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1 Introduction 

This document describes semiconductor products made by PROTON-ELECTROTEX JSC, as well as their 

manufacturing technology and recommendations regarding their usage. 

If you have any other technical questions, please contact the technical support of PROTON 

ELECTROTEX, JSC by phone +7 (4862) 44-04-95 or feedback form on the www.proton-electrotex.com website. 

 

http://www.proton-electrotex.com/
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2 Power Diodes 

 
2.1 Definition 

  

Figure 1. Symbolic designation of a diode. 

A diode is the simplest semiconductor device based on a p-n junction. It is an electronic component with 

two electrodes. Its electrical resistance strongly depends on the polarity of applied voltage and has an asymmetric 

current-voltage curve depending on the direction of the current. 

A diode mainly functions as an uncontrolled current rectifier ï when ñforwardò voltage is applied (with a 

more positive potential at the anode) the diode switches to a high conductivity state capable of conducting high 

ñforwardò current (in the direction from the anode to the cathode). When ñreverseò voltage is applied (with a more 

positive potential at the cathode) the diode switches to a low conductivity state capable of blocking the high ñreverseò 

voltage by conducting minimal reverse leakage current. 

 

2.2 Design 

The most common type of diode in power electronics is the p-n junction diode. A typical cross-section of its 

semiconductor structure is shown in Figure 2. 

 

Figure 2. Typical cross-section of the semiconductor structure of a power diode with p-n junction. 

A special trait of a power diode is the presence of at least one lightly doped (high-resistance) layer between 

the p-n junction and the anodic and cathodic surfaces of the structure. It is marked as the "n-" layer in Figure 2 that 
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illustrates the most common type of diodes, i.e. it is an n-type conduction layer with a relatively low concentration 

of donor dopant (having relatively high resistivity). 

The near-surface layers of the semiconductor structure in a diode with p-n junction are low-resistance 

(heavily doped with acceptor (for anode) and donor (for cathode) impurities). This is necessary to obtain ohmic 

(non-rectifying) contact with the surface metallization and achieve low contact resistance. 

The p-n junction of a diode's semiconductor element comes out to the surface at its periphery creating a 

danger of surface breakdown when high reverse voltage is applied. To avoid the surface breakdown, it is necessary 

to decrease the electric field strength in the region where the p-n junction emerges on the structure surface. The 

most frequent method to reduce the electric field in this area is profiling, or creating a certain geometric shape of 

the semiconductor chip surface at the exit point of the p-n junction. Usually the required shape of the surface is 

achieved by grinding the edge of the silicon wafer at a certain angle, i.e. by forming a so-called bevel (Figure 3). 

 

Figure 3. Edge bevel of a diode semiconductor element. 

 

2.3 Primary Electrical Parameters and Properties of Diodes 

 

 

Figure 4. Typical current-voltage curve of a diode. 
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2.3.1 Non-conducting State 

The main parameters of a diode in the non-conducting state are: 

VRRM, Repetitive Peak Reverse Voltage [V] is the highest instant voltage that can be applied to the diode 

in the reverse direction, including all repetitive voltages. VRRM divided by 100 is the deviceôs voltage class. VRRM is 

the main criterion of the maximum allowed operating mode in the non-conducting state: peak values of the reverse 

voltage during operation of the diode in normal operating modes should not exceed this value. 

VRSM, Non-repetitive Peak Reverse Voltage [V] is the maximum allowed non-repetitive peak reverse 

voltage that can be applied to a diode. VRSM is always greater than VRRM. 

VBR, Breakdown Voltage [V] is the voltage at which the avalanche breakdown of the diode semiconductor 

structure begins. 

VBR Ó VRSM, therefore VBR is not a parameter applicable to operating conditions of regular diodes. The VBR 

value is determined by testing and serves as one of the reference points used to assign a reverse voltage class to 

the diode (i.e. to determine the VRRM) after adding a certain technological margin. The exception is avalanche diodes 

that allow short-term operation in the avalanche breakdown mode. Datasheets for such diodes indicate VBR as the 

minimal value of this parameter for a particular type of diode at certain values of junction temperature and reverse 

current. 

IRRM, Repetitive Peak Reverse Current [mA] is the maximum instant value of the reverse current when a 

reverse voltage pulse with an amplitude equal to VRRM is applied to the diode. The actual IRRM values on the devices 

are usually measured by the manufacturer at the maximal allowed temperature of the diode junction during the 

acceptance tests. 

 

 

Figure 5. Typical current-voltage curve in logarithm scale. 
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Temperature changes in the reverse current-voltage dependence (I-V curve) of a diode are shown in Figure 

5. The most common silicon-based power diodes have the following trends: 

¶ Strong increase of the reverse current at higher temperature. The reverse current of silicon power 

diodes is less than 0.1 mA at the room temperature, while at the maximum operating temperature 

(125-190ÁC for various types of devices) the range varies from single digits to 200-300 mA. The 

current grows approximately exponentially along with the temperature increase, doubling every 7-

10ÁC. 

¶ The tendency for VBR to increase at higher temperature. For typical silicon diodes, VBR changes by 

10-15% with a temperature change of 100ÁC. 

 

2.3.2 Conducting State 

PROTON-ELECTROTEX JSC follows the standards of measuring parameters in conducting state as shown 

in Figure 6. 

 

 

Figure 6. Typical forward current-voltage curve of a power diode. 

The primary parameters of a diode in conducting state are: 

IFAV, Average Forward Current [A] is the average value of rectified pulsing current over a time period. IFAV 

is assumed to be the maximum allowed average value of the forward current flowing through the diode for 

continuous time. Usually the IFAV values are provided for rectified sine current, where the peak value of the current 

IFM = 3.14 * IFAV corresponds to the peak forward voltage (VFM), i.e. the instantaneous value of the forward voltage. 
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IFRMS, RMS Forward Current [A] is the maximum allowed RMS value of a diodeôs rectified pulsing current 

at the specified pulse shape and cooling conditions. 

VFM, Peak Forward Voltage [V] is the maximum instant value of forward voltage at specified peak forward 

current and junction temperature. 

Elements of a piecewise linear approximation of the I-V curve (threshold voltage VF (T0) and dynamic 

resistance rT) are introduced for the convenience of calculating losses in the conducting state. The meaning of 

these parameters is clarified in Figure 6. To determine them, a line is drawn through the I-V curve points 

corresponding to the current values of 0.5*IFAV and 1.5*IFAV. The slope of this line corresponds to rT, and the segment 

cut off on the voltage axis is VF(T0). 

Having the elements of the piecewise linear approximation of the I-V curve (VT0 and rT), it is possible to 

calculate the power loss of the diode at the selected value of the forward current: 

ὖ ὠ Ὅz ὶ Ὅz  

Datasheets provided by PROTON-ELECTROTEX JSC include a more precise approximation of the I-V 

straight: 

ὠ ὃ ὄ Ὅz ὅ ÌzÎὍ ρ Ὀ Ὅ  

where A, B, C, D are constants. 

Using this approximation makes it possible to calculate the power dissipation more precisely, but requires 

to use numerical methods. 

Influence of temperature on the forward IïV curve of silicon-based power diodes is shown Figure 6. The 

nature of the change in the forward voltage depends on the current: if it is less than the so-called temperature 

inversion current of the I-V curve then the voltage decreases along with increasing temperature, if it is higher, it 

increases. 

It is desirable to select such modes of diode operation that the range of operating currents mostly lies above 

the temperature inversion current of the I-V curve. Power diodes, as a rule, have a large area of semiconductor 

chip; therefore, an uneven distribution of current density over the chip area may occur at current densities below 

the temperature inversion point that may lead to local overheating. 

The IFAV and IFRMS values can be calculated in a similar way to the ITAV and ITRMS values for thyristors 

(Section 3.3.3). The shape factor (kF) for a diode will always be 1.41 for a rectangular current waveform and 1.57 

for a sinusoidal current waveform. 

 

2.3.3 Transition State 

The process of a diodeôs transition from conducting state when forward voltage is applied to non-conducting 

state when reverse voltage is applied is called reverse recovery. 
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Figure 7 illustrates the current and voltage at the diode during the process of its reverse recovery when 

operating on an active-inductive load. If the diode recovers with an active-inductive load which is typical for the main 

applications of power devices, the value of its negative current increases linearly, reaches a certain value of IrrM 

depending on its design, and then drops to zero. In accordance with the standard GOST 24461-80 the main 

parameters of reverse recovery for diodes made by PROTON-ELECTROTEX JSC are measured as follows: at the 

drop of the reverse recovery current, a chord is drawn from 0.9*IrrM to 0.25*IrrM. The time interval between the current 

crossing the 0 value and the point where the chord crosses the time axis determines the reverse recovery time trr. 

The VrrM value corresponds to the maximum value of surge voltage during diode switching. 

 

Figure 7. Reverse recovery of a diode with p-n junction. 

The main parameters of diode reverse recovery are: 

IrrM, Reverse Recovery Current [A] is the maximum reverse current conducted by the diode during reverse 

recovery (Figure 7). 

VrrM, Reverse Recovery Voltage [V] is the maximum reverse voltage during the reverse recovery of the 

diode. 

trr, Reverse recovery time [Õs] is the duration of the transient recovery process, i.e. the period when the 

reverse current flowing through the device is significantly higher than the reverse leakage current. 

Qrr, Reverse Recovery Charge [ɜC] 

Usually the following formula is used to estimate the value of Qrr: 

ὗ
Ὅ ὸz

ς
 

i.e. the reverse recovery current is approximately triangle-shaped. 
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The Qrr value depends on the amount of excess electron-hole pairs accumulated in the semiconductor 

structure of the diode when the forward current is applied and conditions of reverse recovery ï the rate of fall of the 

forward current, and reverse voltage of the source. 

A more accurate estimate is achieved by the numerical integration of the reverse recovery current epure; 

in this case, index ñiò is usually added to the designation of the reverse recovery charge: 

ὗ ὭὨὸ 

Where: 

t0 ï moment when the anode current passes zero value, 

ti ï moment when integrating ends. 

Typically, ti is chosen as the moment when the reverse current reaches a certain low value, for example, 

2% of the IrrM value. 

The Qrr value depends on the amount of excess electron-hole pairs accumulated in the diodeôs 

semiconductor structure when forward current is applied, as well as on the reverse recovery conditions ï the rate 

of fall of forward current, and reverse voltage of the source. 

"Removal" of the excess electron-hole pairs during reverse recovery depends on two processes: their 

outflow from the semiconductor structure that causes a reverse current pulse, and recombination in the 

semiconductor structure that does not cause any "external" current. The recombination rate is characterized by the 

lifetime of charge carriers (t) ï the average lifetime of an excess electron or hole in the semiconductor structure 

before the recombination event. 

The entire process of reverse recovery from the beginning of the forward current fall to the end of the 

reverse current fall becomes very short ï less than t ï at high values of the current decay rate. Therefore, 

recombination has little effect on the decrease in the number of excess electron-hole pairs, the removed charge of 

which (Qrr) depends only on the amount initially accumulated during the flow of the forward current. 

However contribution of recombination becomes significant at low values of the current fall rate, when the 

time interval from the beginning of the decay of the forward current to its transition through zero value exceeds 3t. 

In this case, the device ñforgetsò the initial value of the forward current before the recovery process ï Qrr at low di/dt 

of the fall barely depends on the value of the forward current. 

Thus, Qrr highly depends on the forward current and weakly depends on di/dt at high value of falloff di/dt, 

while the opposite is true at low fall-off di/dt. 

Qrr increases as the reverse voltage grows higher, which is explained by expansion of the space charge 

region of the reverse biased p-n junction and an increase in the number of electrons and holes removed from the 

semiconductor structure. The total number of removed charge carriers, however, cannot be higher than the number 



 

 
19 Leskova Str., Orel, 302040,                                  Tel.: +7 (4862) 44 04 11                                                     www.proton-electrotex.com 
Russia, room 27, off. 14                                            Fax: +7 (4862) 44 04 08                                           marketing@proton-electrotex.com 

ISO 9001                                  
ISO 14001 

of electron-hole pairs remaining in the structure when the current crosses zero value; therefore the Qrr (VR) 

dependence also aims for saturation with increasing VR. 

ERQ, Reverse Recovery Energy [J] ï this parameter is not listed in datasheets by PROTON-

ELECTROTEX JSC, but it must be mentioned in these notes. ERQ is the time integral of the power loss (product of 

anode current and voltage) in the transient process of reverse recovery. The value of the reverse recovery energy 

is very important when the diode operates at increased frequency. Experience shows that even at several kHz the 

fraction of the total power lost at the diode due to reverse recovery can become comparable or even exceed the 

loss power dissipated in the conducting state. The reverse recovery energy and the reverse recovery charge of the 

diode are related. If reverse recovery occurs in a circuit with a fully inductive load, the diode is not protected by RC 

circuits that damp the voltage surges and changes in the source voltage during trr can be neglected, then the 

following formula is valid: 

Ὁ ὗ ὠz 

where VR is the source voltage. 

 

2.4 Types of Power Diodes manufactured by PROTON-ELECTROTEX JSC 

PROTON-ELECTROTEX JSC produces the following types of power diodes: 

¶ Power rectifying diodes (D) 

¶ Fast recovery diodes (DF) 

¶ Avalanche diodes (DA) 

¶ Fast recovery avalanche diodes (DFA) 

¶ Welding diodes (D0) 

Power rectifying diode is a diode designed for operation in rectifying units operating at relatively low 

frequencies (usually at an industrial frequency of 50 or 60 Hz, sometimes at frequencies up to 500 Hz). The main 

focus for these devices is minimizing the power loss in conducting state while providing the needed reverse voltage. 

The Qrr and ERQ values for such diodes can be quite high, preventing use at increased frequency and in pulse-

frequency modes. 

A fast-recovery diode is a device with reduced trr, Qrr, ERQ values designed to operate at higher 

frequencies or in pulse-frequency modes. 

An avalanche diode is a diode that can operate in avalanche breakdown mode. Typically this device is 

characterized by the value of breakdown voltage VBR that describes the minimum value of the start of avalanche 

breakdown, as well as the energy properties of the breakdown: the maximum permitted peak power dissipation 

(PRSM) and/or the energy loss during avalanche breakdown. 

Fast recovery avalanche diodes are avalanche diodes with reduced recovery time. 
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Welding diodes are diodes designed for use in industrial welding equipment. Welding equipment features 

rather low voltage at the diode, so alloyed semiconductor elements of minimum thickness are used there to ensure 

high power and high current density in welding diodes. Besides, the low thickness of the welding diodes housing 

ensures low thermal resistance Rth. 
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3 Power Thyristors 

 
3.1 Definition 

 

Figure 8. Symbolic designation of a thyristor. 

Thyristor is a semiconductor switch with three electrodes (anode, cathode, control gate). 

A thyristor can be characterized by three main states: 

¶ closed state ï the thyristor is in a state of low conductivity when forward voltage is applied (with a 

more positive potential at the anode); 

¶ non-conducting state ï the thyristor is in a state of low conductivity when reverse voltage is applied 

(with a more positive potential at the cathode); 

¶ conducting state ï the thyristor is in a state of high conductivity when forward voltage is applied 

(with a more positive potential at the anode) and conducts current in the anode-cathode circuit. 

A thyristor is a semi-controlled switch. It can be in both a low-conductivity state and a high-conductivity 

state with forward voltage in the anode-cathode circuit. The thyristor switches on (transitions from a state of low 

conductivity to a state of high conductivity) when current flows in the gate-cathode circuit. If the thyristor starts 

conducting current in the anode-cathode circuit after switching on the gate current can be removed and the thyristor 

will remain in a state of high conductivity, i.e. the thyristor can be turned on by a short current pulse in the gate 

circuit. 

A conventional power thyristor can only be turned on using the control circuit. To turn it off, one must stop 

the current in the anode-cathode circuit or reduce it below a certain value called the holding current. Then, after a 

certain period called the turn-off time, the thyristor will go from the conducting state to the closed state. 

Unlike a diode, the semiconductor structure of a thyristor has four layers with different types of conductivity: 

n-emitter, p-base, n-base, p-emitter. These layers are separated by three p-n junctions: 

¶ cathode emitter p-n junction between n-emitter and p-base 

¶ anode emitter p-n junction between p-emitter and n-base 

¶ collector p-n junction between p- and n-bases 

The cross section of the semiconductor structure is shown in Figure 9. 
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Figure 9. Cross-section of a thyristorôs semiconductor structure and its circuit diagram. 

Due to the physics of this semiconductor structure, application of a more positive potential to the anode 

than the cathode causes a volt-ampere curve with a section of negative differential resistance (Figure 10). This 

negative section of the I-V curve can be explained as follows. A four-layer thyristor structure (Figure 9) can be 

represented as two functionally combined three-layer transistor structures n-p-n and p-n-p, and since the collector 

p-n junction is common for both of these transistor ñcomponentsò the collector of each of them is connected to the 

base of the other. Since transistors have amplifying properties, this layout creates positive current feedback, 

resulting in a I-V section with a negative differential resistance. 

When forward voltage is applied to the thyristor (positive bias at the anode), the total anode-cathode voltage 

is applied mainly to the collector p-n junction since the emitter junctions are forward-biased. The section with 

negative resistance appears only when the sum of the differential current gains (in a circuit with a common base) 

of the "component" transistors is greater than one. The gains coefficients of the transistors are not constant, and 

they increase at higher current in the range of the collector current from zero to a certain value. At the initial section 

of the I-V curve (Figure 10) the sum of the gains at low total collector current is less than 1, therefore the I-V curve 

has positive differential resistance. As the collector current increases (in the absence of gate current, due to an 

increase in the leakage current of the reverse-biased collector p-n junction with increasing voltage), the sum of 

these coefficients increases and at a certain voltage value (switching voltage) becomes equal to 1, and the 

differential resistance of the I-V curve is equal to zero. 
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Figure 10. Typical current-voltage curve of a thyristor. 

Usually a thyristor operates on a load with equivalent resistance less than the absolute value of the negative 

resistance of its current-voltage curve. For this reason there is an ñabruptò change in the current and voltage of the 

thyristor after reaching the switching voltage: it switches from a ñstableò state with relatively low current and relatively 

high voltage (off state) to another ñstableò state with relatively low voltage and relatively high current (on state). In 

this case, the "component" transistors reach saturation, that is, the collector p-n junction becomes forward-biased 

(like the emitter ones). 

Positive gate current that causes an increase in the collector current of the corresponding "component" 

transistor leads to a decrease in switching voltage. At a certain value of the gate current (the so-called gate current 

of the I-V curve "rectification") the negative section of the I-V curve does not appear at all, i.e. the thyristor stays in 

the on-state at any values of the positive anode voltage. 

When reverse voltage is applied to the thyristor (the bias at the anode is negative), the emitter p-n junctions 

get locked, while the collector junction has forward bias: both "component" transistors operate in the "inverse" mode. 

In this case there is no positive current feedback; therefore, the reverse branch of the I-V curve is generally similar 

to that of a diode. However, the leakage current of the reverse biased emitter p-n junctions will be amplified by the 

"component" transistors, in the inverse state too. 

Thus, a thyristor can be described by two static states ï ñoffò and ñonò, and two dynamic processes ï  

transition ñfrom off to onò and ñfrom on to offò. Physical processes that determine the properties of a power thyristor 

in static states are in many ways similar to those of a power diode. Dynamic processes in the thyristor have a 

number of special features that require to introduce a number of additional elements into the semiconductor 

structure of the thyristor. 

3.2 Design 

Cross-section of a semiconductor structure and its topology for a typical power thyristor are shown in Figure 

11 ʠ Figure 12. It is based on a four-layer structure similar to that shown ʥʘ Figure 9. The least doped (high-

resistance) layer in a modern power thyristor is the n-base. Space charge regions (SCR) of high-voltage collector 
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and anode p-n junctions expand into this n-base layer when forward and reverse voltages are applied in the off 

state (blocking voltages). The gate electrode is usually connected to the p-base and is located on the cathode side 

of the semiconductor structure. To achieve this, an n+ emitter layer is not formed on a part of the cathode surface. 

These p-type regions emerging onto the surface are called p-control regions. Design of a thyristor has the following 

important additional elements: 

Cathode emitter shunting. The shunt elements are made as local p-type regions that come out to the cathode 

surface and have common metallization with the n+ emitter. Shunts are introduced to ensure a decrease in the gain 

of the n-p-n ñcomponentò transistor, which is necessary to ensure high thyristor switching voltage (especially at the 

maximum operating temperature), as well as to increase noise immunity and improve some dynamic characteristics. 

Branched control electrode. Initially the gate current turns a thyristor on only in a relatively narrow (100-500 ɛm 

wide) region topologically adjacent to the edge of the control p-region and the control electrode. It is caused by the 

finite value of the "lateral" propagation of the gate current in the semiconductor structure. Then the on-state spreads 

over the entire area of the thyristor structure with a certain finite speed that depends on parameters of the structure 

layers, shunting, as well as amplitude and rate of rise of the switched anode current pulse and no longer depends 

on the gate current. The speed of propagation of the on-state can be from several microns to several hundred 

microns per microsecond. 

 

Figure 11. Cross-section of a thyristorôs semiconductor structure. 
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Figure 12. Topology of a semiconductor structure of a modern thyristor (with removed cathode metallization): 1. - branched p-gate region, 2 - auxiliary 
thyristor, 3 - cathode region of the main thyristor, 4 - p-region of distributed shunt elements, 5 - p-region of edge shunt elements of a branched gate 

electrode. 

Since the area of semiconductor structure can be very large (up to several hundred square centimeters), it 

can be problematic to turn on the entire area of the thyristor in acceptably short time. This problem is solved by a 

branched gate electrode with a topology (plan view) selected to reduce the time of the on-state propagation over 

the entire area to a reasonable value. So-called "edge" shunting elements are often placed along the perimeter of 

the branched gate area to perform a role similar to that discussed above for distributed shunting, and also contribute 

to a more uniform distribution of the gate current along the perimeter of the branched area that can reach tens and 

even hundreds of centimeters. 

Auxiliary (amplifying) thyristor. Having the branched gate electrode in the semiconductor structure 

requires to increase the drive current. Typical gate current required to turn on the thyristor structure evenly along 

the entire length of the perimeter of the control electrode is about 1 A per 1 cm of the length of the gate electrode 

perimeter. Thus, to turn on a thyristor with a branched gate electrode, it may be necessary to control current pulses 

with an amplitude of tens or even hundreds of amperes, which greatly complicates the control unit of the device. To 

avoid this, an additional auxiliary thyristor structure is introduced. This auxiliary thyristor is integrated into the 

common four-layer structure (Figure 11) and has a common anode with the main thyristor but independent gate, 

and its cathode is connected to the metallization of the branched gate of the main thyristor. The total cathode area 

and the perimeter of the gate electrode of the auxiliary thyristor are significantly smaller than those of the main 

thyristor. The ñexternalò terminal of the control electrode of the entire thyristor is connected to the metallization of 

the gate electrode of the auxiliary thyristor, so this element gets turned on first and high gate current is not required. 

The anode current of the switched-on auxiliary thyristor is supplied to the branched control electrode of the main 

thyristor and leads to the switching on of the main structure. Since the current flowing through the auxiliary thyristor 
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also passes through the p-n junction "branched gate electrode ï cathode of the main thyristor", the flow of this 

current is accompanied by a voltage drop greater than when current flows through the main thyristor. Therefore, 

some time after turning on the main thyristor the auxiliary structure is usually turned off. 

The region of the semiconductor elementõs periphery. Profiling of the edge bevel is often used to 

prevent surface breakdown of high-voltage p-n-junctions of a thyristor in a similar manner to power diodes. Since 

the thyristor has two high voltage p-n junctions, the bevel profile is more complex than that of a diode (Figure 13). 

Direct and reverse bevels are distinguished in semiconductor structures with asymmetric p-n junctions depending 

on whether the smaller part has greater or lower dopant concentration, respectively. The bevel is straight for the 

collector p-n junction of the structure shown in Figure 13, and reverse for the anode one. Effective protection against 

surface breakdown for straight and reverse bevels is achieved at different values of the angle Ŭ: for a straight bevel 

this angle should be as small as possible, while for a reverse bevel values less than 40-50Á are enough. Therefore, 

in order to minimize the size of the peripheral area, the bevel for thyristor structures usually has two steps: the angle 

Ŭ1 is 20-40Á, and the angle Ŭ2 is 1-3Á. 

 

Figure 13. Typical profile of a power thyristorôs semiconductor element. 
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3.3 Primary Electrical Parameters and Properties of Thyristors 

 

Figure 14. Voltage-current curve of a thyristor. 

 

3.3.1 Closed State 

Modern thyristors are designed to make their I-V curve in closed state similar to I-V curve of a reverse-

biased collector p-n junction: shunting of the cathode emitter and life time of charge carriers are selected so that 

current amplification ratio of ñcomponentò transistors at typical leak current density was low. Switching without 

applying gate current in this case is only possible with avalanche breakdown of the collector p-n junction at a current 

significantly higher than the allowed leak current, and usually causes a failure of the device. 

Thus, the "operating" section of a thyristorôs I-V curve in the closed state in its general appearance, 

characteristic sections, relation to temperature changes etc., is similar to the reverse I-V curve of a diode, reviewed 

in section 2.3 on page 6. 

An important property of the closed state of a thyristor describing its noise immunity is its resistance to a 

rapid rise in the anode voltage (dv/dt resistance). 

As a rule, forward anode voltage applied to a closed thyristor is not constant and can have sharp surges. 

At the same time a current pulse passes through it due to overcharging of the barrier capacitance of the collector 

p-n junction that can have an amplitude much greater than the leakage current. If the anode voltage increases 

during the surge, this current has a "forward" direction and can lead to "abnormal" switching of the thyristor. 

The main method to remove this negative effect is to reduce the effective shunting resistance of the cathode 

emitter. Exploring the physics of thyristor switching at short impulses showed that it can be described by so-called 

"critical charge" (Qcrit). If the current pulse through the collector p-n junction under any action is very short (in the 
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limit it has the form of a d-function), then to turn on the thyristor the integral of this current over time must be greater 

than a certain value called critical charge. In this case, the value of Qcrit is approximately inversely proportional to 

the effective cathode shunting resistance, making it possible to achieve the dv/dt resistance values required for an 

acceptable noise immunity. 

The main properties of a thyristor in the closed state are: 

VDSM, non-repetitive off-state surge voltage [V] is the highest instantaneous value of any non-repetitive 

off-state transient voltage. 

VDRM, repetitive off-state voltage [V] is the highest instantaneous off-state voltage applied to the thyristor, 

including any repetitive transient voltages. 

IDRM, repetitive off-state Impulse current [mA] is the off-state impulse current caused by repetitive off-

state impulse voltage. 

(dvD/dt)crit, critical rate of rise of off-state voltage [V/ɜs] ï this parameter indicates the maximum allowed 

rate of rise of the off-state voltage when an exponential voltage is applied to the switched-off thyristor. The dv/dtcrit 

value is determined in accordance with Figure 15. 

 

Figure 15. Determining dv/dt 
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3.3.2 Reverse Non-conducting State 

The IïV curve of a thyristor in the reverse state is close to the IïV curve of a reverse-biased high-voltage 

emitter p-n junction (anode emitter p-n junction) for the same reasons as described above for the forward IïV 

characteristic in the closed state. 

The main parameters and properties of a thyristor in the reverse non-conducting state are: 

VRSM, Non-Repetitive Pulse Reverse Voltage [V] is the highest instantaneous value of the non-repetitive 

transient reverse voltage applied to the thyristor. 

VRRM, Repetitive Pulse Reverse Voltage [V] is the highest instantaneous value of the reverse voltage, 

including only repetitive transient voltages. 

IRRM, Repetitive Pulse Reverse Current [mA] is the thyristorôs reverse current caused by a repetitive pulse 

reverse voltage. 

V(BR), Reverse Breakdown Voltage [V] is the thyristorôs reverse voltage, at which an avalanche breakdown 

of the thyristor semiconductor structure begins. 

 

 

3.3.3 Open State 

Typical ñoperatingò density of a thyristorôs anode current is 100-300 A/cm2. The n-base and most of the p-

base of the thyristor are "flooded" with excess electron-hole pairs at such current densities (i.e., the concentration 

of excess electrons and holes there is much higher than the concentration of equilibrium ones). 

This is why the IïV curve of an open thyristor in the range of "operating" currents in its general form and 

response to temperature changes is similar to the IïV curve of a diode considered above. The elements of the 

piecewise-linear approximation of the I-V curve and the values of the maximum permissible average and effective 

currents are determined in a similar way. 

An important parameter that describes operation of a thyristor at low anode currents is its holding current. 

If you reduce the anode current of a switched-on thyristor (without applying current to the gate circuit), then the 

equilibrium state point will "descend" along the I-V curve (Figure 10) to the lowest possible equilibrium state, and 

then abruptly jump (through the range of unstable states) to a new equilibrium state, this time corresponding to a 

turned-off thyristor. The minimum anode current that allows to keep the thyristor switched on without current in the 

gate circuit is called holding current. As the anode current approaches the holding current value, the switched-on 

state contracts into a narrow "cord" up to a hundred microns wide. Location of this cord is not fixed by any prominent 

points of the structure, but is instead determined by the "weakest" point with the lowest anode current density at 

which the thyristor can still maintain the on-state due to uncontrolled technological deviations. Any further decrease 

in the current leads to turning off (interruption of the current) precisely in this cord. 

A decrease in the anode current below a certain limit in a power thyristor with a significant cathode area 

leads to a decrease in the area of the structure in the on-state, i.e. it is a process opposite to the propagation of the 

on-state when the device is turned on. 
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The main parameters and properties of a thyristor in the open state are: 

ITAV, average on-state current [A] is the highest allowed period-average on-state current at the specified 

pulse shape and cooling conditions. 

ITRMS, RMS on-state current [A] is the highest allowed RMS on-state current at specified pulse shape and 

cooling conditions. 

VTM, impulse voltage in the open state [V] is the highest instantaneous value of the voltage in the open 

state due to the impulse current of a given value. 

IH, holding current [mA] is the lowest anode current required to keep the thyristor open. 

Properties of I-V curve piecewise linear approximation (VT(T0) and rT) are introduced for thyristors in a similar 

fashion to diodes. 

VT(T0), threshold voltage [V] is the voltage value determined by the point of intersection of the line of 

straight-line approximation of the I-V curve of the open state with the voltage axis. 

rT, dynamic resistance in the open state [mOhm] is the resistance determined by the slope of the straight 

line approximating the I-V curve in the open state. 

ITAV and ITRMS values can be calculated based on housing temperature and current waveform. 

 

The allowed housing temperature is set to a certain value based on the cooling conditions. Values of the 

currents ITAV and ITRMS in this case correspond to maximum values of the sinusoidal current measured for one half-

wave at which the junction temperature reaches the maximum allowed value. These data indicate the approximate 

value of operating current used by a customer to select the device. They are mainly used to compare various types 

of products according to their on-state properties. Please bear in mind when comparing devices that their housing 

temperature can vary depending on their application, heavily affecting their current ratings. 

The customer can independently calculate the current ITAVM depending on the required temperature or 

conduction angle using the following formula: 

Ὅ

ὠ τz Ὧ ὶz
Ὕ Ὕ
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where kʬ is a shape factor that is used to calculate various current shapes. This coefficient for a sinusoidal 

current waveform can be calculated using formula: 
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where Ŭ is angle of conductivity in radians. 

For rectangular current, the shape factor is calculated as follows: 

Ὧ
ς“

‌
 

The table below shows values of shape factor for various conduction angles for sinusoidal current and 

rectangular current. 

Table 1. Current shape factor for various angles of conductivity. 

ŭ (grad) 30Áʊ 60Áʊ 90Áʊ 120Áʊ 180Áʊ 

kF 3.98 2.78 2.22 1.88 1.57 

kF Dʊ 3.46 2.45 2.00 1.73 1.41 

The consumer can use the shape factor values from Table 1 for calculations. To calculate kʬ for any other 

angles of conductivity, it is necessary to use the formulas described above. 

ITRMS is calculated from ITAVM using the following formula for a sinusoidal current waveform: 

Ὅ Ὅ
“

ς
 

 

3.3.4 Gate Parameters 

Gate circuit of a thyristor is usually described by three groups of properties: 

1 Properties describing the minimum conditions sufficient to turn the thyristor on. 

These include direct current and gate voltage, i.e. the minimum value of the direct control current 

and the corresponding gate voltage required to turn on the thyristor (in the specified test modes). 

2 Properties describing the maximum allowed amplitude of the gate current pulses, 

corresponding gate voltage and pulse power losses in the control circuit that do not cause damage 

to the thyristor structure. Values of the maximum impulse current and voltage are also useful for 

selection or development of a gate circuit (driver), since they provide information on the required 

open circuit voltage and short-circuit current at the output of this circuit. 

3 Properties of noise immunity along the gate circuit: the maximum allowed values 

of the amplitude of the current and control voltage pulses that do not turn the thyristor on. 
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The main parameters and properties of a thyristorôs gate circuit include: 

IGT, Gate Trigger Direct Current [mA] is the lowest DC gate current required to turn on the thyristor. 

VGT, Gate Trigger Direct Voltage [V] is the constant gate voltage corresponding to the gate trigger direct 

current. 

IFGM, Maximum Forward Gate Current [A] is the maximum forward current for the thyristorôs gate circuit. 

The value of IFGM is limited by the power loss in gate circuit PG. 

VFGM, Maximum Forward Control Voltage [V] is the maximum forward voltage allowed for the thyristor 

gate circuit that corresponds to the maximum forward control current of IFGM. 

IGD, Non-triggering Direct Gate Current [mA] is the highest DC gate current that will not trigger the 

thyristor. 

VGD, Non-trigger Direct Gate Voltage [V] is the highest constant control voltage corresponding to the IGD 

current, which does not cause the thyristor to turn on. 

 

3.3.5 Turning the Thyristor On 

The dynamics of transition from the off-to-on state is described by the thyristorôs turn-on time counted from 

the beginning of the gate current pulse till the anode current reaching a certain value (or till the moment when the 

anode voltage drops to a specified low value). In this case, the turn-on time is usually divided into two phases: the 

turn-on delay time and the rise time. 

There are no big changes in the anode current and voltage during the delay time. If the gate current has a 

sharp leading edge (i.e. the gate action on the thyristor can be considered pulsed) then the delay time is 

approximately equal to the time when the charge of excess electron-hole pairs equal to Qcrit accumulates in the 

lightly doped layers of structure, plus the time of electrons and holes travel through heavily doped layers. 

During the rise time the thyristor transitions to the on-state, thus the thyristor becomes "closed". As a rule 

power thyristors are used in circuits with an active-inductive load, where the current rise time after the thyristor 

switch "closes" is determined by the load inductance. Therefore, the end point of the thyristor turn-on process is 

usually defined not by the moment when the anode current rises to a specified value, but by the moment when the 

anode voltage across the thyristor falls to a specified value that is much lower than the source voltage, i.e. the 

moment when the thyristor switch can be conventionally considered "closed". 

It should be noted that the ñendò moment of the turning on usually is not the same as ñphysicalò turning on 

over the entire area of the thyristor. The on-state propagation process is longer and can take up to several 

milliseconds, while the thyristor turn-on time measured as described above takes only a few microseconds. 

The concept of di/dt resistance is used to describe the limitations imposed by the finite speed of propagation 

of the on-state in a thyristor. The current density conducted by the thyristor structure in the process of "physical" 

switching on depends on two factors: the rate of rise of the anode current that is determined by the external circuit, 
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and the propagation rate of the switched-on state that is determined mainly by the design and technological 

parameters of the thyristor structure. If the rate of rise of the anode current increases and reaches a certain value, 

a local increase in the current density in the conducting sections of the structure will cause power losses and 

overheating. If they reach and exceed a critical value the thyristor will fail. Such rate of rise of the anode current is 

called critical ï (di/dt)crit. A thyristor may not operate in modes where an increase in current with a rate higher than 

(di/dt)crit can occur when the thyristor is turned on. 

The (di/dt)crit limit is only relevant in the transient process of switching the thyristor on. If the process of on-

state propagation has already ended and the structure is switched on over its entire area, a rapid rise in the anode 

current is safe even if its rate exceeds (di/dt)crit. 

If the anode current first decreases to a value close to the holding current and then rises sharply without 

supplying current to the gate circuit, it can result in a thyristor failure even with the anode current rising slower than 

(di/dt)crit. The reason is that the switched-on area of the thyristor at the initial current decrease is pulled together 

into a "cord", the area of which can be much smaller than the area of the initial switch-on at the "regular" switch-on 

by the control current pulse. 

If a thyristor is turned on with a rate of rise of the anode current lower than (di/dt)crit, operation of the thyristor 

is still possible, but please remember that until the structure of the thyristor is fully turned on across its entire area, 

the power of local losses in the turned on region will exceed the losses calculated from the ñstaticò I-V curve for a 

fully turned-on thyristor. To take this factor into account, the ñturn-on loss energyò parameter is used. 

To increase (di/dt)crit and reduce the energy losses during turn-on to the required values, a branched gate 

electrode is used in the thyristor. Its longer perimeter allows to increase the initially turned-on area of the main 

thyristor structure and to reduce the on-state propagation time. 

The main parameters and properties of the thyristor during switching on include: 

IL, turn-on current [mA] is the lowest forward thyristor current required to maintain the thyristor in the 

conducting state immediately after the end of the control current pulse when the thyristor turns on. If the forward 

current of the thyristor is less than the turn-on current when the control current pulse is removed it will drop to zero 

and the thyristor will switch to the closed state. 

tgd, turn-on delay time [ɜs] is the time interval between the beginning of the control current pulse and the 

moment when the main voltage drops to a given value close to the initial one (for example, 0.9 from the initial). 

tgt, turn-on time [ɜs] is the time interval needed to turn the thyristor on by a pulse of the gate current. This 

time interval is measured from the moment at the beginning of the control current pulse to the moment when the 

anode current rises to a given value. 

(diT/dt)crit, critical rate of rise of the on-state current [A/ɜs] is the highest value of the rate of rise of the 

current in the open state at which the thyristor can operate. 

 

3.3.6 Turning the Thyristor Off 
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The dynamics of the transition from the on-state to the off-state is described by two physical processes: 

recovery of reverse and direct blocking capacities. 

Recovery of the reverse blocking capacity (reverse recovery) of a thyristor is generally similar to the reverse 

recovery of a diode and is described by similar parameters. In case of a thyristor, the reverse recovery of its high-

voltage emitter p-n junction (usually an anode p-emitter) is accompanied by expansion of its space charge region 

and partial removal of excess electrons and holes accumulated in the lightly doped layers. Since a thyristor 

conducting anode current of "operation" density has its base layers "flooded" with excess electron-hole pairs of n- 

and p- and has a similar state to a diode, the reverse voltage delay phase during its reverse recovery is very close 

in terms of the ongoing processes to that in the diode. A part of the p-base is freed from excess electron-hole pairs 

at the end of this phase. It creates an obstacle for the removal of electrons into the n+ emitter, and the forward-

biased collector p-n junction begins to inject holes into the n-base. Due to this "transistor" effect there is a slight 

increase in current and reverse recovery charge in the thyristor as compared to a similar diode structure. However, 

this effect usually becomes significant only at the end of the reverse recovery current decay phase, leading to more 

notable reverse recovery tail current than in diodes. 

This "transistor" phase of the reverse current flow persists after the reverse voltage across the thyristor 

reaches the source voltage. The removal of excess electrons from the n-base is greatly reduced, and the flow of 

excess holes leaving through the reverse-biased anode emitter p-n junction is compensated by the flow of holes 

injected by the forward-biased collector p-n junction. As a result, the number of excess electron-hole pairs in the n-

base decreases mainly due to their recombination. 

After the reverse blocking ability gets restored (reverse voltage is applied to the thyristor) a significant 

charge of excess electron-hole pairs is still stored in the n-base. If the polarity of the voltage applied to the thyristor 

changes, then the process of reverse recovery of the collector p-n junction will occur (since it will be under reverse 

bias). A pulse of recovery current in this p-n junction can lead to a repeated switching on of the thyristor structure, 

i.e. the direct blocking capacity has not yet been restored. 

In order to prevent the thyristor structure from switching the reverse recovery charge of the collector p-n 

junction should be less than Qcrit. This charge is proportional to the charge of the excess electron-hole pairs at the 

moment of voltage polarity reversal. Since the charge of excess electron-hole pairs in the n-base gradually 

decreases due to recombination, at some point this condition will be satisfied. The shortest time interval between 

the moment the direction of the anode current changes during reverse recovery and the moment when the polarity 

of the anode voltage changes when the thyristor does not switch is called the turn-off time ï tq, Figure 16. 
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Figure 16. Reverse recovery and turn-off process of a thyristor. 

 

Since the charge of excess electron-hole pairs in the n-base decreases due to recombination, that is, 

exponentially with a constant of decay time equal to the effective lifetime of excess electron-hole pairs t, the 

following formula is valid for the thyristor turn-off time: 

ὸ ὸ †z ÌÎ 

where: 

Q1 is the charge of excess electron-hole pairs in the n-base of the thyristor at the end of the reverse recovery 

process, 

Keff is the proportionality coefficient between the charge of the excess electron-hole pairs in the n-base of 

the thyristor and the charge of reverse recovery of the collector p-n junction when the voltage polarity changes. 

The main parameters and properties of a thyristor during turning off (reverse recovery) include: 

tq, Turn-off Time [ɜs] is the shortest time interval between the moment when the main current has dropped 

to zero after switching off the main circuits externally, and the moment when the thyristor is able to withstand the 

voltage in the off state at a certain rate of growth. 

Qrr, Reverse Recovery Charge [ɜC] is measured in the same way as for diodes ï along the chord between 

points 0.9*IrrM and 0.25*IrrM. 
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trr, Reverse Recovery Time [ɜs] is the time interval between the moment when the main current passes 

through the zero value changing its direction from forward to reverse, and the moment when the reverse current 

decreases from its peak value to a given value, or when the extrapolated reverse current reaches zero. 

IrrM, Reverse Recovery Current [A] is the maximum reverse current flowing through the thyristor during 

reverse recovery. 

 

3.4 Types of Power Thyristors Made by PROTON-ELECTORTEX JSC 

The PROTON-ELECTROTEX JSC company manufactures the following types of power thyristors: 

¶ Phase control thyristors (T) 

¶ Fast thyristors (TF) 

¶ Fast impulse thyristors (TFI) 

¶ Fast high-frequency thyristors (TFIS) 

¶ Avalanche thyristors (TA) 

Phase control thyristors. Such thyristors are designed for use in equipment operating at a relatively low 

frequency (usually at industry-standard frequency of 50 or 60 Hz, less often at frequencies up to 500 Hz): controlled 

rectifiers, soft starters for electric motors, current inverters, etc. The main focus for these devices is minimizing 

power losses in conducting state and providing the specified forward and reverse blocking voltage. These devices 

are often used in converters for voltages of 6-10 kV and higher, where a series connection of individual thyristors is 

required. Therefore, it is important to increase the allowed blocking voltages and to ensure synchronous switching 

on and reverse recovery for such thyristors. The Qrr and ERQ values for a thyristor used at industrial frequency can 

be quite high, usually making it impossible to use them at increased frequency and in pulse-frequency modes. Turn-

off times are typically 80 to 1000 ɛs depending on average current and thyristor class. 

Fast thyristors are devices with reduced tq, trr, Qrr, ERQ values designed to operate at higher frequencies 

or in pulse-frequency modes. The thyristor parameters of VTM, tq, Qrr are interconnected, so a decrease in the value 

of tq and Qrr leads to an increase in VTM. Similarly with fast-recovering diodes, to optimize the combination of VTM, 

tq and Qrr various technological methods are used that enable controlled reduction of t in layers of the 

semiconductor structure: alloying with atoms of heavy metals (gold, platinum, etc.), irradiation with high-energy 

particles (g-quanta, electrons, protons, alpha particles, etc). Methods to control the p-emitter injection coefficient 

are also used. To reduce tq, a more efficient distributed cathode emitter shunt is also used (with smaller shunt 

spacings than for phase-control thyristors). Frequency range for TF-series thyristors is up to 10kHz. 

Since operation at higher frequencies is often accompanied by an increased speed at the front of the anode 

current pulses, fast thyristors must often meet requirements imposed on pulsed thyristors, such as increased di/dt-

resistance and short turn-on time. 

Fast impulse thyristors are thyristors with additionally normalized reverse recovery charge Qrr. Besides, 

these devices are adapted for switching current pulses with a high rate of rise at the front and high amplitude. The 

optimal frequency range for TFI is the same as for TF, up to 10 kHz. 
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Fast high-frequency thyristors are thyristors that are used at higher frequencies up to 30 kHz. A special 

feature of such thyristors is their highly branched control electrode that ensures short propagation time of the on-

state. 

Avalanche thyristors are thyristors that can operate in avalanche breakdown mode. 
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4 Design Types 

 

4.1 Semiconductor Element 

Power devices produced by PROTON-ELECTROTEX JSC are based on diode (Figure 17) or thyristor 

semiconductor elements (Figure 18). Designs of the semiconductor elements are described in Sections 2.2 and 

3.2. The semiconductor elements that determine properties of the device are placed inside a housing (disc, stud or 

module) to protect it from the environment. The housing ensures sealing and mechanical strength of the entire 

structure. 

 

Figure 17. Diode semiconductor element. 

A distinctive feature of a thyristor semiconductor element is the presence of a gate area located "above" 

the cathode surface of the device. For fast thyristors and thyristors of large diameters, the gate area has branches 

spreading from the center to the periphery of the element. As it was mentioned above, this is necessary for uniform 

switching on of the device over its entire area. 

 

Figure 18. Thyristor semiconductor element. 

 

4.2 Disc Devices 

Disc devices are an assembly of a thyristor or diode semiconductor element with a housing consisting of 

two copper bases separated by an insulating ceramic insert with fins (Figure 19). Thyristors also have a control 

electrode and an additional cathode lead on the device housing. PROTON-ELECTROTEX JSC produces disc 


