
Chapter 2

Silicon Thyristors

As discussed in the textbook [1], the power thyristor was developed as a

replacement for the thyratron, a vacuum tube used for power applications prior

to the advent of solid-state devices. The simple construction of these structures

using P-N junctions enabled commercialization of devices in the 1950s. These

devices were found to be attractive from an applications viewpoint because they

eliminated the need for the cumbersome filaments required in vacuum tubes and

were much more rugged and smaller in size. The power thyristor provides both

forward and reverse voltage blocking capability, making it well suited for AC

power circuit applications. The device can be triggered from the forward-blocking

off-state to the on-state by using a relatively small gate control current. Once

triggered into the on-state, the thyristor remains stable in the on-state even without

the gate drive current. In addition, the device automatically switches to the

reverse-blocking off-state upon reversal of the voltage in an AC circuit. These

features greatly simplify the gate control circuit, relative to that required for

the power transistor, reducing its cost and size.

Due to significant interest in the development of solid-state devices for the

control of motors operating from DC power sources, a structure called the gate
turn-off thyristor (abbreviated as GTO), was also developed in the 1960s. In this

device, the structure is modified to enable the switching of the device from the

on-state to the off-state while operating in the first quadrant. This is performed

by the application of a large reverse gate drive current, akin to that used for turning

off the bipolar power transistor. In spite of the bulky and expensive gate control

circuits required for the GTO, it was widely adopted for the control of motors in

traction (electric street-cars and electric locomotives) applications until recently.

The scaling of the power handling capability of the insulated gate bipolar transistor

(IGBT) to handle very high (megawatt) power levels in the twenty-first century has

resulted in the displacement of these devices by the IGBT in traction applications.
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The ability to control operation between the blocking and on states for a thyristor

by using a third terminal was first reported in the 1950s [2, 3]. The extensive

application potential for these devices to home appliances and power distribution

systems generated strong interest in making improvements in the power ratings

for the thyristors. The growth of the current handling capability for the power

thyristors is charted in Fig. 2.1. Starting with a modest current of 100 A in the

1950s, the current rating has been scaled to approach 5,000 A for a single device.

These high current levels are required for power distribution systems, such as

high voltage DC transmission (HVDC) networks. From the figure, it can be

observed that the most rapid increase in the current handling capability took

place at the end of the 1970s. This outcome can be traced to the development of

the neutron-transmutation-doping (NTD) process in the mid-1970 time frame.

Using the NTD process, it became possible to obtain larger diameter silicon

wafers with uniform properties enabling the observed scaling of the current

handling capability of thyristors.

There was a concomitant increase in the voltage blocking capability for the

thyristor as illustrated in the chart in Fig. 2.2. Beginning with devices capable of

operating upto a few hundred volts in the 1950s, the voltage rating for thyristors

has been escalated to 8,000 V. The increase in the voltage rating had to be

accomplished by the availability of higher resistivity silicon wafers. This was

initially achieved by the development of the float-zone process. However, the

resistivity variation produced by this process was inadequate for utilization in

the large diameter wafers desired to increase the current ratings. The NTD process

was instrumental in providing the breakthrough required to create large diameter

silicon wafers with low n-type doping concentration and high uniformity in the

resistivity across the wafers. Consequently, a substantial gain in the voltage rating
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occurred in the late 1970s after the commercial availability of NTD silicon as

indicated in the chart.

Today, single thyristors are available with the capability to block over 8,000 V

and conduct 5,000 A in the on-state. Consequently, a single thyristor device can

control 40 MW of power. Such devices are attractive for power distribution

networks to reduce the total number of devices required in a HVDC station.

The reduction in the number of devices connected in series and parallel provides

the added benefits of a smaller number of other components that are needed in the

system to ensure proper voltage and current distribution between the multiple

thyristors. Light-triggered thyristors have also been developed to enable stacking

them in a series string to hold off the very high voltages (in excess of 100 kV) that

are commonplace for power distribution.

The basic structure and operation of the thyristor were discussed in the textbook.

The thyristor contains two coupled bipolar transistors that provide an internal positive

feedback mechanism that allows the device to sustain itself in the on-state. This

internal feedback mechanism makes it difficult to turn off the structure by external

means. In order to enable operation at elevated temperatures, it is necessary to short-

circuit the emitter and base regions of the thyristor. The impact of this on the gate

control current and switching behavior was also analyzed in the textbook. Analytical

models were provided in the textbook for all the operating modes of the thyristor,

including the switching transient for the GTO. These models are applicable to the

devices with high (>5,000 V) blocking voltage capability discussed in this mono-

graph. The characteristics of high voltage silicon carbide thyristors are also considered

in the next chapter for blocking voltage rating of 20 kV because there are no high

performance silicon devices available with blocking voltages above 10 kV.
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2.1 Power Thyristor Structure and Operation

The basic structure for an N+-P-N-P+ power thyristor is illustrated in Fig. 2.3.

The structure is usually constructed by starting with a lightly doped N-type silicon

wafer whose resistivity is chosen based upon the blocking voltage rating for the

device. The anode P+ region is formed by the diffusion of dopants from the backside

of the wafer to a junction depth xJA. The P-base and N
+ cathode regions are formed

by the diffusion of dopants from the front of the wafer to a depth of xJB and xJK,
respectively. Electrodes are formed on the front side of the wafer to contact

the cathode and P-base regions, and on the backside of the wafer to contact the

anode region. No contact electrode is usually attached to the N-drift (N-base) region.

In order to achieve such high voltage blocking capability in both forward and

reverse operating quadrants, the P+ anode/N-drift junction and the P-base/N-drift

junctionmust have a highly graded doping profile. This increases the blocking voltage

capability due to voltage supported on the more highly doped side of the junction and

allows the utilization of the positive and negative bevels at the edges to suppress

premature breakdown at the junction termination. The highly graded junctions can

be produced by using gallium and aluminum as the p-type dopants instead of boron,

the more commonly used dopant for integrated circuits as well as other power devices

discussed in the book. These dopants have much larger diffusion coefficients than

boron, allowing the production of large junction depths (20–100 mm) in a reasonable

processing time. Gallium is used as the dopant for the P+ anode region because of

its high solid solubility. Aluminum is used as the dopant for the P-base region due to
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its lower solid solubility. The doping concentration for the P-base region of the

thyristor must be in the range of 1 � 1016 – 1 � 1017 cm�3 to obtain a reasonable

gain for the internal N-P-N bipolar transistor and for enabling edge termination with a

negative bevel for the P-base/N-drift junction.

The output characteristics for the thyristor structure are illustrated in Fig. 2.4.

The thyristor structure contains three P-N junctions that are in series as indicated in

Fig. 2.3. When a negative bias is applied to the anode terminal of the device, the P+

anode/N-drift junction (J1) and the N
+ cathode/P-base junction (J3) become reverse

biased, while the P-base/N-drift junction (J2) becomes forward biased. Due to high

doping concentrations on both sides of the N+ cathode/P-base junction (J3), it is

capable of supporting less than 50 V. Consequently, most of negative bias applied

to the anode terminal is supported by the P+ anode/N-drift junction (J1). The reverse

blocking voltage capability for the device is determined by the doping concentra-

tion and thickness of the N-drift region. Note that an open-base bipolar transistor

is formed within the thyristor structure between junctions J1 and J2. Consequently,

the breakdown voltage is not determined by the avalanche breakdown voltage

but by the open-base transistor breakdown voltage. The width of the N-drift region

between these two junctions must be carefully optimized to maximize the blocking

voltage capability and minimize the on-state voltage drop.

When a positive bias is applied to the anode terminal of the thyristor, the

P+ anode/N-drift junction (J1) and the N+ cathode/P-base junction (J3) become

forward biased while the junction (J2) between the P-base region and the N-drift

region becomes reverse biased. The applied positive bias is mostly supported

across the N-drift region. As in the case of reverse blocking operation, the

blocking voltage capability is determined by open-base transistor breakdown
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rather than avalanche breakdown. The reverse and forward blocking capability for

the thyristor structure must be approximately equal, making it suitable for use in

AC power circuits. This is achieved by using cathode shorts to reduce the gain of

the N-P-N transistor at low leakage current levels. A cross section of the thyristor

with the cathode short is illustrated in Fig. 2.5.

Current flow through the thyristor can be induced in the first quadrant of operation

by using a current supplied through the gate terminal to trigger the device into its on-

state. The gate current forward biases the N+ cathode/P-base junction (J3) to initiate

the injection of electrons. The injected electrons trigger a positive feedback mecha-

nism produced by the two coupled bipolar transistors within the thyristor structure.

The first bipolar transistor is an N-P-N transistor formed between the N+ cathode/

P-base/N-drift regions while the second bipolar transistor is a P-N-P transistor formed

between the P+ anode/N-drift/P-base regions. Once current flow is initiated through

the transistors, they are able to provide the base drive current for each other by a

process referred to as regenerative action. In this process, the collector current of

the N-P-N transistor provides the base drive current for the P-N-P transistor and the

collector current of the P-N-P transistor provides the base drive current for the N-P-N

transistor. The regenerative action inherent within the thyristor structure allows stable

operation of the device in its on-state without any external gate drive current. This is

one of its advantages when compared with the bipolar transistors.

Once the thyristor is operating in its on-state, the i–v characteristics can be

shown to become similar to that for a P-i-N rectifier, resulting in the anode current

increasing exponentially with the on-state voltage drop (or anode–cathode voltage).

Consequently, thyristors can be designed with very high voltage blocking capability

with low on-state voltage drops making them excellent power devices for circuits

used in power distribution systems.
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The power thyristor can be switched from its on-state to the blocking state by

reversing the bias applied to the anode electrode. The reverse bias applied to the

anode electrode forces the thyristor to undergo a reverse-recovery process similar to

that observed in a P-i-N rectifier. Once the thyristor has entered the reverse blocking

mode, a positive voltage can once again be applied to the anode without turning on

the device until a gate control signal is applied.

2.2 5,000-V Silicon Thyristor

The design and characteristics of the 5,000-V symmetric blocking silicon thyristor

structure are discussed in this section. The design parameters for the N-base region

required to achieve this blocking voltage are first analyzed. Using the optimum

N-base width, the blocking characteristics for the device are then obtained as a

function of the lifetime in the drift region. The on-state characteristics for the device

are obtained for various lifetime values as well. The switching behavior of the

thyristor structure is obtained by observation of the turn-on process and the reverse

recovery process.

2.2.1 Blocking Characteristics

The physics for blocking voltages in the first and third quadrants by thyristors is

discussed in detail in the textbook. The device can have equal or symmetric forward

and reverse blocking capability if cathode shorts are utilized to suppress the gain

of the N-P-N transistor when small leakage currents are flowing in the structure.

The reverse blocking voltage is supported across the P+ anode/N-drift junction with

a depletion layer extending mostly within the N-drift region. The maximum electric

field occurs at the P+ anode/N-drift junction (J1). The forward blocking voltage is

supported across the P-base/N-drift junction, with a depletion layer extending

mostly within the N-drift region. The maximum electric field occurs at the

P-base/N-drift junction (J2).

The breakdown voltage for the thyristor in both blocking modes is governed

by the open-base transistor breakdown phenomenon [4]. According to open-base-

transistor breakdown [1], the anode current will increase very rapidly when

the common base current gain of the P-N-P bipolar transistor within the thyristor

structure approaches unity. As the anode bias is increased, the width of the

un-depleted portion of the N-drift region becomes smaller, producing an increase

in the base transport factor (aT). Concurrently, the maximum electric field at

the blocking junction becomes larger leading to an increase in the multi-

plication coefficient. Both phenomena produce an increase in the common base

current gain with increasing anode bias until it becomes equal to unity resulting

in open-base transistor breakdown.
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The open-base transistor breakdown condition is given by:

aPNP ¼ gE � aTð ÞPNP M ¼ 1 (2.1)

The injection efficiency of the P-base/N-drift and P+ anode/N-drift junctions

is close to unity because of the relatively high doping concentration in the P+ anode

and P-base regions and the low doping concentration of the N-drift region.

The magnitude of the other two terms in the above equation is a function of

the anode bias. The base transport factor is determined by the width (l) of the

un-depleted portion of the N-drift region:

aT ¼ 1

cosh l=LPð Þ (2.2)

with

l ¼ WN �
ffiffiffiffiffiffiffiffiffiffiffiffi
2eSVA

qND

s
(2.3)

where VA is the applied bias to the anode electrode. As the anode bias increases, the

width of the un-depleted portion of the N-drift region shrinks resulting in an

increase in the base transport factor.

During forward blocking, the multiplication factor is determined by the anode bias

relative to the avalanche breakdown voltage of the P-base/N-drift junction (BVPP,F):
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M ¼ 1

1� VA=BVPP;F

� �n (2.4)

where n ¼ 6 for the case of a P+/N diode. The multiplication coefficient also

increases with increasing anode bias. The open-base transistor breakdown voltage

is determined by the anode voltage at which the multiplication factor becomes

equal to the reciprocal of the base transport factor.

Consider the case of a power thyristor that must have a reverse breakdown

voltage of 5,500 V to achieve a blocking voltage rating of 5,000 V. In the case of

avalanche breakdown, there is a unique value of 1.62 � 1013 cm�3 for the drift

region doping concentration to obtain this blocking voltage. However, in the case of

open-base transistor breakdown, many combinations of the drift region doping

concentration and width can be used to obtain this blocking voltage capability.

This is illustrated in Fig. 2.6 where the open-base breakdown voltage is plotted

as a function of the drift region width for three cases of the drift region doping

concentration. A lifetime of 50 ms was used in the N-drift region for this analysis.

It can be observed from Fig. 2.6 that the open-base breakdown voltage becomes

equal to 5,500 V at a drift region width of 1,070 mm for a drift region doping

concentration of 0.7 � 1013 cm�3. In this case, the base transport factor becomes

close to unity under breakdown conditions. When the doping concentration of drift

region is increased to 1.1 � 1013 cm�3, the drift region thickness is reduced to

970 mm to achieve the same open-base breakdown voltage of 5,500 V. The drift

region thickness increases to 1,200 mm, if the doping concentration of drift region is
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increased to 1.5 � 1013 cm�3, to achieve the same open-base breakdown voltage of

5,500 V. In this case, the multiplication coefficient becomes large under open-base

breakdown conditions. These examples demonstrate that there is an optimum drift

region doping concentration to obtain a minimum drift region width to achieve

an open-base breakdown voltage of 5,500 V. The location of the optimum design

with a width of 970 mm and doping concentration of 1.1 � 1013 cm�3 is illustrated

for this case in Fig. 2.7.

The leakage current for the thyristor is determined by the space charge genera-

tion current produced by the thermally generated carriers inside the depletion

region. The space generation current is amplified by the gain of the open-base

PNP transistor. Consequently:

JL ¼ JSCG
1� aPNP

(2.5)

The space charge generation current increases with increasing anode bias

voltage due to the enlargement of the depletion region.

JSCG ¼ qWDni
tSC

¼ ni
tSC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qeSVA

ND

r
(2.6)

As the anode bias approaches the breakdown voltage, the multiplication factor

becomes larger than unity, producing a more rapid increase in the leakage current.
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The leakage current density computed for the 5-kV thyristor structure by using

the above analyticalmodel is shown in Fig. 2.8. The structure had an optimizedN-base

doping concentration of 1.1 � 1013 cm�3 and optimizedwidth of 970 mmat a lifetime

of 50 ms. The impact of changing the lifetime on the leakage current is shown in

the figure. The leakage current density increases when the lifetime is reduced.

Simulation Results

In order to gain insight into the physics of operation for the power thyristor under
voltage blocking conditions, the results of two-dimensional numerical simulations
for the optimized structure are described here. The total width of the structure, as
shown by the cross section in Fig. 2.5, was 1,000 mm (area ¼ 1 � 10�5 cm�2)
with a cathode finger width of 980 mm. The breakdown voltage obtained by using
the optimized N-base region doping concentration and width from the analytical
model yielded a breakdown voltage above 7,000 V. For the case of an N-drift
region doping concentration of 1.5 � 1013 cm�3 and width of 1,070 mm, the
breakdown voltage was found to be about 6,000 V. The P-base region had a
Gaussian doping profile with a surface concentration of 5 � 1017 cm�3 and a
depth of 30 mm. The N+ cathode region had a Gaussian doping profile with a
surface concentration of 1 � 1020 cm�3 and a depth of 10 mm. The P+ anode region
had a Gaussian doping profile with a surface concentration of 1 � 1020 cm�3 and a
depth of 50 mm. The resulting doping profile is shown in Fig. 2.9.
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The forward blocking characteristics for the thyristor structure are shown
in Fig. 2.10 for the case of various lifetime (tp0, tn0) values in the N-base region.
The breakdown voltage is indicated by an abrupt increase in the anode current.
At room temperature (300 K), the forward blocking voltage obtained with
the simulations is about 6,000 V. The value predicted by the analytical model is
smaller than this value because the analytical model does not account
for the voltage being supported in the P-base region due to its graded doping
profile. The leakage current density increases with decreasing lifetime as
predicted by the analytical model (see Fig. 2.8) due to enhanced space charge
generation.

The voltage is primarily supported in the thyristor within the N-drift region. This
is illustrated in Fig. 2.11 where the electric field profiles are shown during opera-
tion in the forward blocking mode at various positive anode bias voltages. It can
be observed that the P-base/N-drift junction (J2) becomes reverse biased during
the forward blocking mode with the depletion region extending toward the right-
hand side with increasing anode bias. Some extension of the depletion region is
observed within the P-base region due to its graded, diffused doping profile. This
allows the thyristor structure to support a larger voltage than predicted by the
analytical model which is based upon an abrupt junction assumption.

2.2.2 On-State Characteristics

One of the attributes of the thyristor structure is its excellent forward conduction

characteristic even when designed to support large voltage levels. The thyristor

structure can be triggered from the forward blocking mode at the anode supply

voltage (VAS) into the forward conduction mode by the application of a small gate

current to initiate the turn-on process [1]. This gate current serves to increase

the current gain of the N-P-N transistor, despite the presence of cathode shorts,
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until the combined gain of the integral N-P-N and P-N-P transistors within the

thyristor structure is sufficient to sustain its regenerative action. The thyristor then

operates in its on-state with a forward conduction characteristic similar to that

observed for a P-i-N rectifier. In the on-state, strong conductivity modulation of the

N-drift region occurs due to high level injection of holes, allowing the thyristor to

carry high current levels with a low on-state voltage drop.

The power thyristor can be treated as a P-i-N rectifier for analysis of its forward

conduction characteristics. In this case, it is assumed that the junction J2 is strongly

forward biased resulting in high level injection in not only the N-base region but

also the P-base region as illustrated in Fig. 2.12. The thyristor can then be regarded

as a P-i-N rectifier between the P+ anode and N+ cathode regions. In this context, the

N+ cathode region is referred to as a remote emitter because it provides electrons to
the N-base region through the intervening P-base region.

The electron and hole concentrations within the N-base and P-base regions take

a catenary distribution in accordance with the analysis for the P-i-N rectifier in the

textbook:

nðxÞ ¼ pðxÞ ¼ tHLJA
2qLa

coshðx=LaÞ
sinhðd=LaÞ �

sinhðx=LaÞ
2 coshðd=LaÞ

� �
(2.7)

The distance “d” for the thyristor structure is given by:

d ¼ WN þWP

2
(2.8)

as indicated in the figure. A minimum on-state voltage drop occurs for the

thyristor structure when the ambipolar diffusion length (La) is equal to

the distance “d ” (see textbook analysis for the P-i-N rectifier in Chap. 5).

The on-state i–v characteristic for the thyristor in the high level injection regime

of operation is given by [1]:

VON ¼ 2kT

q
ln

JTd

2qDaniF d=Lað Þ
� �

(2.9)

where

F
d

La

� �
¼ d=Lað Þ tanh d=Lað Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 0:25 tanh4 d=Lað Þ
q e�

qVM
2kT (2.10)

The i-region (or middle-region) voltage drop can be computed using the follo-

wing approximations. For d/La ratios of up to 2, an asymptote A given by:

VM ¼ 2kT

q

d

La

� �2

(2.11)
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provides a good fit. For d/La ratios of greater than 2, an asymptote B given by:

VM ¼ 3p kT
8q

e d=Lað Þ (2.12)

provides a good fit.
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The on-state voltage drop (at an on-state current density of 100 A/cm2)

computed for the 5-kV power thyristor structure by using Eq. 2.9 is provided

in Fig. 2.13 for various values for the high-level lifetime in the drift region.

This thyristor structure had the optimized N-base region width of 970 mm and a

P-base width of 25 mm. As expected, the on-state voltage drop has a minimum value

when the [d/La] value is equal to unity. The minimum on-state voltage drop is found

to be 0.993 V at a high-level lifetime of 160 ms.
The carrier distribution in the 5-kV thyristor structure as predicted by the

analytical model based upon Eq. 2.7 is provided in Fig. 2.14 for various high-

level lifetime values. As the lifetime is reduced, the injected carrier density in the

drift region becomes smaller. The carrier density predicted by the analytical model

is larger than in actual devices because the model is based upon assuming that

recombination occurs only in the drift region. In actual devices, recombination also

occurs in the end region of the device as discussed in Sect. 5.1.4 of the textbook [1].

End-region recombination reduces the injected carrier density in the drift region

producing an increase in the on-state voltage drop as well.

When the lifetime in the drift region is large, end-region recombination begins

to take a dominant role. Due to the high doping concentrations in the end regions,

the injected minority carrier density in these regions is well below the majority

carrier density even during operation at very high on-state current densities.

The current corresponding to the end regions can therefore be analyzed using

low-level injection theory under the assumption of a uniform doping concentration
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in these regions [1]. The current flow through the device in the on-state under these

conditions is described by:

JPþ ¼ JSPþ
nð�dÞ
niePþ

� �2
(2.13)

for the P+ anode region and:

JNþ ¼ JSNþ
nðþdÞ
nieNþ

� �2
(2.14)

for the N+ cathode region. In these equations, nieP+ and nieN+ are the effective

intrinsic carrier concentrations in the P+ and N+ end regions including the influence

of band-gap narrowing. From these equations, it can be concluded that the carrier

concentration in the drift region will increase as the square root of the current density

if the end-region recombination becomes dominant. Under these circumstances, the

middle region voltage drop is no longer independent of the current density resulting

in an increase in the total on-state voltage drop.

When end-region recombination is dominant, the electron and hole

concentrations within the N-base and P-base regions take a catenary distribution

with a smaller concentration at the boundaries as given by Eqs. 2.13 and 2.14:

nðxÞ ¼ pðxÞ ¼ KE

coshðx=LaÞ
sinhðd=LaÞ �

sinhðx=LaÞ
2 coshðd=LaÞ

� �
(2.15)

The constant KE can be obtained by using Eq. 2.13 with x ¼ �d in the above

equation. The results obtained by using this approach are shown in Fig. 2.15 for the

case of various values of lifetime. A saturation current density of 4 � 1013 A/cm2

was utilized for the plots. It can be observed that the carrier concentration is reduced

by an order of magnitude when compared with the plots in Fig. 2.14.

Simulation Results

The results of two-dimensional numerical simulations for the 5-kV silicon thyristor
structure are described here. The total width of the structure, as shown by the cross
section in Fig. 2.5, was 1,000 mm (area ¼ 1 � 10�5 cm�2) with a cathode finger
width of 980 mm. The N-base region had an optimized doping concentration of
1.5 � 1013 cm�3 and width of 1,070 mm. The on-state characteristics were
obtained by using a gate drive current of 2 � 10�8 A/mm using various values for
the lifetime in the drift region. The characteristics obtained from the numerical
simulations are shown in Fig. 2.16. The small anode current observed at anode
biases below 0.5 V is associated with the gate drive current. It can be observed that
the on-state voltage drop increases as expected with reduction of the lifetime
(tp0, tn0) indicated in the figure. The on-state voltage drop at a lifetime value of
50 ms is found to be 1.758 Vat an on-state current density of 100 A/cm2. This value
is much larger than predicted by the analytical model because it does not account
for recombination in the end regions.
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The low on-state voltage drop for the 5-kV thyristor structure is due to the large
number of carriers injected into the drift region producing a drastic reduction of its
resistance. This is illustrated in Fig. 2.17 where the injected carrier density is shown
for four cases of the lifetime (tp0, tn0) in the drift region of the thyristor structure.
It can be observed that the injected carrier density is four orders of magnitude larger
than the doping concentration for the case of a lifetime of 100 ms. The injected
carrier density is reduced by an order of magnitude in the middle of the drift region
when the lifetime is reduced to 10 ms. The predictions of the analytical model
(see Fig. 2.14) have the same general characteristics but the injected carrier
density is much smaller in the numerical simulations when compared with the
analytical model that neglects the end-region recombination. When the end-region
recombination is taken into account, the carrier densities predicted by the analytical
model (see Fig. 2.15) are similar to those observed in the numerical simulations.

The reduction of the injected carrier density in the middle region with smaller
lifetime leads to an increase in the on-state voltage drop. The on-state voltage
drop for the 5-kV thyristor obtained using numerical simulations can be com-
pared with that obtained using the analytical model without end-region recombi-
nation in Fig. 2.18. The on-state voltage drop obtained using numerical
simulations is much larger than that predicted by the analytical model based
upon middle-region recombination. Further, the minimum on-state voltage drop
occurs at a significantly larger value for the lifetime in the drift region. It can be
concluded that the analytical model is very optimistic and not reliable for
predicting the on-state voltage drop, indicating that the impact of end-region
recombination is very important for the silicon 5-kV thyristor structure.
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2.2.3 Turn-On

The thyristor can be triggered from the forward blocking mode to the on-state by the

application of a gate drive current. The gate drive current flows from the gate terminal

to the first row of cathode shorts. The voltage drop in the P-base region due to the gate

current flow forward biases the N+ emitter/P-base junction (J3) at the edge of the

cathode closest to the gate terminal producing the injection of electrons from the

cathode region. This does not immediately produce anode current flow. The injected

electrons diffuse through the P-base region in a finite time interval referred to as the

base transit time. Once the electrons cross the P-base/N-base junction (J2), they

immediately promote the injection of holes from the P+ anode/N-base junction (J1)

in order to preserve charge neutrality in the N-base region. The injection of carriers at

the P+ anode/N-base junction initiates current flow through the device. Consequently,

the anode current begins to flow after a delay-time interval, which is equal to the

transit time for the N-P-N transistor. The delay time is typically 50 ns in duration.

After injection from the P+ anode/N-base junction, the holes diffuse through the

N-base region until they are collected at the P-base/N-base junction (J2). The base

transit time for the N-base region is a strong function of the initial anode bias

voltage before turning on the thyristor [1]. The transit time can be limited by the

diffusion of holes in the neutral region under the assumption that the applied anode

bias is supported across only the depletion region. During the turn-on process, a

high concentration of holes are injected into the N-drift region from the P+ anode

region and a high concentration of electrons are injected into the N-drift region

from the N+ cathode region (remote emitter). The depletion region cannot be

sustained under these conditions and the anode voltage is distributed throughout

the N-base region. The transit time for the holes is then given by [1]:

tt;PNP ¼ WN

vP
¼ W2

N

mPVA

(2.16)

which is much smaller than the transit time determined by the diffusion process.

An analytical model for the increase in the anode current during the turn-on

transient for a one-dimensional thyristor structure was derived based upon charge

control principles discussed in the textbook [1]. This analysis takes into consider-

ation the internal feedback mechanism between the N-P-N and P-N-P transistors

within the thyristor structure to determine the growth of the stored charge within the

N-base region and the P-base region. Due to relatively short time for the turn-on

transient when compared with the lifetime, the recombination within the N-base

region and P-base region can be assumed to be negligible during this analysis.

The increase in the anode current during the turn-on process is given by:

JAðtÞ ¼ JG
aPNP

et=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tt;NPNtt;PNP

p
� 1

	 

(2.17)
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Based upon this equation, it can be concluded that the anode current will

grow exponentially with time after the delay phase. The time constant for the rise

in anode current is observed to be the geometric mean of the transit times for the

N-P-N and P-N-P transistors.

The rise-time is defined as the time taken for the anode current density to

increase to the on-state value. Using Eq. 2.17, the rise-time can be obtained:

tR ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tt;NPN � tt;PNP

p
ln

aPNPJA;SS
JG

þ 1

� �
(2.18)

where JA,SS is the steady-state (on-state) anode current density. The rise-time is

determined by the transit times for the internal N-P-N and P-N-P transistors within

the thyristor structure.

The rise in the anode current with time is shown in Fig. 2.19 for the case of a

one-dimensional thyristor structure with a P-base region width of 25 mm and an

N-base region width of 1,000 mm. The transit time for the N-P-N transistor is

calculated to be 120 ns. For the case of an anode bias of 10 V, the current reaches

its steady-state value with a rise-time of 21 ms. However, when the anode voltage

is increased to 100 V, the transit time for the P-N-P transistor is greatly reduced to

0.2 msdue to the enhanced drift current. Consequently, the rise-time for the anode

current also decreases to only 0.5 ms. A further increase in the anode voltage to

500 V produces a reduction of the rise-time to only 0.26 ms.
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Simulation Results

In order to gain further insight into the physics of turn-on for the 5-kV power
thyristor structure, the results of two-dimensional numerical simulations for the
structure (described in the previous section) are discussed here. The total width of
the structure is 1,000 mm (area ¼ 1 � 10�5 cm�2) with a cathode finger width
of 980 mm. In order to turn on the thyristor, the gate drive current was abruptly
increased from 0 to 2 � 10�6 A/mm (0.2 A/cm2) while the anode voltage was
maintained fixed with a load resistance in series with the thyristor structure.

The turn-on characteristics for the 5-kV power thyristor structure are shown in
Fig. 2.20 for three values of the anode bias. In each case the load resistance was
altered to obtain the same anode current density (100 A/cm2) after the thyristor
is in the on-state. In all cases, there is a short delay time of about 100 ns, which is
consistent with the delay time computed by using the base transit time of the N-P-N
transistor. The anode current then increases exponentially with time as described
by the analytical Eq. 2.17. For the case of an anode bias of 10 V, the anode
current increases exponentially for about 35 ms. This behavior is consistent with
the analytical model for turn-on based upon the diffusion of carriers through the
N-base region. When the anode bias is increased to 100 and 500 V, the anode
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current density increases much more rapidly. This behavior is also consistent with
the analytical model for turn-on based upon the drift of carriers through the N-base
region. In all cases, a gradual increase in the anode current density is also observed
at the end of the turn-on transient due to the current spreading across the emitter
width in the two-dimensional structure used for the numerical simulations.

2.2.4 Reverse Recovery

The switching of the thyristor from the on-state to the reverse blocking state

produces substantial power dissipation. The high concentration of minority carriers

stored within the N-drift region due to high-level injection conditions in the

on-state, must be removed before the device can support a high reverse bias voltage.

When the anode voltage crosses zero, the anode current continues to flow in the

reverse direction with an approximately constant rate of change or constant [di/dt]
until the P+ anode/N-base junction is able to support voltage. Once the anode

voltage reaches the supply voltage, the anode current decreases to zero in an

exponential manner after this junction becomes reverse biased. This behavior is

similar to the reverse recovery process for the P-i-N power rectifier.

During the reverse recovery process, most of the power dissipation occurs when

the anode current decays to zero after reaching the peak reverse recovery current

because the anode voltage supported during this time is large (the supply voltage).

The anode current waveform during the decay is described by:

JAðtÞ ¼ JPRe
�t=tRR (2.19)

where JPR is the peak reverse recovery current density and tRR is a characteristic decay
time constant during the reverse recovery. The energy loss per reverse recovery

transient can be obtained by integrating the instantaneous power dissipation:

ERR ¼
Z 1

0

VSJPRe
�t=tRRdt ¼ VSJPRtRR (2.20)

If switching power loss is assumed to be dominant, the maximum operating

frequency for the thyristor, as limited by a power dissipation of PD, is given by:

fMax ¼ PD

ERR

(2.21)

Simulation Results

In order to gain further insight into the physics of turn-off for the power thyristor under
a constant [di/dt], the results of two-dimensional numerical simulations for the 5-kV
thyristor structure (described in the previous sections) are discussed here. The total
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width of the structure used for the numerical simulations was 1,000 mm (area ¼
1� 10�5 cm�2) with a cathode finger width of 980 mmbetween the gate contact and
cathode short. The thyristor was switched from on-state operation at a current
density of 100A/cm2with a constant [di/dt] (rate of 150A/cm2 in 10 ms). This reverse
ramp rate was applied until the anode voltage reached �1,000 V. The anode
voltage was then held constant, allowing the anode current to decay to zero.

The anode current and voltage waveforms for the thyristor are shown in
Fig. 2.21. As expected, these waveforms are very similar to those exhibited by the
P-i-N rectifier [1]. The anode current flows in the reverse direction until the anode
voltage becomes equal to the reverse bias voltage and then decreases exponen-
tially to zero. These waveforms confirm that the thyristor structure can be analyzed
by using the reverse recovery analysis discussed in the textbook for the P-i-N
rectifier. In the case of the baseline simulation structure with a lifetime (tp0, tn0) of
50 ms, the reverse recovery process requires a total time interval of about 50 ms.

2.2.5 Summary

The results of the numerical simulations discussed above indicate that the silicon

5-kV thyristor structure requires a minority carrier lifetime (tp0, tn0) of at least
50 ms to achieve a low on-state voltage drop. For such a large lifetime value,
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the reverse recovery process takes over 50 ms. From the waveforms in Fig. 2.21,

it can be observed that most of the power dissipation occurs during the decay of

the anode current after it reaches the peak reverse recovery current density. For the

conditions used during the numerical simulations, the peak reverse recovery current

(JPR) is found to be 100 A/cm2 and the time constant for the reverse recovery (tRR)
is found to be 3.25 ms. Using a power supply voltage of 1,000 V, the energy loss per
switching event is found to be 0.325 J/cm2 by using Eq. 2.20. If the maximum

power dissipation due to switching is limited to 100 W/cm2, the maximum

operating frequency for the 5-kV thyristor is then found to be 300 Hz. This

demonstrates that the 5-kV silicon thyristor cannot be operated at high frequencies.

2.3 10,000-V Silicon Thyristor

The design and characteristics of the silicon 10-kV symmetric blocking thyristor

structure are discussed in this section. The design parameters for the N-base region

required to achieve this blocking voltage are first analyzed. Using the optimumN-base

width, the blocking characteristics for the device are then obtained as a function of the

lifetime in the drift region. The on-state characteristics for the device are obtained for

various lifetime values as well. The switching behavior of the thyristor structure is

obtained by observation of the turn-on process and the reverse recovery process.

2.3.1 Blocking Characteristics
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The physics for blocking voltages for the 10-kV silicon symmetric blocking thyristor

is identical to that for the 5-kV device described in the previous section. The open-

base transistor breakdown condition is given by Eq. 2.1. Consider the case of a

power thyristor that must have a reverse breakdown voltage of 11,000 V to achieve a

blocking voltage rating of 10,000 V. In the case of avalanche breakdown, there is a

unique value of 6.45 � 1012 cm�3 for the drift region doping concentration to obtain

this blocking voltage. However, in the case of open-base transistor breakdown,

many combinations of the drift region doping concentration and width can be used

to obtain this blocking voltage capability. This is illustrated in Fig. 2.22 where the

open-base breakdown voltage is plotted as a function of the drift region width for

three cases of the drift region doping concentration. A lifetime of 100 ms was used
in the N-drift region for this analysis. It can be observed from Fig. 2.22 that the open-

base breakdown voltage becomes equal to 11,000 V at a drift region width of

2,070 mm for a drift region doping concentration of 4 � 1012 cm�3. In this case,

the base transport factor becomes close to unity under breakdown conditions. When

the doping concentration of drift region is increased to 5 � 1012 cm�3, the drift region

thickness is reduced to 2,020 mm to achieve the same open-base breakdown voltage of

11,000V. The drift region thickness increases to 2,240 mm, if the doping concentration

of drift region is increased to 6 � 1012 cm�3, to achieve the same open-base break-

down voltage of 11,000 V. In this case, the multiplication coefficient becomes large

under open-base breakdown conditions. These examples demonstrate that there is an

optimum drift region doping concentration to obtain a minimum drift region width to

achieve an open-base breakdown voltage of 11,000 V. The location of the optimum

design with a width of 2,020 mm and doping concentration of 4.7 � 1012 cm�3 is

illustrated for this case in Fig. 2.23.
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Simulation Results

In order to gain insight into the physics of operation for the 10-kV silicon power
thyristor under voltage blocking conditions, the results of two-dimensional
numerical simulations for the optimized structure are described here. The total
width of the structure, as shown by the cross section in Fig. 2.5, was 1,000 mm
(area ¼ 1 � 10�5 cm�2) with a cathode finger width of 980 mm. The P-base
region had a Gaussian doping profile with a surface concentration of
5 � 1017 cm�3 and a depth of 30 mm. The N+ cathode region had a Gaussian
doping profile with a surface concentration of 1 � 1020 cm�3 and a depth of
10 mm. The P+ anode region had a Gaussian doping profile with a surface
concentration of 1 � 1020 cm�3 and a depth of 50 mm. An optimum N-drift region
doping concentration of 5 � 1012 cm�3 and width of 2,000 mm was used for the
baseline device structure. The doping profile is similar to that shown in Fig. 2.9.

The forward blocking characteristics for the thyristor structure are shown
in Fig. 2.24 for the case of various lifetime (tp0, tn0) values in the N-base region.
The breakdown voltage is indicated by an abrupt increase in the anode current.
At room temperature (300 K), the forward blocking voltage obtained with
the simulations is about 11,000 V in agreement with the value predicted by
the analytical model. The leakage current density increases with decreasing
lifetime as predicted by the analytical model due to enhanced space charge
generation.
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The voltage is primarily supported in the 10-kV thyristor structure within the
N-drift region. This is illustrated in Fig. 2.25 where the electric field profiles are
shown during operation in the forward blocking mode at various positive anode
bias voltages. It can be observed that the P-base/N-drift junction (J2) becomes
reverse biased during the forward blocking mode, with the depletion region
extending toward the right-hand side with increasing anode bias. Very little
extension of the depletion region is observed within the P-base region. Conse-
quently, the 10-kV thyristor structure supports voltage that is well predicted by the
analytical model which is based upon an abrupt junction assumption.

2.3.2 On-State Characteristics

The on-state i–v characteristic for the 10-kV thyristor structure is described by

Eq. 2.9, with a carrier distribution described by Eq. 2.7 if middle region recombi-

nation is assumed to be dominant. The on-state voltage drop (at an on-state current

density of 50 A/cm2) computed for the 10-kV power thyristor structure by using

Eq. 2.9 is provided in Fig. 2.26 for various values for the high-level lifetime in the

drift region. This thyristor structure had the optimized N-base region width of

2,000 mm and a P-base width of 25 mm. As expected, the on-state voltage drop

has a minimum value when the [d/La] value is equal to unity. The minimum on-state

voltage drop is found to be 1.03 V at a high-level lifetime of 500–1,000 ms.
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Simulation Results
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The results of two-dimensional numerical simulations for the 10-kV silicon thyristor
structure are described here. The total width of the structure, as shown by the
cross section in Fig. 2.5, was 1,000 mm (area ¼ 1 � 10�5 cm�2) with a cathode
finger width of 980 mm. The N-base region had an optimized doping concentration
of 5 � 1012 cm�3 and width of 2,000 mm. The on-state characteristics were
obtained by using a gate drive current of 2 � 10�8 A/mm using various values
for the lifetime in the drift region. The characteristics obtained from the numerical
simulations are shown in Fig. 2.27. The small anode current observed at anode
biases below 0.5 V is associated with the gate drive current. It can be observed
that the on-state voltage drop increases as expected with reduction of the lifetime
(tp0, tn0) indicated in the figure. The on-state voltage drop at a lifetime (tp0, tn0)
value of 100 ms is found to be 2.099 V at an on-state current density of 50 A/cm2.
This value is much larger than predicted by the analytical model because it does
not account for recombination in the end regions.

The low on-state voltage drop for the 10-kV thyristor structure is due to the large
number of carriers injected into the drift region producing a drastic reduction of its
resistance. This is illustrated in Fig. 2.28where the injected carrier density is shown
for five cases of the lifetime (tp0, tn0) in the drift region of the thyristor structure.
It can be observed that the injected carrier density is four orders ofmagnitude larger
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than the doping concentration for the case of a lifetime of 200 ms. The injected carrier
density is reducedbymore thananorder ofmagnitude in themiddleof the drift region
when the lifetime is reduced to 10 ms. As in the case of the 5-kV thyristor structure,
the injected carrier density is much smaller in the numerical simulations when
compared with the analytical model that neglects the end-region recombination.

The reduction of the injected carrier density in the middle region with smaller
lifetime leads to an increase in the on-state voltage drop. The on-state voltage
drop for the 10-kV thyristor obtained using numerical simulations can be com-
pared with that obtained using the analytical model without end-region recombi-
nation in Fig. 2.29. The on-state voltage drop obtained using the numerical
simulations are much larger than those predicted by the analytical model based
upon middle-region recombination. Further, the minimum on-state voltage drop
occurs at a significantly larger value for the lifetime in the drift region. It can be
concluded that the analytical model is very optimistic and not reliable for
predicting the on-state voltage drop, indicating that the impact of end-region
recombination is very important for the silicon 10-kV thyristor structure.

2.3.3 Turn-On

The 10-kV thyristor can be triggered from the forward blocking mode to the

on-state by the application of a gate drive current. The analytical model for

the increase in the anode current during the turn-on transient for a one-dimensional
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thyristor structure was discussed in the previous section. The increase in the anode

current during the turn-on process is described by Eq. 2.17. The time constant for

the rise in anode current is observed to be the geometric mean of the transit times

for the N-P-N and P-N-P transistors. The transit time for the holes through the

N-base region of the 10-kV thyristor is much greater than in the 5-kV device

because of the larger base width. This produces an increase in the rise-time for

the anode current as illustrated in Fig. 2.30 for three values of the anode voltage.

The rise in the anode current with time is shown in Fig. 2.30 for the case of a

one-dimensional thyristor structure with a P-base region width of 25 mm and an

N-base region width of 2,000 mm. The transit time for the N-P-N transistor is

calculated to be 120 ns. For the case of an anode bias of 10 V, the current reaches

its steady-state value with a rise-time of 34 ms. However, when the anode voltage is
increased to 100 V, the transit time for the P-N-P transistor is greatly reduced due to

the enhanced drift current. Consequently, the rise-time for the anode current also

decreases to only 0.95 ms. A further increase in the anode voltage to 500 V produces

a reduction of the rise-time to only 0.56 ms.

Simulation Results

In order to gain further insight into the physics of turn-on for the 10-kV power
thyristor structure, the results of two-dimensional numerical simulations for the
structure (described in the previous section) are discussed here. The total width
of the structure is 1,000 mm (area ¼ 1 � 10�5 cm�2) with a cathode finger width
of 980 mm. In order to turn on the thyristor, the gate drive current was abruptly
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increased from 0 to 2 � 10�6 A/mm (0.2 A/cm2) while the anode voltage was
maintained fixed with a load resistance in series with the thyristor structure.

The turn-on characteristics for the 10-kV power thyristor structure are shown in
Fig. 2.31 for three values of the anode bias. In each case the load resistance was
altered to obtain the same anode current density (50 A/cm2) after the thyristor is in
the on-state. In all cases, there is a short delay time of about 100 ns, which is
consistent with the delay time computed by using the base transit time of the N-P-N
transistor. The anode current then increases exponentially with time as described
by the analytical Eq. 2.17. For the case of an anode bias of 10 V, the anode current
increases exponentially for about 80 ms. When the anode bias is increased to 100
and 500V, the anode current density increasesmuchmore rapidly. This behavior is
consistent with the analytical model for turn-on based upon the drift of carriers
through the N-base region. In all cases, a gradual increase in the anode current
density is also observed at the end of the turn-on transient due to the current
spreading across the emitter width in the two-dimensional structure used for the
numerical simulations. The analytical model describes the correct trends with
increasing anode voltage but is not in quantitative agreement with the results of
the numerical simulations. This is due to current spreading across the cell structure
which produces a different current density than assumed for the one-dimensional
analytical model.
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2.3.4 Reverse Recovery

The reverse recovery behavior for the 10-kV thyristor structure can be expected to

be similar to that previously described in Sect. 2.2.4 for the 5-kV device structure.

The larger stored charge in the 10-kV device structure increases the reverse

recovery current and consequently the power dissipation during this transient.

This reduces the maximum operating frequency for the 10-kV device when com-

pared with the 5-kV device.

Simulation Results

In order to gain further insight into the physics of turn-off for the power thyristor
under a constant [di/dt], the results of two-dimensional numerical simulations for
the 10-kV thyristor structure (described in the previous sections) are discussed
here. The total width of the structure used for the numerical simulations was
1,000 mm (area ¼ 1 � 10�5 cm�2) with a cathode finger width of 980 mm
between the gate contact and cathode short. The thyristor was switched from
on-state operation at a current density of 50 A/cm2 with a constant [di/dt] (rate of
75 A/cm2 in 10 ms). This reverse ramp rate was applied until the anode voltage
reached �1,000 V. The anode voltage was then held constant, allowing the
anode current to decay to zero.
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The anode current and voltage waveforms for the thyristor are shown in
Fig. 2.32. As expected, these waveforms are very similar to those exhibited by
the P-i-N rectifier. The anode current flows in the reverse direction until the
anode voltage becomes equal to the reverse bias voltage and then decreases
exponentially to zero. These waveforms confirm that the thyristor structure can be
analyzed by using the reverse recovery analysis discussed in the textbook for
the P-i-N rectifier. In the case of the baseline simulation structure with a lifetime
(tp0, tn0) of 100 ms, the reverse recovery process requires a total time interval of
about 100 ms.

2.3.5 Summary

The results of the numerical simulations discussed above indicate that the silicon

10-kV thyristor structure requires a minority carrier lifetime (tp0, tn0) of at least
100 ms to achieve a low on-state voltage drop. For such a large lifetime value, the

reverse recovery process takes over 100 ms. From the waveforms in Fig. 2.32, it

can be observed that most of the power dissipation occurs during the decay of

the anode current after it reaches the peak reverse recovery current density. For

the conditions used during the numerical simulations, the peak reverse recovery

current (JPR) is found to be 74 A/cm2 and the time constant for the reverse

recovery (tRR) is found to be 6.75 ms. Using a power supply voltage of 1,000 V,

the energy loss per switching event is found to be 0.50 J/cm2 by using Eq. 2.20.

If the maximum power dissipation due to switching is limited to 100 W/cm2, the

maximum operating frequency for the 10-kV thyristor is then found to be 200 Hz.

This demonstrates that the 10-kV silicon thyristor cannot be operated at

frequencies as high as the 5-kV device.

2.4 Conclusions

The design and characteristics of the 5-kV and 10-kV silicon thyristor structures

have been analyzed in this chapter. Such high voltage ratings require extremely

high resistivity silicon wafers with relatively large thickness. The large thickness of

the drift region limits the ability to reduce the lifetime in the drift region to improve

the switching speed as determined by the reverse recovery process. Typical silicon

devices are found to be limited to an operating frequency of less than 300 Hz for the

5-kV device and 200 Hz for the 10-kV device.
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