this lower breakdown voltage, the total length of silicon is reduced (y
dimension) from 200µm to 135µm. 135µm represents a standard length for a 1.2kV
IGBT, and although 120µm is the leading industry standard, by demonstrating the
suitability of the dual implant technique on this slightly longer device, it could easily be
applied to a shorter, or lower voltage class variant.
No changes were made to the geometry or the doping at the cathode. The n+ emitter, p+
emitter, p-well and n-enhancement layer doping remains unchanged from the 1.7kV
model but the n-drift region doping was reduced slightly to 4e13 cm-3. The majority of
changes are situated at the anode, where a new, higher doped but less deep buffer was
used (gaussian implant, 3e16cm-3 peak concentration, and 7e15cm-3 at 1μm depth) with
a significantly larger p+ anode implant (gaussian implant, 1e18 cm-3 peak concentration,
extending 3μm). To enable reverse conducting behaviour the n+ anode short covers 10%
of the anode area. The area factor was set so that the total device area simulated is 1cm2.
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Superjunction p-pillars were initially added with a width of 1.5µm and doping 1e16cm-3.
The n-pillar doping was calculated to achieve charge balance [66]. For any given depth
of superjunction pillar, three offsets were also modelled; full alignment (Figure 97 (a)),
50% offset, full misalignment (Figure 97 (b)).

(a)

(b)

Figure 97 - Dual Implant SJ RC-IGBT structure (not to scale) (a) anode and cathode pillars with no
offset, (b) anode and cathode pillars with full offset.

6.3 Device Manufacture
Fabrication of the proposed device is difficult, however, use of a direct wafer bonding
technique to produce a full superjunction device (by applying the SJ structure to both the
frontside and backside of the wafer) is comparatively easier than attempting to produce a
deep superjunction trench from a single etch (which is currently limited to 65μm in length
using state of the art fabrication techniques).
A proposed process flow is given in Figure 98. The SJ pillars can be formed either by
using a trench and refill technique [68] or by other demonstrated techniques such as that
reported in [69]. The proposed fabrication would require the front and backside wafers to
be formed separately, with a SJ implant applied to both wafers. Additional wafer thickness
is required to avoid damage during the SJ trench formation, which can later be removed
prior to the wafer bonding. If this additional wafer thickness is entirely removed, the
anode-side and cathode-side superjunction pillars could be directly bonded with no drift
region in between (as shown in Figure 98 (a)). The n-buffer, p+ anode and remaining
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cathode and gate structures can be formed subsequently. The processing requirements for
the backside are not as stringent as for the frontside since there are no cathode or gate
structures. The two halves would first be bonded to glass carriers [132] and then etched to
remove the excess wafer required for the SJ trench formation. The wafers would then be
bonded using a wafer bonding process as demonstrated in [132], [142]–[144]. These
studies have shown that the IGBT performance does not degrade using this technique. The
results in Section 6.5 demonstrate that there is no requirement for lateral alignment
between these two wafers (frontside and backside).

120

(a)
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(b)
Figure 98 - Process flow for manufacture of Dual Implant SJ RC-IGBT showing two variants, (a) direct
bonding of anode-side and cathode-side SJ regions, and (b) inclusion of n-drift region between SJ pillars
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6.4 Device Breakdown
Figure 99 shows the breakdown characteristics of the Dual Implant SJ-RC-IGBT
alongside the RC-IGBT and the IGBT using the same device geometry and buffer/drift
region doping profiles. As expected, the superjunction RC-IGBT offers improved
breakdown capabilities for a given drift length compared to the standard IGBT, and also
a small improvement over a traditional RC-IGBT. The presence of the anode short
increases the breakdown capability of the standard RC-IGBT compared to the standard
IGBT. Application of the superjunction structure to the RC-IGBT results in a further
increase in the breakdown voltage, but not as significant as reported for the application
of the superjunction structure to the traditional IGBT [66], [70].

Figure 99 - Simulated breakdown characteristics for the IGBT, RC-IGBT and Dual Implant SJ RC-IGBT
with varying Lgap, ambient temperature 298K
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Figure 100 - Electric field distribution under blocking conditions (1.2kV) of the RC-IGBT and Dual
Implant SJ RC-IGBT, thickness 135µm, ambient temperature 298K

Figure 100 shows the electric field distributions under blocking conditions (1.2kV), for
the standard RC-IGBT and Dual Implant SJ RC-IGBT with Lgap=40μm. The SJ pillars
meet the condition for charge balance, such that the total charge in the n-doped and pdoped pillars are equal and deplete fully prior to device breakdown [145]. For both
devices, breakdown occurs at the n+ injector layer at the cathode, but the presence of the
SJ pillars alters the electric field distribution such that a larger voltage can be supported
for a given device thickness. As a result, a SJ device can be made thinner for the same
breakdown voltage to improve on-state performance, in line with previous studies [17],
[66], [70] and the results in Figure 99.
Figure 100 also shows three distinctive electric peaks in the drift region at 45µm, 85µm
and 125µm which occur at the junctions between the superjunction pillars and the n-drift
regions (n-buffer at 125µm). At each of these points the peak electric field is lower than
the critical electric field and therefore does not affect the device operation. However, as
reported in [70], this peak electric field at the p-pillar/n-buffer junction (125µm) meant
that the n-buffer doping had to be increased to prevent punch-through of the device. This
increase in the buffer doping reduces the injection efficiency of the p+ anode, which can
be compensated for by increasing the p+ anode doping concentration.
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6.5 Device On-State Performance
Application of the dual implanted SJ structure to the RC-IGBT supresses snapback in the
forward direction while not affecting the reverse conduction. Figure 101 shows the onstate characteristics where the cathode and anode SJ implants are aligned for varying Lgap.
It was demonstrated in simulation that a deep SJ device (Lgap<10μm or Lpillar>54μm)
either completely removes the snapback (Lgap<5μm) or it is very limited (Lgap=10μm).
This is in line with the studies in [66], [108], however in this device each SJ implantation
(Lpillar) needed to produce the full SJ device is 59μm; less than the 65μm limit imposed
by current fabrication techniques.

(a)

(b)
Figure 101 - On-state characteristics of Dual Implant SJ RC-IGBT, ambient temperature 298K, SJ pillars
have no offset between anode and cathode side (a) forward and reverse conduction, (b) zoom of forward
conduction
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Figure 102 shows the effect of SJ pillar alignment in the x-direction, with the anode pillars
misaligned fully (Figure 97 (b)) and by 50%. The on-state characteristics show minimal
variation; at 20A/cm2 the on-state voltage varies by 0.03V between the half-offset and the
fully aligned cells. This shows there is no requirement for alignment between the SJ
pillars making this proposed device relatively easy to fabricate.

Figure 102 - On-state characteristics of Dual Implant Full SJ RC-IGBT with varying offset between
anode and cathode SJ implants, ambient temperature 298K

Figure 103 - On-state characteristics of Dual Implant SJ RC-IGBT with different amounts of overlap for
full offset between anode and cathode SJ implants, ambient temperature 298K

The effect of overlapping of the SJ pillars (y-direction) was also investigated. The onstate plots for varying amount of overlap (Figure 103) shows minimal variation in the
characteristic compared to the full SJ structure (Figure 102) which is to be expected given
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the bipolar action of the IGBT. Figure 103 shows the full offset device, but the result
applies equally to the half offset and no offset cells.
With a 5μm overlap between pillars, for both full and half misalignment, the breakdown
capabilities are unchanged. However, with full alignment between anode and cathode
pillars (shown in Figure 104 (a)) the breakdown capabilities begin to degrade significantly
as the overlap increases. In the region where the pillars overlap, the SJ charges add. For
the fully misaligned cell (shown in Figure 104 (b)), the charge from the p-doped pillars
is cancelled out by the n-doped pillars resulting in a lowly doped region in the centre of
the device (original n-drift doping concentration). For the no offset cell, SJ pillars are
aligned and therefore in the overlapping region the pillar doping increases by a factor of
two. Hence, under blocking conditions the overlapping area is unable to fully deplete as
the conditions for charge balance are no longer met. With partial misalignment (half
offset) the SJ pillars are able to compensate for the regions of charge imbalance, but with
full alignment, a high electric field is produced in this highly doped central section of the
drift region, resulting in premature breakdown. Therefore, to guarantee the performance
of the device without the requirement for alignment between the SJ pillars, at most a 2μm
overlap can occur, to ensure full drift layer depletion.

(a)

(b)

Figure 104 - Dual Implant SJ RC-IGBT structure with SJ pillar overlapping (not to scale) (a) anode and
cathode pillars with no offset, (b) anode and cathode pillars with full offset.
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6.6 Transient Performance
Transient simulations were run in accordance with IEC standard at a line voltage of 600V,
using the same circuit as in Chapter 3, Section 3.5.1 [87]. Initial simulations exhibited
significant ringing through the collector at turn off. The high doping of the superjunction
sections within the device drift region and the interaction of the depletion region with the
buffer resulted in high frequency ringing with the stray inductance Ls. To suppress this,
the stray inductance was reduced to 35nH/cm2 of device area in line with industry-leading
module packaging designs, which have been optimised for SiC devices that exhibit
similar behaviour [146], [147]. A Zener diode clamp with breakdown voltage 1500V was
also included for protection.

(a)
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(b)
Figure 105 - Inductive load turn-off waveform for the Trench RC-IGBT and Trench Dual Implant SJ RCIGBT with Lgap=60μm, 40μm, 20μm and 0μm (no offset), ambient temperature = 298K. (a) Dashed lines
collector current; solid line collector-emitter voltage, (b) gate-emitter voltage

(a)

(b)

Figure 106 - Inductive load turn-off waveform for the Trench Dual Implant SJ RC-IGBT with
Lgap=40μm, (no offset), ambient temperature = 298K, as shown in Figure 105 but with significant points
marked A to D. (a) Dashed lines collector current; solid line collector-emitter voltage, (b) gate-emitter
voltage
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Figure 105 shows the turn-off waveforms for the RC-IGBT and the dual implant SJ RCIGBT with Lgap of 0μm, 20μm, 40μm and 60μm (dual implant SJ RC-IGBT with Lgap
20μm is shown alone in Figure 106 with key points marked A to D for ease of viewing).
During turn-off, voltage is supported across the p-well/n-drift junction and the depletion
extends down through the device (y-direction) towards the anode. The presence of the SJ
structure induces a secondary lateral (x-direction) expansion of the depletion region
which causes the higher breakdown capability (Figure 99, Figure 100). In this dual
implant device, the gate-emitter voltage falls sharply during what would typically be the
Miller plateau region (point A, Figure 106). For normal IGBTs under inductive load
conditions, during the Miller plateau, all gate current is used to discharge the parasitic
capacitance Cgc, where Cgc is a function of the collector-emitter voltage. Typically, Cgc is
initially large resulting in a low dVce/dt at the start of the turn-off event, but, after this,
the depletion region does not change significantly with applied voltage (for reasonable
collector voltages for the given device’s rating) so Cgc can be considered almost constant
and hence the dVce/dt can be approximated to be linear. However, in superjunction
devices, it is known that Cgc changes dynamically with increasing Vce, with the
capacitance initially falling then recovering to a higher value [148]. This effect is
particularly pronounced for the dual implant device as the cathode side SJ implant is being
completely depleted, with partial depletion of the drift region in between, to support the
line voltage across the device, but leaving the anode side superjunction completely undepleted at this line voltage. This is characterised by the initial plateau on the gate-emitter
waveform followed by the sharp fall and then recovery, as shown in Figure 106 (b).
During this time, the Cgc rapidly decreases and then begins to recover as the depletion
region moves into the anode side superjunction causing a slowing in the dVce/dt (point B,
Figure 106). At point C, Figure 106, Ic falls at a high dI/dt as the depletion region extends
towards the anode through the lowly doped n-drift region, and as it encounters the second
superjunction structure (anode side) the collector current plateaus due to this secondary
lateral expansion of the depletion region in the anode SJ pillars (point D, Figure 106).
This high voltage high current event could cause significant heating within the device;
however, this plateau is eliminated for Lgap<20μm. Once the SJ pillars have been fully
depleted, the collector current begins to fall rapidly (point E, Figure 106) as the remaining
excess charge is swept out of the device. This coincides with a small increase in collector
voltage (point F, Figure 106); this is an inductive load test and this second fast dI/dt event
causes an increase in voltage across the inductor as seen in the waveform.
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Figure 105 shows that reducing Lgap reduces the tail current but increases the likelihood
of high frequency ringing. The gate capacitance is non-constant during turn-off as
explained above and previously reported in [69], [148], but there is no ringing on the gate
waveform (Figure 105 (b)), indicating this is not the source of the ringing. The depletion
region at the line voltage extends further into the buffer regions for deep SJ structures.
The buffer region has a reduced carrier lifetime due to the higher doping used compared
to the drift region and therefore, the capacitive structure Cgc is more likely to ring with
the stray inductance. Misalignment between the anode-side and cathode-side pillars also
increases this ringing; a 50% offset generates the greatest amount of ringing, followed by
no offset, and full-offset showing the least. This was the case for all depths of
superjunction implant. There is no clear reason for this, but from studying the breakdown
plots at 600V and 700V, it appears that the depletion region spreads the furthest into the
buffer region for the 50% offset, and least for full offset. This could be associated with
the position of the n+ anode short, which at present is situated centrally within the cell.
Further evidence to support this conclusion is given by increasing the p-width for fixed
p-pillar doping (while also increasing n-pillar doping for charge balance to hold), which
suppresses the ringing as the depletion region does not spread as far through the device,
and hence does not reach the buffer. It has been demonstrated that for a full SJ structure
with 2.5μm p-width there is no ringing present on the waveforms irrespective of the SJ
pillar alignment, but there is a small amount of ringing present with a p-width of 1.8μm
at 50% offset. It should be noted that by increasing the p-pillar width the breakdown
capabilities of the device worsened, although all were still above the target voltage of
1.2kV. Some structures also exhibited some Plasma Extraction Transit Time (PETT)
oscillations [149], but investigations have highlighted that careful optimisation of the
buffer can eliminate all of these different oscillations present at turn-off.
The device has been optimised for 600V operation, which constitutes the normal
application range for a 1.2kV device. At this switching voltage the device shows good
turn-off ruggedness (three times nominal current, 350A/cm2). Although the device is
rugged up to 900V, at this switching voltage some unwanted oscillations are introduced.
This occurs because the transient voltage generated via Lstray pushes the depletion region
into the buffer region (which due to the higher doping has a reduced carrier lifetime), so
there is less excess charge in the open pnp transistor. Hence there is minimal tail current
for the dual implant SJ RC-IGBT and this is the cause of the ringing. To address this
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issue, a simple re-optimisation of the n-buffer doping profile supresses this oscillation at
900V; achieving similar turn-off ruggedness without compromising the breakdown
performance.

6.7 Technology Curve
The technology curve given in Figure 107 shows the advantage in removing the snapback;
devices where Lgap<10μm exhibited negligible snapback and have significantly reduced
turn-off losses. Compared to the traditional RC-IGBT, the full dual implant SJ RC-IGBT
provides up to a 77% reduction in switching losses, and with Lgap=10μm a 39% reduction
(Von = 1.515V at 100A/cm2). The manufacturing requirements for the dual implant SJ
RC-IGBT are therefore less restrictive, and a full SJ structure is not required to achieve
significant improvements in performance; alleviating concerns regarding the overlapping
of the anode and cathode SJ pillars during processing. To warrant the additional
processing expense to implant the dual SJ structure, Figure 107 shows that a deep SJ
structure is required as there is little benefit in a partial implant.

Figure 107 - Technology curves of Trench RC-IGBT and Dual Implant SJ RC-IGBT with varying Lgap,
no offset, Von at 100A/cm2, ambient temperature 298K
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6.8 Conclusions
This chapter presents the Dual Implant SJ RC-IGBT and describes how a full
superjunction structure can be manufactured within a 1.2kV device. Two separate SJ
implantations are applied to the device one from the anode side and the other from the
cathode side and it has been demonstrated that there is no requirement for the pillars to
be aligned. It has also been shown that for significant improvement in turn-off losses
compared to a traditional RC-IGBT, a deep SJ device must be manufactured. To achieve
the performance benefits, the maximum permissible gap between the anode and cathode
SJ pillars is 10μm such that there is negligible snapback in the on-state, and a maximum
pillar overlap of 2μm can be tolerated without degradation in the breakdown capabilities.
It has been shown that at most this Dual Implant SJ RC-IGBT can achieve a 77%
reduction in turn-off losses compared to the conventional RC-IGBT.
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Si IGBT and SiC MOSFET
Coordinated Switching Scheme
As has been shown in the previous chapters, the IGBT has excellent on-state performance
due to the bipolar action of the device. However, this property restricts the IGBT dVce/dt
at turn-off, which increases turn-off losses compared to an equivalent metal-oxide
semiconductor field effect transistor (MOSFET). It is not possible to improve the inherent
dVce/dt of the IGBT without sacrificing the on-state behaviour, and therefore an
alternative approach was investigated.
Silicon-carbide (SiC) MOSFETs are emerging into the market as SiC has higher mobility
and increased thermal stability compared to silicon (Si), but the on-state losses of these
devices are still higher than the Si IGBT and the cost per amp of SiC is larger due to
increased material and processing costs. Therefore, this chapter presents a coordinated
switching scheme using both a Si IGBT and a SiC MOSFET, which aims to improve the
turn-off losses within the IGBT without sacrificing on-state losses and minimise the
overall system cost. The system was optimised to use a SiC MOSFET in excess of its
nominal ratings, reducing the cost of the device, and thermal simulations included in this
chapter show that the SiC MOSFET can be operated safely under these conditions. 1

Excerpts of the material in this chapter has been taken from the following publication:
P. Palmer, X. Zhang, J. Zhang, E. Findlay, T. Zhang, and E. Shelton, “Coordinated Switching with SiC
MOSFET for Increasing Turn-off dV / dt of Si IGBT,” 2018 IEEE Energy Convers. Congr. Expo., pp.
3517–3521, 2018

1
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7.1 Introduction
Multilevel inverter topologies are becoming increasingly popular in modern drive
systems and for HVDC applications [150]–[155]. Despite using a larger number of power
transistor switches compared to a more traditional topology, there is an overall efficiency
benefit in terms of filtering requirements and a reduction in the voltage rating of each
individual transistor; multiple transistors are connected in series between the voltage rails
such that each single transistor can have a lower voltage rating compared to the overall
voltage rating of the system [150], [154]. This has the advantage that smaller, more costeffective transistors can be used in larger higher-powered applications, but it is critical
that the switching event is as efficient as possible.
The IGBT has a lower on-state voltage for the same voltage blocking rating compared to
a silicon power metal–oxide–semiconductor field-effect transistor (MOSFET) due to the
bipolar injection mechanism within the IGBT, which causes conductivity modulation
within the drift region [36], [84], making it attractive for use within multilevel inverters.
However, this plasma formation within the IGBT results in increased switching losses
and limits the maximum switching frequency due to the concentration of excess carriers
that restrict the voltage rise (dVce/dt) during turn-off [1], [156]. The development of the
soft punch through (SPT) [57], fieldstop (FS) [58] or light punch-through (LPT) [59]
designs reduced the IGBT switching losses by providing an initial fast turn-off typical of
a non-punch through (NPT) design but eliminating the long tail [36], [57]. Compared to
the punch through (PT) design, the SPT IGBT has a linear dVce/dt with minimal overshoot
[57]. Despite these developments in performance, the bipolar characteristics of the IGBT
inherently restrict the rate of voltage rise during turn-off, and therefore in future only
limited, incremental improvements are expected for Si IGBT technologies [24], [157].
In contrast, MOSFETs are capable of high switching speeds (fast rise of dVds/dt at turn
off) as the device is solely controlled by the MOS gate [1]. Silicon-carbide, a wide
bandgap semiconductor material, offers a more than eight times higher electric field
breakdown capability compared to Si [158] and higher saturation drift velocity [25],
[159]. SiC also offers improved thermal properties and has been demonstrated to operate
reliably with a junction temperature in excess of 200°C for a SiC MOSFET [160], [161].
The specific on-resistance of the drift region is also greatly reduced for SiC compared to
Si since the drift region can be more highly doped and significantly thinner without
compromising breakdown capabilities [1], [24], [158]. As a consequence, for devices in
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the range of 1.2–1.7 kV, a SiC MOSFET offers the best compromise compared to existing
silicon devices: Si MOSFETs have much higher conduction losses compared to the Si
IGBT but the Si IGBT suffers from high dynamic losses limiting its switching capabilities
[25]. SiC IGBTs are, however, not suitable for high power applications as the inbuilt
potential of a SiC p/n junction is 2.7V, negating the other material benefits offered by
SiC.
Since the development of the first SiC MOSFET [22], several generations of devices have
been developed and are commercially available in the 650V – 1.7kV range with current
ratings in the region of hundreds of amps [23]. However, the cost per amp of SiC is still
significantly higher than Si since both the material and processing costs are greater [24].
It is expected that, over time, the cost of production will reduce due to greater volumes,
improved manufacturing techniques and larger SiC wafers, but not to the level of silicon
[21], [24], [25]. Despite the performance benefits, this additional expense currently
prevents the use of SiC MOSFETs within many applications.
It is therefore proposed in this chapter to employ a coordinated switching scheme using a
bipolar Si IGBT and a unipolar SiC MOSFET to achieve improved switching
performance, without sacrificing on-state losses or incurring a significant increase in
device cost. Many Si based hybrid IGBT and MOSFET solutions have been proposed
previously [162]–[165], and more recently a SiC MOSFET and Si IGBT co-packaged
hybrid device concept has been demonstrated in [166], [167]. However, unlike previous
studies, the concept proposed in this chapter only switches the SiC MOSFET for a short
period of time at the end of the IGBT duty cycle, saving the thermal allowance of the SiC
MOSFET for a more extensive and cost-effective use of its device ratings. In this study
co-packaging is avoided to take advantage of commercially competitively priced devices.
This concept was developed in collaboration with Patrick Palmer, Xueqiang Zhang, Jin
Zhang, Tianqi Zhang, Edward Shelton [156].

7.2 IGBT Turn-Off Mechanism and the Reduction of Excess Carriers
The explanation included in this section was developed by the author of this thesis in
collaboration with Patrick Palmer and Xueqiang Zhang.

136

To turn-on an IGBT, the p-well must be inverted to form a MOS channel through the
application of a positive gate-emitter voltage (Vge), causing the flow of electrons into the
n-drift from the n+ emitter implantation. This electron current serves as the base current
for the bipolar pnp transistor within the IGBT (formed by the p+ collector, n-buffer/ndrift, p-well structure). Once this bipolar structure is turned on, holes are injected into the
n-drift region and the excess carrier concentration (plasma) increases. The resulting
conductivity modulation accounts for the relatively low on-state voltage (Von) of the
IGBT, however this plasma limits the dynamic performance. For inductive loads, to turn
off the device, the Miller capacitances and accumulation layer formed under the gate must
be discharged and the line voltage must first be supported across the device by the growth
of the depletion region from the emitter towards the collector. The MOS channel is
contracted to restrict the injection of electrons into the base of the pnp transistor, which
allows the depletion region to form. It is the rate of the growth of this depletion region
that determines the dVce/dt in the turn-off waveforms, but the maximum dVce/dt is limited
by the rate of removal of the stored charge. After this, the speed of turn-off (dIce/dt) is
determined by the open base current decay of the pnp transistor which is, in turn,
dependent on the remaining excess carrier charge (plasma) stored in the n-drift region.
Controlling the plasma level, as part of the device design, is therefore essential to achieve
a favourable trade-off between on-state and turn-off losses. As a result, for a given IGBT
design, multiple devices are manufactured at various points along the turn-off loss (Eoff)
and on-state voltage (Von) trade-off curve, such that the power device can be optimised
for various applications.
As a mature technology, step changes in IGBT design will be limited, and hence
alternative methods are required to improve performance. The switching scheme
proposed aims to reduce the excess plasma within the IGBT at the point of turn-off,
without modifying the IGBT device design or compromising the on-state performance.
The premise of the switching scheme is to turn on a parallel SiC MOSFET towards the
end of the IGBT duty cycle. At this point, the MOS channel of the IGBT is turned off and
further current is prevented from entering the IGBT as the SiC MOSFET provides an
alternative route for the load current. While the MOSFET is conducting, the excess
carriers (plasma) in the IGBT drift region begin the slow processes of recombination and
diffusion. The reduction in plasma will depend on the length of time the MOSFET
conducts for, however this reduction of charge within the IGBT drift region should result
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in an increased IGBT dVce/dt when the MOSFET is turned off, as the depletion region is
able to form more quickly. The excess carrier charge in the IGBT cannot be reduced
indefinitely by such recombination and diffusion, and therefore a limit in the increase of
dVce/dt is expected. There is also a trade-off with MOSFET losses, which is explored in
Section 7.4, however, an overall reduction in switching losses is seen compared to a single
Si IGBT solution.
For this switching scheme, it is also advantageous to minimise the size of the SiC
MOSFET used in order to reduce the overall cost of the hybrid solution and maximise
efficiency. Since the mobility of carriers in SiC is higher than in Si, a much smaller SiC
MOSFET can be employed compared to an equivalent silicon device. According to this
scheme, the SiC MOSFET turns-on under Zero Voltage Switching (ZVS) and/or Zero
Current Switching (ZCS), minimising turn-on losses. This retains the thermal capacity of
the SiC MOSFET for the short period of time when it conducts the full load current. The
SiC MOSFET can therefore be chosen to be undersized and operated it in excess of its
nominal ratings. This results in the device temporarily conducting current beyond its
specified DC current rating. Section 7.4.3 considers the implications of these conditions
on the thermal behaviour of the SiC MOSFET, noting that the active volume of the device
sits on a SiC substrate. It has been shown to be an effective solution since the SiC
MOSFET has low switching losses and conducts for only a fraction of the overall system
duty cycle.

7.3 Experimental Verification of Switching Scheme
The experimental measurements were undertaken by Patrick Palmer and Edward
Shelton. Interpretation of these results were completed by the author of this thesis in
collaboration with Patrick Palmer, Xueqiang Zhang.
Figure 108 shows the control strategy for the coordinated IGBT/MOSFET switching
scheme. The effect of varying the length of time that the MOSFET conducts for, with the
IGBT MOS channel off, is investigated in this study. Experimental verification of the
scheme was conducted using a Fuji Electric V series 1.7kV 650A Si IGBT module with
a Wolfspeed C2M series 1.2kV 36A (80mΩ) SiC MOSFET connected in a voltage clamp
circuit which effectively behaves as an inductive load test, as shown in Figure 109. A
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double pulse test was conducted with a line voltage of 400V and a maximum load current
of 20A at turn-off. The transistors were controlled using two in-house programmable gate
drivers and the integrated antiparallel diodes within the IGBT module were used as the
free-wheeling diode (D1). Despite only switching a relatively low current, as found in
pulse-width modulation (PWM) circuits, this test set-up demonstrates the capabilities of
the switching scheme, and in particular the ability to use a significantly lower rated SiC
MOSFET compared to the Si IGBT.

Figure 108 - Gate drive timing diagram, IGBT solid green line, MOSFET dashed blue line. toneffMOSFET
is varied throughout the investigation.

Figure 109 - Schematic diagram of experimental voltage clamp circuit (effective inductive load test) for
coordinated SiC MOSFET and Si IGBT switching scheme

Figure 110 shows the conventional turn-off of the IGBT in isolation which can be
compared with the coordinated MOSFET/IGBT solution shown in Figure 111. Given
that, in both cases, the switching current is significantly lower than the IGBT device
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rating, the bipolar current is a significant proportion of the overall collector current. This
results in the tail current becoming particularly pronounced and the rate of increase of
collector voltage lower than for the datasheet performance of the IGBT at turn-off.
Despite this, the coordinated switching solution (Figure 111) exhibits a much higher
dVce/dt; 807 V/μs compared to the single IGBT solution (Figure 110) at 520 V/μs. The
coordinated switching solution also exhibits lower tail current indicating that there has
been a significant reduction in plasma in the drift region at the point of turn-off compared
to the reference IGBT.

Figure 110 - Turn-off waveform of Si IGBT, without SiC MOSFET, in inductive load test as given in
Figure 109, ambient temperature 298K

Figure 111 - Turn-off waveform showing the Si IGBT collector-emitter voltage (VCE) and collector
current (IC) with SiC MOSFET drain current (ID) in the coordinated switching scheme operating in the
test circuit as given in Figure 109, tonMOSFET = 3μs, ambient temperature 298K
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The waveform in Figure 111 can be split into three phases. During the first phase
(t<1.7μs), the SiC MOSFET is switched on under ZVS condition and subsequently the
IGBT MOS gate is turned off. As a result, the majority of load current is transferred from
the IGBT to the MOSFET. This commutation takes approximately 1.7μs to complete but
the small bipolar element of the IGBT current (tail current) remains in the IGBT due to
the plasma stored in the drift region. During the second phase (1.7μs<t<3μs), the majority
of the load current is maintained in the MOSFET, giving time for the open base current
decay of the pnp transistor within the IGBT to occur through diffusion and recombination
of carriers while Vce remains low. In the third phase (t>3μs), the MOSFET is switched
off, the load current is commutated back to the IGBT, and a linear rise in Vce is seen. As
with a conventional IGBT turn-off under inductive load, once Vce has reached the line
voltage (400V) the collector current falls rapidly, leaving only the remaining tail current
caused by the bipolar action of the device, which is significantly reduced compared to the
IGBT only turn-off in Figure 110.
Figure 112 provides the relationship between the measured dVce/dt and the effective ontime for the SiC MOSFET (toneffMOSFET) while the IGBT MOS gate is off. During these
measurements toverlap was set to 1μs. This time accounts for the delay to turn on the SiC
MOSFET, a safety margin to ensure that the SiC MOSFET is fully on before the IGBT
gate is turned off, and the time taken for the IGBT gate voltage to fall. Figure 112 shows
that for low MOSFET on-time (toneffMOSFET<9μs) there is a linear increase in dVce/dt,
however beyond this, the rate of increase of collector emitter voltage begins to slow and
a saturation effect is exhibited: from Figure 113 it can be seen that there is negligible tail
current for tonMOSFET at 20μs showing that there is a limit to the reduction in excess carrier
charge in the IGBT. Figure 113 shows overshoot and ringing in the waveforms as
tonMOSFET increases. This occurs because there has been a significant reduction of plasma
within the drift, such that when the depletion region forms due to the reapplication of the
line voltage across the collector-emitter, it spreads further into the device and hence the
parasitic Cgc rapidly reduces. As a consequence of this and the stray inductance in the
circuit, it results in the device “snapping” and ringing occurs. This therefore presents a
limit to the effectiveness of reducing the stored plasma and the tail current. Despite this,
the experimental results demonstrate an increase in dVce/dt by over four times when
toneffMOSFET = 9μs (tonMOSFET = 10μs) and the reduction in tail current lowers the IGBT
turn-off losses considerably.
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Figure 112 - Experimentally measured rate of change of collector-emitter voltage (measured at 10%-90%
Vce) against the effective on-time of the SiC MOSFET (toneffMOSFET), switching 20A in the circuit as
given in Figure 109, ambient temperature 298K

Figure 113 - Turn-off waveforms with false origin of the Si IGBT/SiC MOSFET with varying tonMOSFET
for coordinated switching scheme operating in the circuit as given in Figure 109, ambient temperature
298K. Note current and voltage waveforms have been overlaid for ease of comparison

7.4 Simulation Investigation
The material presented in this section has been undertaken solely by the author of this
thesis.
2D TCAD Si IGBT and SiC MOSFET models were developed in Sentaurus to further
investigate the coordinated switching strategy, without the constraints of the hardware in
the experimental rig that limited both the maximum switching current and also tonMOSFET
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to 20μs. The 2D IGBT model used (Figure 114 (a)) was the same as that developed in
Chapter 3, Section 3.4, with the area factor scaled such that the full 450A module was
simulated [107].

(a)

(b)

Figure 114 - Schematic of simulated device structures (a) 2D 1.7kV IGBT, (b) 2D SiC MOSFET model
with substrate included

The SiC MOSFET model (Figure 114 (b)) has been developed specifically for this study,
using a planar gate configuration and an active area of 0.25cm2 for a device current rating
of 150A. To be representative of industry standard devices, the substrate was increased
to 170μm, which provides a worst case for the heating conditions discussed in Section
7.4.3. This could be removed by manufacturers if desired to produce a thinner device,
which would cool the device faster due to a smaller thermal mass. Section 7.4.4
investigates the effect of reducing the current rating of the SiC MOSFET further, to 45A
and 22.5A, representing a 1:10 and 1:20 ratio respectively with the IGBT rated current.
The two models have been simulated using mixed-mode simulations. The SiC MOSFET
and IGBT were connected in parallel in a standard inductive load test configuration (as
shown in Chapter 3, Section 3.5), switching a 455µH load at 400A and 900V line voltage.
A stray inductance of 300nH was accounted for in line with the load inductance, and a
further 300nH between the IGBT and MOSFET connections. For both the IGBT module
and MOSFET module a 10Ω gate resistor was applied.
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7.4.1 Effect of SiC MOSFET on IGBT dV/dt and Switching Losses
Figure 115 provides the simulated turn-off waveforms with toneffMOSFET = 4μs. In this
simulation toverlap = 5μs; 4μs was set by the gate drive scheme to ensure that the SiC
MOSFET is fully on before turning off the Si IGBT and a further 1μs accounts for the
IGBT gate voltage to fall as shown in Figure 115 (b). Throughout the simulations toverlap
remains constant and only toneffMOSFET is varied as shown in Figure 108.

(a)

(b)

Figure 115 - Simulated turn-off waveform of the Si IGBT/SiC MOSFET coordinated switching scheme in
inductive load test, toneffMOSFET = 4μs, ambient temperature 298K, (a) IGBT Vce and Ic with MOSFET
Vds and Id, (b) IGBT and MOSFET gate voltages

Figure 115 displays the same characteristics as shown in the experimental results in
Figure 111. For this simulation, toneffMOSFET was 4μs and Figure 115 shows a tail current
within the IGBT at the end of the coordinated turn-off event as a result of remaining
excess carriers within the device drift region. At ~203µs, the IGBT collector current
slightly increases while the MOSFET is conducting. During this time, despite the IGBT
gate signal having been driven to -15V, the parasitic capacitances have not discharged
because, unlike a normal inductive load turn-off event, the collector-emitter voltage has
not increased to the line voltage as it is clamped by the on voltage of the SiC MOSFET.
As a consequence, this parasitic capacitance partially discharges, resulting in a temporary
increase of electrons in the p-well, increasing the collector current. The full discharge of
the IGBT parasitic capacitances occurs at the point of turn off of the MOSFET, as shown
by the spike in the collector current and gate-emitter voltage. Due to the presence of stray
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inductance, at the point the MOSFET is turned off there is also a collector-emitter voltage
spike across the IGBT as a result of the high rate of change of collector current.
A comparison of the collector-emitter voltage for varying MOSFET on-time is given in
Figure 116. A false origin has been used in this figure, where t=0μs is equivalent to the
point at which all gate signals are low. As shown in the experimental results (Figure 113),
increasing the MOSFET on-time increases dVce/dt, but it also increases the overshoot (at
toneffMOSFET = 39μs, Vovershoot = 1657V). Unlike the experimental results there is not,
however, significant ringing: as the simulation is switching significantly higher currents
compared to the experimental data, there are still sufficient carriers within the IGBT at
the point of turn-off to prevent the depletion region spreading too far and too quickly
through the device, and therefore Cgc remains sufficiently large to not induce high
frequency oscillations. Figure 116 also shows a significantly larger delay in the collectoremitter voltage rising for the IGBT switching alone compared to the coordinated
switching solution. This due to the effective remaining parasitic capacitance in the IGBT
when turned off in the coordinated scheme being significantly reduced compared to the
IGBT switching alone. The coordinated scheme provides time for a partial discharge of
these parasitic capacitances, the removal of some of the accumulation layer charge, and
the recombination and diffusion of some of the excess carriers within the drift, thus
reducing the delay in the voltage rise Vce.
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Figure 116 - Comparison of simulated IGBT collector-emitter voltage for varying MOSFET on time
(toneffMOSFET), ambient temperature 298K. A false origin has been used, where t=0μs is equivalent to the
point at which the all gate signals are low.
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Figure 117 - Relationship between simulated rate of increase of IGBT collector-emitter voltage at turn-off
(measured at 10%-90% Vce) and toneffMOSFET for inductive load switching at 400A, ambient temperature
298K

The relationship between dVce/dt and MOSFET on-time is explored further in Figure 117.
For increasing toneffMOSFET, the rate of increase of dVce/dt slows and ultimately begins to
saturate. The point at which dVce/dt begins to saturate is heavily dependent on the carrier
lifetime within the IGBT. In the TCAD model, carrier lifetimes are calculated locally and
dependent on multiple recombination mechanisms, however a simple MATLAB model
allows a carrier lifetime to be easily specified. A MATLAB model of a Si IGBT [168]
with a reduced low-level carrier lifetime set to 1μs and a SiC MOSFET model based on
that proposed by McNutt [169], demonstrates saturation in the dVce/dt for toneffMOSFET >
5μs [156]. This therefore suggests the possibility of further optimisation of the switching
scheme through localised lifetime control within the IGBT. It is worth noting that the
results in Figure 117 show a significantly higher dVce/dt than given experimentally in
Figure 112. Despite both using a 450A rated IGBT module, experimentally only 20A was
switched, compared to the 400A as simulated. In the case of the lower current, full
conductivity modulation of the drift is still achieved [170] and hence the bipolar element
of the IGBT dominates the behaviour, giving an artificially low dVce/dt.
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Figure 118 - Relationship between simulated turn-off losses and toneffMOSFET for inductive load
switching, ambient temperature 298K

Increasing the dVce/dt of the IGBT does not reduce the overall turn-off losses indefinitely
as MOSFET losses increase with duty cycle. This trade-off is shown in Figure 118, where
turn-off losses are calculated from the point in time where the IGBT gate signal falls
(including some of toverlap and all of toneffMOSFET as defined in Figure 108). This therefore
includes the MOSFET on-state losses, as well as the IGBT and MOSFET turn-off losses.
In these simulations the SiC MOSFET has been operated in excess of its nominal device
ratings, such that the drain current is significantly higher than the DC rated value. This is
acceptable given the relatively short duty cycle of the MOSFET, and the low loss
ZVS/ZCS condition at turn-on. It does, however, result in a slightly higher on-state
voltage drop across the MOSFET than would traditionally be expected. Despite this, the
coordinated switching scheme significantly reduces the overall switching losses
compared to the single IGBT device. At most, a 57.5% reduction in turn-off losses is
achieved (toneffMOSFET = 9μs). For toneffMOSFET > 15μs, the MOSFET on-state losses
begin to dominate, and there is no further benefit in increasing dVce/dt of the IGBT.

7.4.2 Effect of Stray Inductance on Switching Losses
Further investigations were conducted to discover the effect of stray inductance on the
circuit performance. Industry-leading module packaging designs, created specifically for
SiC MOSFET modules, have reduced the stray inductance to 35nH/cm2 [146], [147].
Using these parameters provides an upper bound for the maximum improvement in
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performance that could be achieved if, for example, the Si IGBT and SiC MOSFET were
co-packaged.

Figure 119 - Simulated turn-off waveform of the Si IGBT/SiC MOSFET coordinated switching scheme in
inductive load test, toneffMOSFET = 4μs, ambient temperature 298K, for original and low stray circuit
inductance

Figure 118 shows a further reduction in the total power losses of 23.7% compared to the
original coordinated switching scheme layout (at toneffMOSFET = 4µs, close to the
minimum loss condition), mainly due to an improvement in the stray inductance for the
IGBT packaging. Figure 119 compares the two transient waveforms at turn-off. The high
stray inductance (original conditions) causes a delay in the rise of the collector voltage
and significant overshoot. However, this is not the most dominant effect in terms of power
losses. For the original circuit, when the MOSFET is initially switched on, it is unable to
efficiently take over the IGBT conduction current due to the large stray line inductance.
As a result, there is less time for the recombination process within the IGBT to occur and
therefore there is more stored charge within the device when the MOSFET is eventually
switched off. The larger stray inductance also resists rapid changes in the current, which
contributes further to the overall switching loss. It should be noted that at ~201µs, there
is a small spike in the collector current for the low inductance waveform. This is caused
by the accumulation charge dissipating away from the gate, causing a localised increase
in current. This effect could not be seen in the previous simulation waveforms due to the
larger inductance between the IGBT and MOSFET.
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7.4.3 Thermal Effects within the Si IGBT and SiC MOSFET
The coordinated switching scheme has been designed to minimise the size of the SiC
MOSFET by operating the device in excess of its nominal ratings to reduce the overall
cost of the hybrid solution and maximise efficiency. Therefore, it is critical that selfheating effects are considered to determine if it is safe to use the proposed SiC MOSFET
under these conditions. To assess this, simulations were conducted at ambient
temperatures of 298K and 423K with self-heating for both the IGBT and MOSFET
considered, allowing for a heatsink in line with manufacturer’s recommendations; a
heatsink with 0.6K/W was applied to both the IGBT collector and MOSFET drain, and it
was assumed that there was minimal heat loss from the other contacts. It should be noted
that the SiC MOSFET is constructed on a SiC substrate (170μm), which is many times
the thickness of the active region, and as such acts as a thermally conductive mass.
Including self-heating effects did not lead to significant changes in the switching
waveform as originally shown in Figure 115.
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Figure 120 - Relationship between simulated turn-off losses and toneffMOSFET for inductive load switching
with device self-heating considered and collector/drain heatsink of 0.6K/W, ambient temperature 298K
and 423K

Figure 120 shows the energy losses for different MOSFET duty cycles at both 298K and
423K. At toneffMOSFET = 9μs losses increase by 36% compared to the non-thermal
simulations; with the increased losses dominated by the MOSFET heating. This results
in a new minimum total loss condition at 298K ambient where toneffMOSFET = 7μs, which
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represents a 46.8% reduction compared to the turn-off losses for the IGBT switched alone.
For an ambient temperature of 423K, the toneffMOSFET optimum point is reduced further
to 4μs since the MOSFET losses have increased, but this is still a 40.3% reduction
compared to the single IGBT turn-off under the same conditions. It was found that, for
the coordinated scheme, the maximum lattice temperature within the IGBT during turnoff was largely independent of the MOSFET on-time and slightly reduced compared to
the IGBT only turn off: at ambient 298K, the IGBT only turn-off maximum lattice
temperature was 311K whereas for the coordinated switching IGBT the maximum lattice
temperature was 303K, and at 423K ambient, at most a 6K increase in maximum IGBT
lattice temperature was measured during the coordinated turn-off event.

Figure 121 - Simulated turn-off waveform of the Si IGBT/SiC MOSFET coordinated switching scheme in
inductive load test with device self-heating effects considered, toneffMOSFET = 7μs, ambient temperature
298K
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(a)

(b)

Figure 122 - Simulated SiC maximum lattice temperature with time for varying toneffMOSFET, (a) ambient
temperature 298K, (b) ambient temperature 423K

(b)

(a)
Figure 123 - Simulated SiC lattice temperature at 208.8μs in Figure 122 for toneffMOSFET = 7μs, ambient
temperature 298K, (a) gate and source region of MOSFET (b) zoomed view at gate
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The MOSFET heating was explored in relation to the transient waveforms in Figure 121.
Self-heating effects cause a rise in the temperature when the MOSFET is in the on-state
and conducting the load current. However, the sharp increase in the maximum lattice
temperature of the MOSFET coincidences with the device turning off and the small
current spike in the IGBT, caused by excess carriers that have yet to recombine. This is
expected given the hard turn-off of the MOSFET. The MOSFET lattice is hottest under
the gate at the top of the device as shown in Figure 123, but it rapidly dissipates into the
bulk of the device. Figure 122 shows the relationship between the maximum lattice
temperature within the MOSFET and the device duty cycle for different ambient
temperatures. Despite the increasing temperature with duty cycle, in all cases it takes
approximately 16μs for the lattice temperature to recover from the sharp increase caused
by the hard switching event and return to the temperature at just prior to turn-off. From
Figure 122 (a), at toneffMOSFET = 7μs, it takes 10μs for the lattice temperature to return to
within 5% of the device ambient, meaning that a switching frequency in excess of 90kHz
is easily achievable for this topology. It is possible that with improved heatsinking and
forced air cooling this switching frequency could be increased further.

7.4.4 Minimising the Current Rating of SiC MOSFET
Given the increased manufacturing expense of SiC devices compared to Si, it would be
advantageous to minimise the size of the MOSFET to reduce overall costs. In previous
simulations the MOSFET was sized to be one third of the IGBT current rating (150A),
but a more aggressive ratio is investigated here; 1:10 ratio (45A MOSFET rating) and
1:20 ratio (22.5A MOSFET rating). The ability of the undersized MOSFET to conduct
current far in excess of its device ratings will be limited by the heating of the device and
the speed at which this heat can be dissipated. As a result, the same simulation conditions
as discussed in Section 7.4.3 were used for this analysis.
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(a)

(b)
Figure 124 - Relationship between simulated turn-off losses and toneffMOSFET for varying size of SiC
MOSFET under inductive load switching with device self-heating considered and collector/drain heatsink
of 0.6K/W, ambient temperature 298K and 423K; (a) full graph, (b) zoom toneffMOSFET 0 to 4µs

Figure 124 compares the total turn-off losses for the coordinated switching scheme with
the various sizes of MOSFET. It should be noted that there was no significant change to
the IGBT turn-off losses (Figure 120) or the current voltage waveform (Figure 121) when
using the smaller MOSFETs. It can be seen from Figure 124 that using the 22.5A
MOSFET (1:20 ratio) presents no advantage compared to the single IGBT turn-off under
the same conditions, whereas using the 45A MOSFET (1:10 ratio), under certain
conditions, does reduce overall turn-off losses. When toneffMOSFET ≤ 2µs, for both
ambient temperatures, the 45A MOSFET scheme has reduced turn-off losses compared
153

to the single IGBT turn-off. In particular at 298K for toneffMOSFET = 1µs, losses are only
slightly increased compared to using the 150A MOSFET. However, the significant
heating of the 45A SiC MOSFET limits the benefits of the coordinated switching scheme,
and despite reducing the excess carriers in the IGBT drift region, the overall switching
losses increase due to the large on-state losses of the MOSFET.

MOSFET Current Rating
Temperature
150A

45A

22.5A

298K

Did not fail

9µs

4μs

423K

Did not fail

7µs

2μs

Table 4 - Maximum permitted toneffMOSFET to prevent breakdown of SiC MOSFET for varying SiC
MOSFET current ratings, under inductive load switching with device self-heating considered and
collector/drain heatsink of 0.6K/W

Figure 125 - Simulated SiC maximum lattice temperature with time for varying toneffMOSFET and
MOSFET current rating, ambient temperature 298K

This heating of the SiC MOSFET often resulted in the destructive failure of the device if
toneffMOSFET was too large; Table 4 summaries the maximum permissiable toneffMOSFET
for the simulated heatsink conditions. It would be possible to extend the MOSFET ontime further if more aggressive cooling conditions were implemented, such as forced air
154

or water cooling, however, this would significantly increase the overall cost of the system.
Figure 125 shows the relationship between the maximum lattice temperature within the
MOSFET for the 150A and 45A devices, and the device duty cycle for an ambient
temperature of 298K. Only the data for toneffMOSFET of 1µs and 2µs was considered as a
longer MOSFET on-time did not result in an efficiency saving when using the 45A SiC
MOSFET in this scheme. Both sizes of MOSFET exhibit a rapid temperature increase
which coincidences with the device turning off, however, the 45A MOSFET also has
significant heating during conduction. This consequently increases the maximum lattice
temperature by almost 60% compared to the 150A rated device (toneffMOSFET = 2µs) and
hence severely limits the maximum switching frequency of the scheme: for the lattice
temperature to return within 5% of the ambient temperature takes 29µs for the 45A
MOSFET with toneffMOSFET = 1µs and 95µs for the 45A MOSFET with toneffMOSFET =
2µs, which for the 150A MOSFET takes only 2µs and 3µs respectively. This results in a
maximum switching frequency of 34kHz for the 45A MOSFET (with toneffMOSFET =
1µs), however this still presents a 34.6% improvement in turn-off losses. Therefore, for
low cost, relatively low switching frequency applications, it is advantageous to reduce the
size of the SiC MOSFET to this more extreme level, however, careful consideration must
be given to the cooling conditions for the SiC device.

7.5 Conclusion
This chapter presents a coordinated switching scheme using a SiC MOSFET in parallel
with a Si IGBT to achieve a higher dVce/dt and lower losses at turn-off compared to a
stand-alone IGBT switch. By switching the SiC MOSFET on towards the end of the IGBT
duty cycle under ZVS/ZCS condition, it has been demonstrated that the MOSFET is able
to act as a bypass route for the load current. This enables the IGBT MOS channel to be
switched off while the MOSFET is conducting, providing time for the excess carriers
within the IGBT to recombine, reducing the tail current, and greatly increasing the IGBT
dVce/dt when the MOSFET is subsequently turned off. This switching scheme has been
demonstrated experimentally and extensive simulations have been conducted to
investigate the optimum switching conditions. TCAD simulations have established that
there is an optimum condition and that, after a relatively short MOSFET on-time, overall
system losses are significantly reduced. Increasing the MOSFET on time beyond this
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time, and hence increasing the dVce/dt of the IGBT further does not improve the overall
performance since the MOSFET on-state losses begin to dominate. Despite operating the
SiC MOSFET in excess of its nominal ratings, in order to reduce the overall cost of the
hybrid solution and maximise efficiency, simulations of the lattice heating have shown
that the SiC MOSFET cools sufficiently quickly to support an overall switching
frequency for this topology in excess of 90kHz for a 450A IGBT module and 150A rated
MOSFET module (33% of IGBT current rating). It has been demonstrated that, after
accounting for self-heating within the devices, a 46.8% reduction in turn-off losses can
be achieved using this 150A SiC MOSFET, compared to a single IGBT turn-off under
the same conditions. If the MOSFET size is reduced further to a 45A rated device (10%
of IGBT current rating), to minimise the overall system cost, it has been shown that, after
accounting for self-heating within the devices, a 34kHz switching frequency can be
supported while still improving the switching losses by 34.6% compared to a single IGBT
turn-off under the same conditions.
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Conclusions and Future Work
Power semiconductor devices, estimated to control 50% of the electricity used worldwide
[1], are at the heart of all power electronics systems. With the move towards
electrification for transportation, renewable energy sources, and industrial applications,
demand for efficient IGBT modules is increasing: at the time of writing, IGBTs and IGBT
modules account for 28% of the $17.5 billion power semiconductor industry ($4.8 billion
market share), and in the next 5 years the IGBT market is set to increase in value to $6.18
billion [14]. Optimisation of the IGBT to produce even a small increase in efficiency
therefore has the potential to have a significant impact upon global energy consumption.
Meeting these applications and new end-user demands requires development of highly
reliable and efficient modules. This thesis outlines work towards this objective.
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8.1 Conclusions of the Thesis
Despite the emergence of wide bandgap materials, silicon is still the primary material for
power semiconductor devices as material and processing costs of silicon are significantly
lower compared for these emerging materials. Particularly for power IGBTs, both GaN
and SiC are not suitable; GaN is only suitable for lateral devices and with the inbuilt
potential of a SiC p/n junction being 2.7V, this negates the other material benefits offered
by SiC.
The IGBT itself is often viewed as the combination of a power MOSFET and a bipolar
transistor. It therefore offers a compromise between on-state and switching performance
making it the dominant power device in the 600V to 4.5kV range [2], although Si IGBTs
are commonly produced up to 6.5kV. Amongst numerous other applications, these
devices are used in charging electric vehicles, feeding the power generated by wind
turbines or solar cells into the national grid, controlling motors in electric cars and
powering the electric train network. Any energy consumed by power transistors in these
applications is wasted energy. With global warming becoming a critical issue, there is an
immediate need to reduce our carbon footprint and one way to achieve this is to improve
the efficiency of the power transistor itself. Given the number of power devices used
around the world, even a fractional reduction in their losses could have a global impact
on total energy consumption.
Improving the efficiency of the IGBT has been addressed throughout this thesis, by
undertaking extensive 3D TCAD simulations and, where possible, obtaining
experimental verification. This has been approached in several different ways; optimising
existing designs to increase reliability, developing novel switching schemes to reduce
losses, combining device structures to improve performance and designing a new novel
device to address operational issues.
These findings are summarised in more detail below.


New IGBT designs are becoming increasingly reliant on simulation tools that allow
for rapid device development which, due to the cost and time associated with
fabrication, could not be achieved by manufacturing prototypes. TCAD simulations
enables the physical interactions within the device to be modelled more accurately
than an equivalent compact circuit model, but these simulations are computationally
expensive and typically most design engineers develop these TCAD models only in
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2D. The results in Chapter 3 highlighted the inaccuracies of a 2D model and justified
the benefit of developing these transistor models in 3D to ensure that the device
performs as expected when manufactured.


Based upon a commercial IGBT, Chapter 3 detailed the development of a leading
TCAD simulation model of the IGBT using novel 3D modelling techniques, which
works in all modes of operation including static and dynamic as well as during fault
conditions such as short-circuit events. To minimise computational effort, the
simulated cell represented the smallest possible replicating structure; equivalent to
0.000166% of the device active area. However, using this model it was found that
processing variations across the die became significant. Large variations between the
experimental data from the manufactured device and the simulation model lead to
the discovery of widespread birds-beaking within the IGBT – an uncontrollable
processing defect that the manufacturer was unaware of. The birds-beak phenomenon
was imaged using a scanning electron microscope and the results in Chapter 3
highlighted how this processing uncertainty has a strong effect on the accuracy of
simulations. It was demonstrated that the birds-beak effect can be accounted for in
simulation by a two-device model, which allows for small-scale and large-scale
device behaviours to be matched while limiting the computational effort.



The effect of this birds-beaking was investigated further in Chapter 3. In practical
terms, this phenomenon results in the designer struggling to validate models and
underappreciating the true behaviour of the device. In terms of device performance,
birds-beaking caused a 32% reduction in short-circuit endurance time for the device
as the areas of lower threshold (non birds-beak) conduct 25.2% higher current density
compared to regions of the device which suffer from birds-beak.



Current processing limitations mean that the birds-beak cannot be eliminated directly
when using the existing n+ implant. Therefore, to overcome this issue, an alternative
n+ emitter implantation was proposed, using a combination of arsenic and
phosphorus, so that the device performance is unaffected by the presence of birdsbeaking. This modification requires minimal extra fabrication steps. Although the
additional phosphorus implant reduces the threshold of the device compared to the
original model designers can compensate for this by increasing the p-well doping
concentration, which will also help prevent thyristor latch-up and punch-though
under breakdown conditions.
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Chapter 4 used the verified 3D IGBT model to determine an optimum cell design that
considered critical 3D effects, and compared different methods to modify the emitter
geometry, which had previously not been investigated in literature. In particular, the
effect of the geometric properties of a trench IGBT cell on the saturation current and
on-state voltage was studied to produce a set of design rules. Previous studies had
only investigated one variation of the emitter geometry. Extensive simulations
revealed that there are competing effects within the device as the emitter geometry is
varied. For small cells, or cells with a limited channel depth (z-dimension), the
reliability improves (reducing saturation current) but at the expense of on-state
losses. This is attributed to hole current modulation of the channel; whereby the
bipolar action of the IGBT is limited and the behaviour becomes more like that of a
power MOSFET. For larger cells or cells with an extensive channel depth, it is
possible to partially trigger the parasitic thyristor structure, resulting in an increased
susceptibility to latch up under short circuit conditions. Dummy trenches are
necessary to control the hole current flow at the top of the device, however increasing
the number of dummy trenches beyond 0.5 to reduce channel density and thus the
saturation current is at the designer’s discretion and provides a trade-off with the onstate voltage. However, increasing the number of dummy trenches beyond two is
undesirable as it results in a significant increase in on-state losses but only a minimal
reduction in saturation current. It was also shown that the emitter geometry has no
effect on IGBT turn-off losses.



The module used for the 3D simulation study in Chapter 3 contained both IGBTs and
diodes co-packaged, as both an anti-parallel diode and power device are required
together for most power electronic applications. The Reverse-Conducting IGBT
(RC-IGBT) concept integrates this antiparallel diode structure within the IGBT itself,
in a similar fashion to the inherent body diode within a power MOSFET. The RCIGBT has several benefits over a separate IGBT and diode solution and has the
potential to become the dominant device within these power electronic applications.
However, the device suffers from many undesirable design trade-offs that have
prevented its widespread use, most prominently a snapback in the on-state
characteristic that can lead to overheating and ultimately destructive failure of the
device. To overcome these issues, many variations of the RC-IGBT have been
proposed in literature, the most promising of which were simulated under the same
conditions such that they could be directly compared. The results, given in Chapter
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5, showed that these various concepts either present a trade-off in performance, an
inability to be manufactured, or a requirement for a custom gate drive, which
significantly increases the cost and complexity of the system.


Following this critical review of existing RC-IGBT structures, Chapter 6 proposed a
new RC-IGBT device that is manufacturable using current state of the art techniques,
does not suffer from snapback and is compatible with a standard gate drive. This new
‘Dual Implant SuperJunction RC-IGBT’ for the first time enables a full
SuperJunction (SJ) structure to be achieved in a 1.2kV device using current
fabrication techniques, by applying two separate SJ implantations; one from the
anode side and the other from the cathode side. It was demonstrated that there is no
requirement for the pillars to be aligned, but to achieve the performance benefits, the
maximum permissible gap between the anode and cathode SJ pillars is 10μm such
that there is negligible snapback in the on-state, and a maximum pillar overlap of
2μm can be tolerated without degradation in the breakdown capabilities. It was
shown in simulation that the new Dual Implant SJ RC-IGBT can result in a 77%
reduction in turn-off losses compared to a conventional RC-IGBT.



The IGBT has excellent on-state performance due to the bipolar action of the device,
however, this property restricts the IGBT dVce/dt at turn-off. It is not possible to
improve the dVce/dt of the IGBT without sacrificing the on-state behaviour, and
therefore an alternative approach was investigated in Chapter 7. Silicon-carbide
MOSFETs are emerging into the market as SiC has higher mobility and increased
thermal stability compared to silicon, but the on-state losses are still higher than the
Si IGBT and the cost per amp of SiC is larger due to increased material and
processing costs. Therefore, a novel coordinated switching scheme using both a Si
IGBT and SiC MOSFET was proposed, which aimed to improve turn-off losses
within the IGBT without sacrificing on-state losses while minimising the overall
system cost.



In this new switching scheme, the SiC MOSFET was turned-on towards the end of
the IGBT duty cycle, under a ZVS/ZCS condition, to act as a bypass route for the
load current, giving time for charge within the IGBT to recombine and hence improve
the dVce/dt. The system was optimised to use a SiC MOSFET in excess of its nominal
ratings, reducing the cost of the device, and, to ensure it could be operated safely
under these conditions, extensive simulations to model the heating of the
semiconductor lattice were conducted. These simulations showed that the SiC
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MOSFET cools sufficiently quickly to support an overall switching frequency for the
topology in excess of 90kHz, and a 46.8% reduction in turn-off losses was achieved
compared to a single IGBT turn-off under the same conditions. If the MOSFET size
is reduced further to a 45A rated device, to minimise the overall system cost, it has
been shown that, after accounting for self-heating within the devices, a 35kHz
switching frequency can be supported while still improving the switching losses by
34.6% compared to a single IGBT turn-off under the same conditions.

8.2 Future Work
The work, detailed in this thesis, can be extended in several directions.


Manufacture of the modified IGBT design with the arsenic phosphorus coimplantation technique to eliminate the effects of birds-beak would be the next
logical step to improve the trench IGBT performance. A future study could be
conducted alongside a commercial partner to verify the simulation model results,
with the intention of developing the device for mass manufacture.



The Dual Implant SJ RC-IGBT concept should also be manufactured to verify the
simulation results. In particular, future work should focus on refining the suggested
process flow, presented in Chapter 6, as although the current suggested method is
possible (and comparatively significantly easier than a deep SJ trench from a single
etch), it still presents numerous technical challenges. Work could also be performed
to optimise the diode performance, which was not considered in detail in the original
study. A further development could investigate the possibility of commercialisation
of the device as it has the potential to be a disruptive technology within the RC-IGBT
market. In particular, efforts could concentrate on the optimisation of the device
within typical applications to ensure maximum efficiency in these situations.



The SiC MOSFET/Si IGBT switching scheme has been successfully demonstrated
experimentally at lower powers and extensive simulations have shown its suitability
at higher currents. However, to progress this research, the technology should be
demonstrated experimentally in a multilevel converter suitable for HVDC
applications. Particular attention should be given to the gate drivers, and optimising
the switching scheme, without significantly increasing the overall cost and
complexity of the system. Further work studying the effects of stray inductance on
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the system could also be explored by co-packaging the SiC MOSFET die and Si
IGBT die within the same module (but still with separate gate control). The
possibility of a further reduction in the SiC MOSFET size could be investigated,
either by optimising the heatsink (forced air or water cooling) or by using multiple,
significantly smaller, SiC MOSFET die per Si IGBT switch, as there may be a cost
benefit.


Future research could also focus on designing a new and novel IGBT that integrates
monitoring sensors directly onto the IGBT die, with the intention to detect
degradation in the lifetime of IGBT modules while in service. Degradation is usually
caused either by fluctuating environmental conditions or by manufacturing
imperfections, such as the birds-beak effect. It is known that there are three main
indicators that an IGBT is degrading and is susceptible to failure; for all ambient
temperatures, threshold voltage increases, transconductance increases and the
collector-emitter on-voltage reduces. This study could investigate the use of silicon
sensors to directly measure these IGBT parameters, rather than inferring them from
the converter performance, which is typically the method used. Beginning with
simulations based on the techniques developed in this thesis, the suitability of the
‘smart IGBT’ concept could be demonstrated and ultimately the design could
progress to prototype development and experimental verification.
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Appendix
A.1. 3D Simulation Parameters for Mobility Models in Silicon
The simulation parameters, for the mobility models when simulating silicon IGBT
structures in 3D, were used as listed below. 2D simulation models used the default silicon
values as provided in [92].

Enhanced Lombardi Model (parameter set EnormalDependence):
B = 1.805e+07, 3.02e+07 [cm/s]
C = 5.1e+03, 8.36e+03 [cm5/3/(V2/3s)]
N0 = 1, 1 [cm-3]
lambda = 0.0233, 0.0119
k = 1, 1
delta = 1.79e+18, 4.1000e+15 [V/s]
A = 2.688, 2.18
alpha = 2.74e-20, 3.13e-20
aother = 0.0000e+00, 0.0000e+00
N1 = 1, 1 [cm-3]
nu = 0.0767, 0.123
eta = 1.0e+300, 1.0e+300 [V2/(cm·s)]
l_crit = 1.0000e-06, 1.0000e-06 [cm]

Canali Model for High-Field Saturation (parameter set HighFieldDependence):
beta0 = 1.109, 1.213
betaexp = 0.66, 0.17
alpha = 0.0000e+00, 0.0000e+00
164

K_dT = 0.2, 0.2
E0_TrEf = 4.0000e+03, 4.0000e+03
Vsat_Formula

=1,

1

vsat0 = 1.0700e+07, 8.3700e+06
vsatexp = 0.87, 0.52

Philips Unified Mobility Model (parameter set PhuMob):
mumax_As = 1.4170e+03 [cm2/Vs]
umin_As = 52.2 [cm2/Vs]
theta_As = 2.285
n_ref_As = 9.6800e+16 [cm-3]
alpha_As = 0.68
mumax_P = 1.4140e+03 [cm2/Vs]
mumin_P = 68.5 [cm2/Vs]
theta_P = 2.285
n_ref_P = 9.2000e+16 [cm-3]
alpha_P = 0.711
mumax_B = 4.7050e+02 [cm2/Vs]
mumin_B = 44.9 [cm2/Vs]
theta_B = 2.247
n_ref_B = 2.2300e+17 [cm-3]
alpha_B = 0.719
nref_D = 4.0000e+20 [cm-3]
nref_A = 7.2000e+20 [cm-3]
cref_D = 0.21
cref_A = 0.5
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me_over_m0 = 1
mh_over_m0 = 1.258
f_CW = 2.459
f_BH = 3.828
f_e = 1
f_h = 1
alpha1_g_k = -7.2169e-01
alpha1_g_m = -1.5952e+00

A.2. Simulation Parameters for SiC Models
The simulation parameters, for the models when simulating SiC MOSFET structures in
2D, were used as listed below. A full list of the models that these parameters apply to is
given in [92].

Relative permittivity (parameter set Epsilon):
epsilon = 9.66

Specific heat capacity (parameter set LatticeHeatCapacity):
cv = -2.139
cv_b = 2.242e-2
cv_c = -3.130e-5
cv_d = 1.546e-8

Incomplete Ionisation (parameter set Ionization):
For 4H-SiC Nitrogen hexagonal site;
E_0 = 0.0709
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alpha = 3.3800e-08
g = 2.0
Xsec = 1.0000e-12
For 4H-SiC Nitrogen cubic site;
E_0 = 0.1237
alpha = 4.6500e-08
g = 2.0
Xsec = 1.0000e-12
For 4H-SiC Boron;
E_0 = 0.293
alpha = 0
g = 4.0
Xsec = 1.0000e-12
For 4H-SiC Al;
E_0 = 0.265
alpha = 3.60e-08
g = 4.0
Xsec = 1.0000e-12
4H-SiC Phosphorus hexagonal site;
E_0 = 0.055
alpha = 6.386e-9
g = 2.0
Xsec = 1.0000e-12

Bandgap narrowing, Slotboom model (parameter set Slotboom):
Chi0 = 3.24
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Bgn2Chi = 0.5
Eg0 = 3.285
alpha = 0.033
beta = 1.0e5
Nref = 1.e+17
Ebgn = 0.009

Isotropic density of states mass for electrons (parameter set eDOSMass):
Formula = 1
a = 0.95481
ml = 0.95481
mm = -2.3367

Doping Dependent Masetti Model (parameter set DopingDependence):
formula = 1, 1
mumin1 = 40, 15.9
mumin2 = 40, 15.9
Pc = 0, 0
Cr = 1.94e17, 1.76e19
alpha = 0.61, 0.34
mu1 = 0, 0
Cs = 3.43e20, 6.1000e20
beta = 2, 2

Enhanced Lombardi Model (parameter set EnormaDependencel):
B = 1e6, 9.92e06
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C = 280, 2.95e03
N0 = 1, 1
lambda = 0.125, 0.0317
k = 1, 1
delta = 5.82e14,2.0546e14
A = 2, 2
alpha = 0.0, 0.0
N1 = 1, 1
nu = 1, 1
eta = 5.82e30, 2.055e+30
l_crit = 1.0e-06, 1.0e-06

Isotropic density of states mass for holes (parameter set hDOSMass):
Formula = 1
a=1
b = 6.92e-2
c=0
d=0
e = 1.88e-6
f=0
g = 6.58e-4
h=0
i = 4.32e-7
mm = 0
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Canali Model for High-Field Satruation (parameter set HighFieldDependence):
beta0 = 1.2, 1.2
betaexp = 1.0000e+00, 1.0000e+00
alpha = 0.0000e+00, 0.0000e+00
K_dT = 0.2, 0.2
E0_TrEf = 4.0000e+03, 4.0000e+03
Ksmooth_TrEf = 1, 1
Vsat_Formula = 1, 1
vsat0 = 2.2e+07, 2.2e+07
vsatexp = 0.44, 0.44

Avalanche Generation Okuto–Crowell model (parameter set OkutoCrowell):
a = 2.10e07, 2.96e07
b = 1.70e07, 1.60e07
c = 0.0, 7.511e-3
d = 0.0, 1.381e-3
gamma = 0.0, 0.0
delta = 1.0, 1.0

Auger recombination (parameter set Auger):
A = 5e-31, 2e-31
B = 0.0, 0.0
C = 0.0, 0.0
H = 0.0, 0.0
N0 = 1.0e+18, 1.0e+18
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Shockley-Read Hall Recombination (parameter set Scharfetter):
taumin = 0.0, 0.0
taumax = 2.50e-6, 0.5e-6
Nref = 3.0e17, 3.0e17
gamma = 0.3, 0.3
Talpha = 1.72, 1.72
Etrap = 0.0000e+00

A.3. Summary Table of RC-IGBT Concepts
Concept

Advantages

RC-IGBT with anti-

Narrow p-layer (depth Dp) acts as a Minimising snapback in the forward

parallel thyristor

barrier

[113], [125], [126]

Disadvantages

to

snapback

electrons
effect.

to

minimise conduction

Introduction

of induces

(triggering

snapback

in

pnp faster)
the

reverse

floating n-dots in the n-buffer improved characteristic. There is a trade-off
switching characteristics and snapback between

snapback

and

switching

became less pronounced as more n-dots characteristics. Removal of n-dots
were removed. Addition of a dielectric increased turn-off time. Addition of a
trench either side of n+ column dielectric trench either side of n+
suppressed snapback and resulted in a column

worsened

on-state

more uniform current distribution by characteristics. Device has not been
paralleling multiple thyristor structures manufactured.
in the device.
Pseudo-double

Snapback

anode RC-IGBT

diode/thyristor structure makes no conduction due to two series connected

(PDS-RC-IGBT)

contribution to current flow. Reverse diode structures. In forward conduction

[127]

can

be

supressed

as Higher on-state losses in reverse

conduction is achieved by the floating the device has reduced injection
contact ensuring the bipolar structure is efficiency compared to a conventional
in

a

collector-base

short-circuited RC-IGBT structure. Under high current

configuration. Device has uniform applications when the parasitic thyristor
current distribution compared to a structure is used, in reverse conduction
conventional RC-IGBT and has an the device exhibits a negative resistance
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increased SOA. Structures can be characteristic. Device has not been
modified for larger current density manufactured.
applications by triggering parasitic
thyristor structure which presents lower
on-state

losses

in

the

forward

conduction mode.
RC-IGBT with

For large currents, the npn transistor (n- Increasing

floating p-region

collector, p-float, n-drift) can provide a increases turn-off losses. Structure of p-

[117], [121], [129]

the

length

of

p-float

low-impedance current path. For small plug on top of oxide trench suffers from
currents, the p-float acts as a barrier to snapback characteristics. Fabrication of
electrons with the oxide trench, and structures are complex and costly due to
forms a high-resistance collector short the

requirement

for

backside

path, suppressing snapback. As the photolithography. There is nonuniform
length of the p-float is increased, on- current distribution in both conduction
state voltage drop is reduced, and modes.

Device

has

not

been

snapback is reduced (can be removed). manufactured.
Structure of p-plug on top of oxide
trench improves current distribution,
thus increasing reliability (reduced
likelihood of hotspots).
Alternating Buffer

The floating p buffer implants act as an Base punch through of the parasitic pnp

(AB) RC-IGBT

electron barrier which, with certain transistor (p+ collector/n-drift/p buffer)

[130]

geometry,

eliminates

snapback. reduces blocking capability of the

Increasing both the width and length of device. Increasing the width of the p
the

p

buffer

implant

suppresses buffer implant increases switching

snapback. Snapback is suppressed for a losses. Increasing the length of the p
much narrower device width compared buffer reduces injection efficiency and
to both the conventional RC-IGBT and increases IGBT on-state losses. Device
the RC-IGBT with floating p-region. has not been manufactured.
20% reduction in switching losses
compared to a conventional RC-IGBT.
RC-IGBT with

Device has structural symmetry in the Complicated gate drive requirements as

double gate

forward and reverse direction and device has 2 gates and 4 modes of

structure

inherently has a reverse conduction operation. [IGBT (single gate positive),

[71], [131]

path to serve as a FWD. Turn-off loss is Quasi-IGBT (both gates positive),
minimised when operating in quasi- MOSFET
IGBT

and

MOSFET

172

(current

lower

than

mode. threshold), Blocking mode]. Transition

Automatically-Controlled Gate RC- from Quasi-IGBT to MOSFET mode
IGBT

(AC-RC-IGBT)

shorts

the exhibits snapback. AC-RC-IGBT has

second gate to the n-buffer region such higher on-state resistance compared to
that only single gate control is required. RC-IGBT,

suffers

from

localised

No snapback occurs and structure can hotspots and in MCT mode snapback
be modified to trigger MCT for higher occurs in the reverse characteristic.
currents.

Device

has

been

manufactured.
Tunnelling IGBT
[118]

Reverse

conduction

achieved

by Trade-off

between

electrons tunnelling from p-collector to characteristics

snapback

and

diode

mode

n-tunnel. Snapback can be suppressed conduction losses. Relatively long
by increasing the doping of p-collector current tail in the turn-off making it
and n-tunnel. Exhibits soft turn-off unsuitable
characteristics
recovery

with

and

small

for

high

frequency

reverse applications. Difficult to manufacture a

minimal

voltage very thin tunnel layer with such high

overshoot. Fabrication does not require doping.

Device

has

not

been

backside photolithography or need to manufactured.
account

for

nonuniform

current

distribution.
BIGT (Bi-mode

Pilot IGBT sized to reduce snapback, Radial layout of anode shorts presents a

Integrated Gate

with radial layout of anode shorts trade-off between conduction losses in

Transistor)

removing secondary snapback in the the IGBT and diode modes. Optimising

[109], [115], [136],
[137]

on-state. Turn-off losses minimised the trade-off in reverse recovery losses
when operating in quasi-IGBT and in diode mode and on-state losses in
MOSFET

mode.

Suitable

for IGBT mode worsens the performance

paralleling multiple devices as there is of the device under surge and increases
a

strong

positive

temperature conduction losses which limits device

coefficient. Soft turn-off behaviour in capability at low frequencies. Complex
both

conduction

modes.

Reduced gate drive schemes are required to

temperature ripple for same area of optimise
silicon

compared

IGBT/diode.

to

Device

a
has

switching

and

on-state

separate performance.
been

manufactured.
RC-IGBT with

Trench Field Stop (TFS) Superjunction For

superjunction

(SJ) RC IGBT removes snapback using commercially available COOLMOS,

structure [66]

superjunction structure at cathode. snapback is present in the waveform.
Anode

short

provides
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a

structure comparable

with

reverse Increasing length of p-pillar (Ymid) can

conduction path. Increasing doping increase switching losses due to an
concentration of pillars reduces on-state oscillatory gate voltage. Increasing
losses for a given breakdown voltage. doping

concentration

of

pillars

Increasing length of p-pillar (Ymid) increases turn-off time. Device has not
reduces snapback (can be eliminated). been manufactured, but a SJ SPT IGBT
Diode characteristic unaffected by has been reported [69].
superjunction structure.
Schottky Controlled

Peak diode reverse recovery current Increased ringing in the diode reverse

Diode within RC-

was reduced by 49% compared to a recovery waveforms. The study did not

IGBT [141]

conventional RC-IGBT. Reduced tail comment on the overall performance of
current in transient waveforms.

the RC-IGBT, particularly in reference
to the behaviour in IGBT mode. Device
has not been manufactured.

Table 5 - Advantages and disadvantages of RC-IGBT concepts proposed in literature
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