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As the need for green and effective utilization of energy continues to grow, the advancements in the energy and power
electronics industry are constantly driven by this need, as both industries are intertwined for obvious reasons. The
developments in the power electronics industry has over the years hinged on the progress of the semiconductor device
industry. The semiconductor device industry could be said to be on the edge of a turn into a new era, a paradigm shift
from the conventional silicon devices to the wide band gap semiconductor technologies. While a lot of work is being done
in research and manufacturing sectors, it is important to look back at the past, evaluate the current progress and look at
the prospects of the future of this industry. This paper is unique at this time because it seeks to give a good summary of
the past, the state-of-the-art, and highlight the opportunities for future improvements. A more or less ‘forgotten’ power
electronic switch, the four-quadrant switch, is highlighted as an opportunity waiting to be exploited as this switch presents
a potential for achieving an ideal switch.
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| 1. Introduction

In spite of the decreasing world population growth rate over the years, the human population on planet earth has
continued to grow reaching just under eight (8) billion people so farlll2Il8l This growing population coupled with a drastic
increase in industrialization on a massive scale has brought about huge demands for energy. The international energy
agency (IEA) projects a 25% increase in the global primary energy demand between the years 2017 and 2040. It is also
predicted that if no further improvements occur in the energy efficiency of the world, it could lead to a 50% increase in
energy demands!4!.

This rather radical increase in energy demand alongside the damaging effects of climate change and degradation of
planet earth has resulted in an aggressive exploitation of non-renewable and pollutant sources of energy over the years.
To combat the detrimental effects of man’s long-standing pollution of the environment and attempt to attain a state of
balance and environmental purity on planet earth, there has been a rise in the utilization of renewable energy sources.
Although the supply of energy from renewable energy sources to the energy supply mix continues to grow, in order to
reach this state of balance and purity in the energy cycle, there needs to be a consistent increase in the efficiency of
energy generation, supply and utilization. This need defines the drive of the power, energy and electronics industry and
thus the drive of the power electronics industry=I6IZ,

The progress of the power electronics industry has been contingent on the level of progress in the semiconductor power
device industry, otherwise known as the power electronic device industry and this particularly on the advancements in
power electronic switchesl8l. The power electronic switch industry has grown and improved drastically over the years and
is now in a transitional phase from the more common silicon semiconductor technologies to a totally new phase of wide
band gap (WBG) technologiesQILALULZIAS|A4]15][16] This new phase is characterized by an improvement in the various
characteristics and manufacturing techniques already in place for power electronic switchesLZL8I[19][20[21][22][23][24][25][26]
Generally speaking, advancements in power electronic switches are primarily to increase the switching speed, that is to

reduce the time it takes for the switch to turn-on and turn-off, and to increase the power the switch is capable of
handling!ZZI28],

| 2. Classification of Power Electronic Switches

Modern power electronic devices can be classified in a number of ways based on the number of terminals, the number of
pn junctions, level of controllability, bidirectional capability, and the gate signal requirements to name just a few. In Figure
2, the more prominent classification of the modern power electronic devices is presented.
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Figure 2. Classification of modern power electronic switches based on (a) number of terminals, (b) number of layers or
junctions, (c) controllability and (d) bidirectional capability.

Taking the number of terminals, power electronic devices are broadly divided into two groups, the 2-terminal and the 3-
terminal devices. The two terminal devices are devices whose switch state solely depends on the circuits which they are
externally connected to. The diode and the diac are prime examples and occupants of the 2-terminal device category. As it
can be observed in Figure 2a, the 3-terminal device consists of the thyristor and the transistor. These are devices whose
switching state does not solely depend on the external circuit to which they are connected but also depends on the driving
signal at their respective gates.

In Figure 2b, the classification of modern power electronic switches based on their number of junctions or layers is

presented. This classification could be one of the most appropriate and robust classification of semiconductor switching
devices. Based on this classification, there are three categories, namely: the 1-juntion or 2-layer, the 2-juntion or 3-layer
and the last one which is a 3-junction or 4-layer group of power electronic switches.

The 1-juntion or 2-layer group consists of the diode, the 2-junction or 3-layer group consists of the transistor and the 3-
junction or 4-layer group consists of the thyristor families of power electronic devices. This classification was earlier
referred to as the most robust because all of the different families find themselves in their respective family-groups and it
speaks more to their structure than to just their characteristics.

A third classification of the power electronic switches is based on their controllability. In this classification, there are three
groups, the uncontrollable switches, semi-controllable switches, and the fully controllable switches. The uncontrollable
switches consist of the diode and the diac just like in the 2-terminal classification based on their number of terminals.
These switches are in this class because the turn-on and turn-off cannot be controlled and is solely determined by the
external power circuit. The semi-controllable switches can be turned on but cannot be turned off directly from the gate. In
this category, the thyristor, specifically the silicon-controlled rectifier (SCR) and the triac are prime members. As can be
seen in Figure 2c, the last group, the BJT, MOSFET, GTO, static induction thyristor (SITH), static induction transistor
(SIT), IGBT and MOS-controlled thyristor (MCT) are all members.

The fourth main classification is based on their bidirectional or unidirectional current capability; this is presented in Figure
2d. It is seen that only the triac, diac, and the RCT are capable of bidirectional current capability while the rest are only
capable of unidirectional current flow. It is worthy of note that most commercially available MOSFETs have body drain
diodes which are antiparallel to the MOSFET switch hence giving it a bidirectional capability but the flow of current
through the body diode cannot be controlled externally.

Other classifications of power electronic switches include the gate signal requirement and the type of charge carriers
utilized in the switching technology. For the gate signal requirements, some switches such as BJTs, MOSFETs, IGBTs,
and SITs require a continuous gate signal to keep the switch operational, the GTO, MCT and the SCR only require a pulse
gate signal while the diode does not have a gate to start with. For the charge carriers used, this classification is in two
groups, the majority and the minority charge carriers. In majority carriers, only one type of charge carrier is used in the
transportation of current through the semiconductor. That is, either electrons or holes in an n-type semiconductor or p-type
semiconductor respectively. Examples of switches that utilize majority carriers are Schottky diodes and MOSFETs. On the
other hand, minority carriers use both electrons and holes to transport current through the semiconductor material.
Examples of switches utilizing minority carriers are thyristors, BJTs and IGBTSs.



2.1. Diodes

Diodes are formed from a pn junction of semiconductor material, as shown in Figure 3, they have just two terminals, the
anode and the cathode22, A diode is an uncontrollable and unidirectional switch hence, its operation is determined by the
direction of the flow of current in a circuit22,
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Figure 3. (a) Schematic symbol and (b) basic structure of a diodel2.

A diode is basically a short circuit when it is forward biased, that is when current is flowing from the anode to the cathode
and conversely it is an open circuit when it is reverse biased, that is when the direction of the flow of current is in the

opposite direction in the circuit. There are generally three types of diodes, the power diodes, schottky diode and the zener
diodel3l],

The power diode can be further classified into two based on their characteristics and applications. The two classes include
the line-frequency diodes and the fast recovery diodes. The line frequency diodes, also known as the general-purpose
diodes, are used in line frequency applications (that is frequencies around 50-60 Hz) such as in AC rectification. They are
characterized by slow recovery times and can be used in applications requiring high voltage and high currents (>5 kV and
kA respectively) 22,

The fast recovery diodes as their name implies are characterized by fast recovery times and are therefore utilized in high
applications such as traction systems, induction heating and uninterruptible power systems (UPS). The downside with fast
recovery diodes when compared to line frequency diodes is that they cannot operate at such high voltages and currents
as line frequency diodes can2l,

The other types of diodes are the Schottky and Zener diodes, the schematic representation of these diodes are presented
in Figure 4a,b respectively. Schottky diodes, named after Walter Schottky24, instead of being formed from the regular pn
semiconductor junction and rather formed from a metal-n semiconductor junction. The metals could be made of platinum
or tungsten. This metal-n type semiconductor material junction affords the Schottky diode to have a low on-state voltage
drop of as low as 0.1 V. Although its breakdown voltage is much lower than that of the power diode, it switches faster and
has a high switching frequency but a higher reverse leakage current than the power diode. Due to these characteristics,
Schottky diodes are often used in low voltage and high current applications like switched mode power supplies22!,

-
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Figure 4. Schematic of (a) a schottky diode and (b) a zener diode23,

On the other hand, a Zener diode while still being made from pn semiconductor junction, in simple terms can allow flow of
current when reverse biased as long as the voltage is above a specific value known as the Zener voltage, breakdown
voltage or the Zener knee voltage. The Zener diode is used to produce a stable voltage (the Zener knee voltage) from a
varying supply voltagel28l. Therefore, a Zener diode can be used to generate a reference voltage for an amplifier stage or
as a voltage stabilizer in low current applications. The Zener diode must be implemented with a current limiting resistor in
series with itself to keep the flow of current in the Zener diode at a safe levell3Z,

2.2. Transistors

When two PN junctions are combined together with the center layer of semi-conductor being common to the two outer
layers, forms the transistor of either PNP or NPN type, the schematic representation and structure of BJTs is presented
in Figure 5 37, Hence the name bipolar junction transistor (BJT), since it uses both electron and holes as charge carrier.
In NPN transistor the current flows from collector to emitter, when the base is supplied with the positive voltage, while in
PNP transistor the current direction is reverse i.e., from the emitter to collector when the base is supplied with a negative



voltage28l. Since, in NPN transistors, majority carriers are electrons and minority carriers are holes, the transistor is
turned-on when electrons enter the base region; while in PNP transistor, majority and minority carriers are holes and
electrons, respectively, thus the transistor is turned ON because of movement of holes into the basel®d. As mentioned
earlier, combination of two PN-junctions, i.e., emitter-base junction and the collector-base junction with common
semiconductor acting as the base, at the center, forms PNP or NPN type transistors, with the emitter, base and collector
regions2d. To achieve desired power gain, one junction is kept in forward biased while another junction is kept in reverse
biased condition. The biasing type also determines the mode of operation in active mode, cut-off mode, and saturation
mode. The polarity of bias junction is determined by the type of the transistor; consider PNP structure shown in Figure
5c,d4l. For both type of transistors, emitter-base junction when in forward bias condition, due to drift, the majority
carriers, either holes or electrons emitted from emitter enter the base region for recombination. Escaped remaining
carriers get diffused in base region are carried forward into collector region by applying a reverse bias to the collector-
base junction4.
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Figure 5. Structural diagram and schematic symbols of (a,b) an NPN transistor and (c,d) a PNP transistor 29,

Because of high mobility of electrons, NPN transistors have high conductivity and thus, switching time in NPN transistors
is faster than that of in PNP transistors. Thus, for switching and amplification applications, NPN transistors are preferred.
Collector terminal in NPN and emitter terminal in PNP transistor are supplied with positive voltage 23l For analog
applications, polysilicon emitter BJTs are used. With new technology, the size of transistors is reduced which gives high
current and high-frequency gain but also increase low-frequency noise4l. In a study by 2, it was observed that, in NPN
transistors, shot noise of the base current contributes to total noise, while in a PNP transistor, generation-recombination
noise adds to the total noise.

Metal oxide semiconductor field effect transistors (MOSFETS) are unipolar devices, since they have only one type of
carrier, unlike BJTs. In MOSFETs, the current through the device is controlled by the voltage between its terminals,
source, and gate8 In MOSFETSs, the gate is insulated from channel using silicon dioxide (SiO,) material, labelled as the
deflection layer in Figure 6 [47]48] There are two kinds of MOSFETs, as shown in FEigure 6, enhancement (E) mode and
depletion (D) mode, enhanced MOSFETs (EMOSFETSs) also known as insulated-gate field effect transistors (IGFETs) are
widely used, because of polycrystalline silicon gate materials/42,
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Figure 6. Diagrams showing (a) the schematic symbol of a depletion mode N-channel MOSFET, (b) the schematic
symbol of an enhancement mode N-channel MOSFET (c) the structural diagram of an N-channel MOSFET (d) the
schematic symbol of a depletion mode P-channel MOSFET, (e) the schematic symbol of an enhancement mode P-
channel MOSFET and () the structural diagram of a P-channel MOSFETI 8!,

The structure of a depletion MOSFET (DMOSFET) is same as that of an enhancement MOSFET (EMOSFET), except in a
DMOSFET, there is a narrow channel present between diffused source and drain into the substrate, adjacent to the
insulated gate. N-channel and P-channel DMOSFET structures are same except for voltage polarities BYBB2 When an
N-channel DMOSFET is operating in the depletion mode, the negative voltage on the gate repels the electrons from the
channel. With an increase in gate voltage, at a certain point, the channel becomes completely depleted of electrons and
channel current becomes zero. When an N-channel DMOSFET is operating in the enhancement mode, a positive voltage
applied to the gate, attracts more electrons in the channel, increasing the channel conductivity23l,

EMOSFET structure does not include structural channel and only operates in enhancement mode. For an N-channel
EMOSFET, when the applied gate to source voltage is positive, it attracts electrons and forms a narrow channel alongside
SiO, layer. With the increase in applied voltage; more electrons are attracted into the channel, increasing conductivity and
below the threshold voltage, no channel is formed into the substrate®2. Due to high drain to source resistance as a result
of long thin lateral channel alongside insulation layer, EMOSFETs are suitable for low power applications. There are four
types of EMOSFETSs, the laterally diffused MOSFET (LDMOSFET), the V-groove MOSFET, the T-groove MOSFET, and
the dual-gate MOSFET. The LDMOSFET structure has a shorter channel between the lightly doped source and drain24. |t
gives higher current and voltage than conventional EMOSFET and thus is suitable for high power applications. The
VMOSFET structure has two source gates on top with a gate in between them and a drain at the bottom. The wide and
short channel is induced between drain and source with less resistance, thus resulting in high current and power
dissipation and better frequency response. The channel is formed along the V-groove between two sources and the drain,
with thickness dependent upon the doping and diffusion time. In the TMOSFET structure, the source is all over top surface
and drain is at the bottom, giving short vertical channel with more packing density than VMOSFET. Dual-gate MOSFETs
have two gates giving low input capacitance and high-frequency applications with automatic gain control. To maintain the
long-channel behavior of MOSFET, many parameters were altered during previous researches. In Brews et al., an
empirical equation was proposed to find a relation between required parameters to be altered by observing long channel

subthreshold behavior. The parameters considered were bias, doping level, junction depth and oxide thickness range®%
Si)

The insulated gate bipolar transistor (IGBT) combines advantages of the MOSFET and a BJT, this is since it has output
characteristics of a BJT and voltage control like a MOSFETES!, The circuit symbol of IGBT is as shown in Figure 7
alongside its structural diagrams. It has three terminals, gate from MOSFET, and an emitter and collector from BJT[22.
The insulated gate has no input current and thus, IGBT can be also called as voltage controlled BJT with faster switching
characteristics[31,



Emitter (E) Gawe (G) Emitter (E) Garte (G

1 I |
So— —=

Epednl drfh region Epitaxical dinift regziom

1

{3 wago

o Fegfer

P b e submire

l

Collegor (C) Collector (C)

() 321wy
-
-

(a) (b} (c)

Figure 7. Diagrams showing the (a) the non-punch-through (NPT) structure of an IGBT (b) the punch-through (PT)
structure of an IGBT and (c) the circuit schematic of an IGBT23.,

During operation, a parasitic transistor Q, and parasitic resistor is formed within the IGBT device because of its NPNP-like
structure®d. These parasitic elements do not affect normal operation of IGBT unless under certain conditions, like if the
collector current exceeds a certain level, then the parasitic transistor Q, may turn on. When Q,, is turned on, combination
of Qp and Q1 output transistor creates parasitic element. This parasitic element will keep the device in always ON mode,
which is known as latch up condition. It can be avoided by controlling the device operation within specified limit values!=€!,

The IGBT structure is formed with NPNP-like four alternating semiconductor layers creating a thyristor-like structure.
Thyristor operation is disabled using deep p* diffusion and short circuit of P-base region using emitter®3. There are two
types of IGBT structures, the symmetric and asymmetric blocking structures2Z. Symmetric blocking IGBT structure is
known as non-punch-through (NPT) IGBT device since because of lightly doped N-drift region, electric field does not
spread across its entire width®8l, In asymmetric IGBT also known as punch through (PT) structure as shown in Figure 7,
an N-buffer layer, also called as field stop layer is introduced in the N-drift region. Unlike NPT IGBT, electric field spreads
across the entire width of the N-drift region. In PT IGBT, lower forward voltage drop can be achieved by reducing
thickness of N-drift region. PT IGBT operates in the first quadrant of the v-i characteristics and thus is useful in DC
applications®,

The main differences between a NPT-IGBT and a PT-IGBT is that NPT-IGBTs are more thermally stable, have a higher
carrier lifetime hence resulting in a lower forward voltage drop than PT-IGBTs. NPT-IGBTs are used in AC circuits while
PT-IGBTs are utilized in DC circuits®d. Also, the temperature coefficient of the on-state voltage of NPT-IGBTs is highly
positive, making the NPT-IGBTs more well suited for device paralleling since the PT-IGBTs' temperature coefficient of the
on-state voltage usually tends almost to zero 1. PT-IGBTs are capable of switching at a higher speed with even less
energy consumed during switching when compared to NPT-IGBTs of the same voltage rating®2. However, NPT-IGBTs are
manufactured through a less expensive process (diffusion process technology) than the PT-IGBTs which are made in an
N-epitaxial wafer profess.

Another prominent member of the transistor family is the static induction transistor (SIT), the schematic symbol of the SIT
is presented in Figure 8 3. The SIT was introduced in 1987, just a year before the static induction thyristor by Tokin
Corporation in Japan 4. One of the main advantages of the SIT over a field effect transistor (FET), is that the SIT
structure offers advantages in obtaining higher breakdown voltages, since is not limited by the surface breakdown
between gate and drain, and therefore can operate at a very high current and voltagel®(€8l. The SIT is a high frequency
and high power device which is described to be basically a triode vacuum tube in solid state form 4. |t is used in
induction heaters, high voltage low current power supplies, linear power amplifiers, ultrasonic generators, and AM/FM
transmitters(6&l,
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Gate (G)



Figure 8. Schematic symbol of a static induction transistor(€3],

2.3. Thyristor Families

The thyristor family of power electronic switches is as shown in Figure 9, a three terminal, four layer semiconductor
devicel®. As can be seen in Figure 9, the four layers of a thyristor are made up from three alternating pn juntions. Some
of the prominent members of the thyristor family includes: the SCR, GTO, static induction thyristor (SITH), MOS-controlled
thyristor (MCT), triode AC switch (TRIAC) and the diode AC switch (DIAC)Y. Thyristors are very often used to switch
alternating currents and utilized when the power requirements (current and voltage) are relatively high (in excesses of a

few thousand volts and amps)!.
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Figure 9. Basic structure of a thyristor?9,

Figure 10 shows the schematic symbol of an SCR, which is also often referred to as a thyristor as well. An SCR is a
unidirectional switch just like a diode but has a gate (G) which controls its turn ON. As it has been mentioned earlier, the
turn-off of a thyristor is a quite complicated process and hence a new thyristor based switch called the gate turn-off
thyristor (GTO) was introducedZ. Although the thyristor quickly gained traction in many AC applications, such as in AC
drives and uninterruptible power supplies (UPSs), its turn-off incapability and the low frequency of operation (50-60 Hz)
limited its application, it is alleged that the thyristor has reached saturation as far as its application is concernedZ3!,
In Figure 11, the schematic of a GTO is presented, it is seen to be very similar to that of the thyristor except that it can be
turned-off at the gate.
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Figure 10. Schematic symbol of a silicon controlled rectifier (SCR)ZY,

i Vi«

_"+|\|_

Cathode (K)

Anode (A)

-

ls
Gate (G)

Figure 11. Schematic symbol of gate-turn-off thyristor (GTO)2.

Again, the GTO just like the SCR is not without its unique challenges such as poor turn-off current gain and the second-
breakdown problem it exhibits at turn-off. It also has a limited operating frequency of less than 5 kHz and the gate drive
design is quite complex due to the need for a large reverse gate current to turn it off 24!,



Another interesting power electronic device in the thyristor family is the triode AC switch also known as the triac. The
schematic of a triac is presented in Figure 12a. It can be observed that a triac is simply the arrangement of two thyristors
in reverse-parallel configuration in a single chip. This is more clearly depicted in Figure 12b, the gates of the two SCRs
are tied together and controlled from one sourcelZ2,
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Figure 12. Schematic symbol of (a) a triode ac switch (Triac) and (b) the detailed depiction of a Triac's formation from two
SCRslZl,

Although the triac is more economical to implement than just taking two thyristors and arranging them as described
in Figure 12b, its current sensitivity is worse thus having a longer turn-off time due to the minority carrier storage effects.

Its frequency of operation is similar to that of a thyristor at 50—60Hz. The triac is used in solid state relays, light dimming,
heating control, and some home appliances!Z8,

The story of the thyristor family will be incomplete without mentioning the diode AC switch otherwise known as the diac.
The schematic symbol of a diac is presented in Figure 13. It is very similar to a triac except that a diac has no gate. Just
like a triac, a diac has arbitrary terminal designations since it is a bilateral device. The diac is reported to find its
application chiefly in switching or triggering the triaclZZ.
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Figure 13. Schematic symbol of a diode AC switch (Diac)ZZ.

Other prominent members of the thyristor family include: the static induction thyristors (SITHs), MOS-controlled thyristor
(MCT), reverse conducting thyristor (RCT), and the light activated-SCR (LASCR). Their respective schematic symbols are
presented in Figure 14[78].
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Figure 14. Schematic symbol of (a) a SITH, (b) an MCT, (c) an RCT and (d) an LASCRI&],



The SITHs were introduced around 1988 and are turned-off in a similar way to the GTO, the downside of the SITH when
compared with the GTO is that it has a higher conduction drop?2B% |t s used in induction heating applications and static
var compensators. MCTs were also introduced around the same time as SITHs and also has a high gain at turn-off just
like the GTO. The MCT is continuously being improved and could pose a potential threat to the IGBT as it has a smaller
voltage drop and can operate in higher temperatureslZ28d. RCTs are basically achieved by the inclusion of an anti-
parallel body diode across an SCR in order to achieve current flow in the opposite direction8l, The LASCR, as their name
implies are light activated and is utilized in high voltage and current systems to achieve total electrical isolation between
the control and the power sections of the system[89.
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