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1 Introduction

This documethéscribes semiconductor products made by FREBTOROTEX JSC, as well as their
manufacturingchnology and recommendations regarding their usage.

If you have any other technical questions, please contact the technical support of P
ELECTROTEJSC ly phone +7 (4862)0405 or feedback form onitivev.proteelectrotex.cowebsite.
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2 Power Diodes

2.1 Definition

Anode Cathode

Figurel. Symbolic designation of a diode.

A diode is the simplest semiconductor destiterbagn junction. It is an electronic component with
two electrodes. Its electricalamsesstrongly depends on the polarity of applied voltage and has an asym
currentoltage curve depending on the direction of the current.

A diode mainly étions as an uncontrolled current rectiftee n A f or war do vol t
more psitive potential at the anode) the diode switches to a high conductivity state capable of condu
Af orwardo current (ihre tclag haoidregct iWhre nf Momvieh & €
positive potential atthe cathhotle® di ode switches to a | ow conduc
voltage by conducting minimal reverse leakage current.

2.2 Design

The most canon type of diode in power electronicsngjtinetpn diode. A typical s@sson ofd
semiconductor structure is shdviguir.

Cathode (C)

Anode (A) l

Figure. Typical crosgction of the semiconductor structure of a power diodmetitinp

A special trait of a power diode is the presence of at least one lightiyedispaac@)iddyer between
the pn junction and the anodic and cathodic surfaces of the structure. It is méikge @grtgerédathat
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illustrates the most common type of diodes, i.e-tyfoe eanuuction layer wrtaively low concentration
of donor dopant (having relatively high resistivity).

The neasurface layers of the semiconductor structure in a giodpination are logsistance
(heavily doped with acceptor (for anode) and donor (for caitiede)Tihipus necessary to obtain ohmic
(nonrectifying) contact with the surface metallization and achieve low contact resistance.

The p junction af diode's semiconductor element comes out to the surface at its periphery cre
danger of surfaseeakdown when high reverse voltage is applied. To avoid the surface breakdown, itisr
to decrease the electric field strength in the gidhent junction emerges on the structure surface. The
most frequent method to reduce the Béddtincthis area is profiling, or creating a certain geometric shar
the semiconductor chip surface at the exit poirhgfitlctign. Usuatye trequired shape of the surface is
achieved by grinding the edge of the silicon wafer at aleertairbgrigrming acatled bevefigures).

Figure8. Edge bevel of a diode semiconductor element.

2.3 Primarglectrical Parameters and Properties of Diodes

F d
4.71 |FAV' """""
/
/
| /
} &l Fav]
Breakdown region : Blocking region i Conductivity region
1 (nonconductivity state) / ; (conductivity state)
Y 1.57 IFAV""', :
R [ Ve
VFO VFM
Reverse region of a volt-ampere characteristic Forward region of a volt-ampere characteristic
IR
Figurel. Typical currertltage curve of a diode.
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2.3.1Nonconductingt&e
The main parameters of a diode in tbenuucting state are:

Vrrv Repetitive Peak Reverse Voltages [i¥ie highest instantag® that can be applied to the diode
in the reverse direction, including all repetitive vetiatjesled by 100s t he devi ri® s Vv
the main criterion of the maximum allowed operating modeandbetmgnstate: peak valtidse reverse
voltage during operation of the diode in normal operating modes should not exceed this value.

Vrsmy Nan-repetitive Peak Reverse Voltaggid the maximum allowedrepatitive peak reverse
voltage that can be applied to a diggles &ways greater thaaw

Ver, Breakdown Voltage j¥the voltage at which the avalanche breakdown of the diatleegamic
structure begins.

VerO raW thereforesWis not a parameter applicable to operating conditions of regular diodes. Tt
value is determined by testing and serves as one of the reference points used to assign a reverse Vol
the diode (i.e. to determinerik &fer adding a certain technological margin. The exception is avalanche c
that allow shderm operation in the avalanche breakdown mode. Datasheets for such digdesthelicate \
minimal value of this parameter for a particular typat aiethodealuesf junction temperature and reverse
current.

Irrv Repetitive Peak Reverse Current jgitkle maximum instant value of the reverse current wher
reverse voltage pulse with an amplitude egrigs tapylied to the diode. The agtmablueonthe devices
are usually measured by the manufacturer at the maximal allowed temperature of the diode junctior
acceptance tests.

Reverse voltage, V
4000 3500 3000 2500 2000 1500 1000 500 0| 0001
V BR V RSM VRRM

/ 0,01

0,1

,La/—// 100

__/ TRRM
TI'HEX
Reverse current, mA

T25“C

Figurés. Typical currevdltage curve in logarithm scale.
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Temperature changes in the reversé-coitseye demdence-{f curve) of a diode are shokigume
5. The most common silzased power diodes have the following trends:

i Strong increase of the reverse current at higher temperature. The revsissooup@meof
diodes is s than 0.1 n& the room temperature, while at the maximum operating temper:
(12519 0AC for various types of de300nmAeThe t
current grows approximately exponentially lalihvegtentperature incredsebling every 7
10AC.

1 The tendency fasr¥0 increase at higher temperature. For typical silicosrdibdege¥ by
1015% with a temperature change of 100AC

2.3.2Conducting State

PROTOMELECTROTEX JSC follows the standards of measuring pamrdatgnsgrstate as shown
inFigureb.

Tosec

Tmax

current of temperature inversion of
the current-voltage characteristic

0.5 g

V1o Vem

Figureb. Typical forward curienitage curve of a power diode.

The primary parameters of a diode in conducting state are:

Iray; Average Forward CurrentipAhe average value of reqbifilsihg current over a time pegiod. |
is ssumed to be the maximum allowed average value of the forward current flowing through the
continuous time. Usuallysihedluesre provided for rectified sine current, where the peak value of the ct
Irm= 3.14 %hvcorresponds to gheak forward voltageyM.e. the instantaneous value of the forward voltag
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IFrMs RMS Forward Current [\the maximum allowed RMSu e of a di odeds 1
at the specified pulse shape and cooling conditions.

Vem PealEorward Voltage [i8] the maximum instant value of forward voltage at specified peak fot
current and junction temperature.

Elements of a piec@wlinear approximation of-theurve (threshold voltsgerojand dynamic
resistancel) are introdad for the convenience of calculating losses in the conducting state. The mea
these parameters is clarified in Figure 6. To determinénthesndiiawn through thedurve points
corresponding to the current valuesrai@stl.5¢hv The slope of this line correspongsitalrthe segment
cut off on the voltage axisigV

Having the elements of the piecewise linear afprafithat\l curveMoandry), it is possible to
calculate the power loss of the diode at the w&ligeteithe forward current:

0 @20 120

Datasheets provided by PREHIBICTROTEX JSC include a more precise approximatn of the
straight:

&) 6 6z0 6z1TO p ©OOO
where A, B, C, D are constants.

Using this gpoximation makes it possible to calculate the power dissipatioelydret peegises
to use numerical methods.

Influence of temperature on the foiwWararVe of silicbased power diodes is sHeigures. The
nature of éhchange in the forward voltage depends on the current: if it iselessdhat temperature
inversion current of thvedurve then the voltage decreases along with increasing temperature, if it is h
increases.

It is desirable to seledtsmodes of diode operation that the range of operating currengbowestly lie
the temperature inversion current &f thevle. Power diodes, as a rule, have a large area of semicondt
chip; therefore, an uneven distribution of currenvdetisgtychip area may occur at current densities belo
the temperature irsien point that may lead to local overheating.

The gavand grusvaluescan be calculated in a similar way tavthedlrvsvaluedfor thyristors
(Section 3.3.3). The shape factor (kF) for a diode will always be 1.41 for a rectangidamcamceht5¥av
for a sinusoidal current waveform.

2.3.3Transition State

Thepocess of a diodedés transition f rconducting nd |
state when reverse voltage is applied is called reverse recovery.

19Leskova Str., Orel, 302040, Td.: +7 (4862) 44 04 11 www.otorelectrotex.com
Russia, room 27, off. 14 Fax +7 (4862) 44 04 08 marketing@protelectrotex.oo



"ﬁ:a s(@ 50900 @-P PROTON-ELECTROTEX

Figure? illustrates the current and voltage at the diodbedprivgess of its reverse recovery when
operating on an acinductive load. If the diode recovers with andagtiiree load which is typical for the main
applicatizs of power devices, the value of its negative current increases lineadyrteeactadiseaat|
depending on its design, and then drops to zero. In accordance with the standa®D @G@Shaid461
parameters of reverse recovery for diogdsyPdRRIOTORLECTROTEX JSC are measured as follows: at th
drop of the reverse recpearrent, a chord is drawn from@IF125%M The time interval between the current
crossing the 0 value and the point where the chord crosses thectimmesithdatverse recovery-time t

The Wuvalue corresponds to the maximusro¥alurge voltage during diode switching.

|rrM_

™

Figurer. Reverse recovery of a diode-wijtgtion.

The main parameters of diode reverse recovery are:

I, Reverse Rewery Current [A$ the maximum reverse current conducted by the diode during re\
recovernyHgure).

Vv, Reverse Recovery Voltageifvthe maximum reverse voltage during the reverse recovery of
diode.

tr, Reverse recower t i nisethe duBesidn of the transient recovery process, i.e. the pedod whe
reverse current flowing through the device is significantly higher than the reverse leakage current.

Qr, Reverse Recovery Charg€][

Usually the followfagmula is used to estimate the valie of Q

- O 2o
C

i.e. the revee recovery current is approximately-steapgd.
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The @ value depends on the amount of excess-bldetqmairs accumulated in the semiconductor
structure of the diode when the forward @iapplied and conditions of reverse iett@vesy 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 cur
in thisioase, upndekyfiadded t oychalwge desi gnati on

QQo

C

Where:

toT moment when the anode current passes zero value,
tiT moment when integrating ends.

Typically; is chosen as the moment when the reverse current reaches a certain low value, for ¢
2% ofhe Ivvalue.

The Q@ value depends on the amount of excess -hlecroa pai rs accumul
semiconductor structure when forward cupglieds @ well as on the reverse recovery conteioate
of fall of forward current, aretse voltage of the source.

"Removal" of the excess elelstilenpairs during reverse recovery depends on two processes: |
outflow from the semicowdustructure that causes a reverse current pulse, and recombination ir
semiconductor structheg does not cause any "external” current. The recombination rate is characterize
lifetime of charge carriexs the average lifetime of an exelestron or hole in the semiconductor structure
before the recombination event.

The entire procesf reverse recovery from the beginning of the forward current fall to the end
reverse current fall becomes veryi desd than i at high valuesf the current decay rate. Therefore,
recombination has little effect on the decrease ibpethefrexvess electhmte pairs, the removed charge of
which (& depends only on the amount initially accumulated during the flow of the forward current.

However contribution of recombination becomes significant aifltve alrest fall ratden the
time interval from the beginning of the decay of the forward current to its transition through zéro value
| n t his «c arsgeet stoh et hdee viinciet ifiaflo v al ue o fi Qdathoe di/fito r w
of he fall barely depends on the value of the forward current.

Thus, @highly depends on the forward current and weakly depends on di/dt at high value of fa
while the opposite is true at levif fdildt.

Qrincreases as the reverse voltagesdrigher, which is explained by expansion of the space chze
regon of the reverse biapedjunction and an increase in the number of electrons and holes removed fr
semiconductor structure. The total number of removed charge carrimasnbobegher than the number
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of electrehole pairs remainingha structure when the current crosses zero value; thergf¢ve) the Q
dependence also aims for saturation with inckeasing V

Erqg Reverse Recovery Energy i[Jthis parameter is rted in datasheets by PROTON
ELECTROTEX JSC, but it must be eeittidmese notesqls the time integral of the power loss (product o
anode current and voltage) in the transient process of reverse recovery. The value of the reverse recc
is very important when the diode operates at increased frpgtiencg. $hows that even at several kHz the
fraction of the total power lost at the diode due to reverse recovery can become comparable or even
loss power dissipated in théumbimg state. The reverse recovery energy and the reverdeangeovEtlyec
diode are related. If reverse recovery occurs in a circuit with a fully inductive load, the diode is not prot
circuits that damp the voltage surges and chémgesunce voltage duringabh be neglected, then the
following fonula is valid:

where ¥is the source voltage.

2.4 Types of Power Diodes manufactured by FRETIJROTEX JSC
PROTOMLECTROTEX Jaaduces the followimgs$yof power diodes:

Power rectifying dio®s

Fast recovery diodes$)

Avalanche diod@&h)

Fast recovery avalanche didxes (
Welding diod€30)

= =4 =4 =4 =4

Power rectifying diode a diode designed for operation in rectifying units operating awrelative
frequencies (usually at an industrial frequency of 50 anéfrizs ab frequencies up to 500 Hz). The mair
focus for these devices is minimizing the power loss in conducting state while providing the needed rev
The Q and kqvaluedor such diodes can be quite high, preventing use at increasgaricqueulse
frequency modes.

A fastrecovery diodas a device with reducedQ:, Erq values designed to operate at higher
frequencies or in ptffeguency modes.

Anavalanche iddeis a diode that can operate in avalanche breakdown mdyl¢hi$\geeate is
characterized by the value of breakdown altagedéscribes the minimum value of the start of avalanc
breakdown, as well as the energy properties of therbrémekdmaximum permitted peak power dissipatio
(Prsy) and/or the ergy loss during avalanche breakdown.

Fast recovery avalanche dio@ee avalanche diodes with reduced recovery time.

19Leskova Str., Orel, 302040, Td.: +7 (4862) 44 04 11 www.otorelectrotex.com
Russia, room 27, off. 14 Fax +7 (4862) 44 04 08 marketing@protelectrotex.oo



m a‘}\ 1SO 9001 -
fe=) (@ @-P PROTON-ELECTROTEX

Welding diodeare diodes designed for use in industrial welolingregWielding equipment features
rather low voltage at the diode, so alloyed semiconductor elements of minimum thickness are used the
high power and high current density in weldingeludies. the low thickness of the welding diodgs housi
ensures low thermal resistapce R
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3 Power Thyristors

3.1 Definition

Anode Cathode

Control Gate

Figure. Symbolic designation of a thyristor.

Thyristor is a semiconductor switch with three electrodes (anocta)tcaltigadie).
A thyristor can be characterized by thretateain s

1 closed statethe thyristor is in a state of low conductivity when forward voltage is applied
more positive potential at the anode);

1 nonconducting stdt¢he thyristor is istate of low conductivity when reverse voltage is applit
(wih a more positive potential at the cathode);

1 conducting statdhe thyristor is in a state of high conductivity when forward voltage is aj
(with a more positive potential at the arbdehduncts current in the anattede circuit.

A thyristor B semcontrolled switch. It can be in bothcarductivity state and a-tagiductivity
state with forward voltage in the-aathaele circuit. The thyristor switches on (transiti@rséafi® of low
conductivity to a state of high condustreityurrent flows in the-ggtteode circuit. If the thyristor starts
conducting current in the anathede circuit after switching on the gate current can be removed and the tl
willremain in a state of high conductivity, i.e. the thybistturnad 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
the current in the agodthode circuit or reduce it below a certain value baltidgleeirrent. Then, after a
certain period called thedtfrtime, the thyristor will go from the conducting state to the closed state.

Unlike a diode, the semiconductor structuyesibaltis four layers with different types of conductivi
n-emitter, pase, ase, gmitter. These layers are separated byrthueetons:

1 cathode emittengunction betweeamitter ancpase
1 anode emittemgunction betweegamitter andlrase
1 collector-p junction betweerapd Rbases

The crassection of the semiconductor structure is Sigw®. in
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Cathode (C) @ C
Cathode emitter i
- n n - emitter
p-n junction Control gate (CG) CG
o p-base —@
Collector
p-n junction
n n - base
Anodel emit}er
p-n junction p p- emitter
Anode (A) l A

Figur®.Cross ecti on of a thyristorés semiconductor str

Due to the physics of this semiconductor structure, application ofve mpotenpaktid the anode
than the cathode causes angiere curve with a section of negative differential regjstah@e This
negative sectioh the-V curve can be explained as follows:ldyéouhyristor struct(fgured) can be
represented as two functionally combinday#rémnsistor structurpsirand m-p, and since the collector
pnjunctioniscommof or both of these transi st onectedtothanp o
base of the other. Since transistors have amplifying properties, this layout creates positive curren
resulting in a/lsection with a negative diffaleesistance.

When forward voltage is applied to the thyristor (fsositikie braode), the total anatlede voltage
is applied mainly to the colleatgumpction since the emitter junctions are-i@sedd The section with
negative resaice appears only when the sum of the differential current gainifin a croniton base)
of the "component" transistors is greater than one. The gains coefficients of the transistors are not ce
they increase at higher current amtie af the collector current from zero to a certain value. At ta initial s
of the-V curveRigurelQ the sum of the gains at low total collector current is less than 1, tklezefoee the |
has positive differential taasi®. As the collector current increases (in the absence of gate cwarent, due
increase in the leakage current of the -@aseskcollectongunction with increasing voltage), the sum of
these coefficients increases and at a certain vaka¢@vitahing voltage) becomes equal to 1, and th
differential resistance @fthcurve is equal to zero.
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FigurelQ Typical currentltage curve of a thyristor.

Usually a thyristor operates on a load with equivalent resistance less tharalhe attbautegative
resistance of its curnaitage curve. For thisreasbre r e i s an fAabrupto chan
thyristor after reaching the switching reladvely ag
high voltage (off st at edwvdltage and relatively high@tsréena(onlstate). |
this case, the "component” transistors reach saturation, that is, timejuwodigctob@comes foraded
(likethe emitter ones).

Positive gate current that causes an increase in theaokettof the corresponding "component”
transistor leads to a decrease in switching voltage. At a certain value of the gateatieuegdtémisent
of the-V cuive "rectification™) the negative section\otthhed does not appealdtalthe thyristor stays in
the orstate at any valugfshe positive anode voltage.

When reverse voltage is applied to the thyristor (the bias at the anodbésemijer)ynctions
get locked, while the collector junction hadfasvaath "component” transistors operate in the "inverse" mc
In this case there is no positive current feedback; therefore, the reverse-Yreunste ié thenkyadimilar
to that of a diode. However, the leakage current of the revensig¢diamgahctions will be amplified by the
"component" transistors, in the inverse state too.

Thus, a thyristor can be described by two staficfistatesf 0 a twib dyfamit processes d
transition Afr om o fichl processes that detemahe thefpropentes of a poiver thyoi
in static states are in many ways similar to those of a power diode. Dynamic processes in the thyri
number of special features that require to introduce a number of awditeonabellee semiconductor
structure of the thyristor.

3.2 Design
Crosssection of a semiconductor structure and its topology for a typical power thyridtgguaee show

11d Figurel2 It is based on a Hayer structure similar to that stig@igured. The least doped (high
resistance) layer in a modern power thyristeb@éstheSpace charge regio@R[Sf higholtage diector
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and anode-p junctions expand into thiase layer when forward and reverse voltages are applied in the
state (blocking voltages). The gate electrode is usually connebtes tarttiésdocated on the cathode side

of the semicondudtiucture. To achieve this, an n+ emitter layer is not formed on a part of the cathode
These fype regions emerging onto the surface areccaitenl pegions. Design of a thyristor has the followir
important additioalEments:

Cathode entir shunting The shunt elements are made as-tgpalnegions that come out to the cathode
surface and have common metallization with the n+ emitter. Shunts are introduced to ensure a decrea:
ofthepn A c o mnarsista, nvhiah ecassary to ensure high thyristor switching voltage (especially a
maximum operating temperature), as well as to increase noise immunity and improve some dynamic ch

Branched control electrodaitially the gate eutrturns a thyristor only in a relatively narrowSQ@inm

wide) region topologically adjacent to the edge of theegamtrahp the control electrode. It is caused by th
finite value of the "lateral" propagation of the gate currentamthes®mtructurben the estate spreads

over the entire areghefthyristor structure with a certain finite speed that depends on parameters of the
layers, shunting, as well as amplitude and rate of rise of the switahetigmalde and no longeemntis

on the gate current. The speed of propagation-sfatieecan be from several microns to several hundre
microns per microsecond.

Distribution shunt
cG Auxiliary Cathode of the elements

thyristor main thyristor

W ﬁ = \\\\\\\\\\\ SRR

p
\
n \
p
Anode
Figurddkl Cross ect i on of a thyristorés semiconductor
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Figurel2 Topology of a semiconductorstwafta modern thyristor (with removed cathode metalibedioch)edi-gate region,-2uxiliary
thyristor, 3cathode region of the main thyristaredion of distributed shunt elememtsedion of gg shunt elements of a branched ga
electrode.

Since the area of semiconductor structure can be very large (up to several hundred square cen
can be problematic to turn on the entirethecthfistor in acceptably short time. Thiw psadlved by a
branched gatesetrode with a topology (plan view) selected to reduce the tirs@ief thepargation over
the entire area to a reasonable valoallétb"edge"” shunting elements are often placed along the perime
the branclibgate area to perform a rolestmthat discussed above for distributed shunting, and also contr
to a more uniform distribution of the gate current along the perimeter of the branched area that can re:
even hundreds of centimeters.

Auxiliary (amplifying) thyristoHasing the branched gate electrode in the semiconductor struct
requires to increase the drive current. Typical gate current required to turn on the thyristor structure e
the entire length of the perimeter adritrol electrode is abouter A pm 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 ci
with an amplitude of tens or even hundreds of ampeayesatiynicimplicates the comtitabfithe device. To
avoid this, an additional auxiliary thyristor structure is introduced. This auxiliary thyristor is integrat
common folayer structurBigurell) and has a commondewith the main thyristor bepémtient gate,
and its cathode is connected to the metallization of the branched gate of the main thyristor. The total c
and the perimeter of the gate electrode of the auxiliary thyristor are sigaifibamtitheselbf the main
thyristo . The fAexternal o terminal of the control
the gate electrode of the auxiliary thyristor, so this element gets turned on first and higit gageicedrent is
The anode currentted switcheoh auxiliary thyristor is supplied to the branched control electrode of the
thyristor and leads to the switching on of the main structure. Since the current flowing through the auxi
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also psses through the punction "&#mched gate electrédeathode of the main thyristor”, the flow of this
current is accompanied by a voltage drop greater than when current flows through the main thyristor
some time after turning on the myastdr the auxiliary structwrsually turned off.

Ther egi on of t he semi c aRrdfiing bfdhe edgd bevaldsnofteh sisedpte
prevent surface breakdown ofbigge -junctions of a thyristor in a similar manner toooleseSutice
the thyristor has tlngh voltagerpjunctions, the bevel profile is more complex than thatlehardl&le (
Direct and reverse bevels are distinguished in semiconductor structures with gs\atiomstidepding
on whether the smaller lpastgreater or lower dopant concentration, respectively. The bevel is straight
collector-p junction of the structure shdviguird 3 and reverse for the anode one. Effective prgeoson a
surface breakdown forgittaind reverse bevels is achieved at differeaf tralesgld for a straight bevel
this angle should be as small as possible, while for a reverse lesgahea#8are enough. Therefore,
in ordelotminimize the size of the peailprea, the bevel for thyristor structures usually has two steps: the
Lis264 0 A, anthist3hde. angl e

C
T
n I'l n n
p Q,

A

Figurl3 Ty pical profile of a power thyristords s
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3.3 Primary Electri€drameters and Properties of Thyristors

| Conductivity region

(conducting state)

3141,

Breakdown region Blocking region
. (reverse blocking state)

Ve § v,
: V \VDRM VDSM

Forward blocking
voltage
(blocking state)

Reverse region of a volt-ampere characteristic Forward region of a volt-ampere characteristic

g

Figurel4 Voltageurrent curve of a thyristor.

3.3.1Closed State

Modern thyristors are designed totinedtk®’ curve in closed state simila¥ tuive of a reverse
biased collectongunction: shunting ofciithde emitter and life time of chamgersare selected so that
current amplification ratio of Acomponent o tr
applying gate current in this case is only possible with avdidaaimedbtba collectarjpnction at a cemt
significantly higher than the allowed leak current, and usually causes a failure of the device.

Thus, the " oper at F/ncgrve insthe closedostate m fits ganeral appeaiarsc
charadristic sections, relation to temperangestetc., is similar to the revérserle of a diode, reviewed
in section 2.3 pages.

An important property of the closed state of a thyristor describing its noise resmstantyeisoita
rapid rise in the anodéage (dv/dt resistance).

As a rule, forward anode voltage applied to a closed thyristor is not constant and can have she
At the same time a current pulse passes through it due to overchamgiegoaiphetbace of the collector
p-n jungon that can have an amplitude much greater than the leakage current. If the anode voltage
during the surge, this current has a "forward" direction and can lead to "abnormal” switching of the thy

The main method to remove this negativis &ffreduce the effective shunting resistance of the cathe
emitter. Exploring the physics of thyristor switching at short impulses showed that it can kakksscribed
"critical charge"«({Q Ifthe current pulse through the collegitangtion under any action is very short (in the
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limit it has the form dffanction), then to turn on the thyristor the integral of this current over time must be
than a certain value called criti@ajec In this case, the valueig$ @pproximately inversely proportional to
the effective cathode shuntingaresstmaking it possible to achieve the dv/dt resistanegueddder an
acceptable noise immunity.

The main properties ofyadtor in the closed state are:

Vbsm honrepetitive oftate surge voltage [ the highest instantaneous vading obmepetitive
offstate transient voltage.

Vbry repetitive ofétate voltage [\$ the highest instantaneowssaté voltage applied to the thyristor,
including any repetitive transient voltages.

Iorv repetitive ofstate Impulse current [mi&jthe ofstate impulse current caused by repetitive off
state impulse voltage.

(dw/dt}i, critical rate of rise of edffate voltage [98]1 this parameter indicates the maximum allowec
rate of rise of thégsihte voltage when an exponential voltage is applied to tiodf shwtcsted The dyidt
value is determined in accordandeguitels

dv/dty 23V,

100%

67%

10%

Y

Figurel5.Determinindy/dt
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3.3.2Revers@&lonconductingtate

The iV curve of a trstar in the reverse state is close i&/therie of a revefsiased higioltage
emitter 4o junction (anode emittarjpnction) for the same reasons as described abof@viardhe
characteristic in the closed state.

The main parameters aoggrties of a thyristor in the reversenmuurcting state are:

Vrsm NonRepetitive Pulse Reverse Voltagés[ifle highest instantaneous value of tfiepetitive
transient revse voltage applied to the thyristor.

VrRrM Repetitive PulsReverse Voltage [V the highest instantaneous value of the reverse voltac
including only repetitive transient voltages.

Irrv Repetitive Pulse Reverse Current[m@&\] t h e t legurrentcaused iy 8 repeitive@ulss
reverse voltage.

Vier)Reverse Breakdown Voltagei[\§ t he t hyri stordés reverse v
of the thyristor semiconductor structure begins.

3.3.30pen State

Typical A o p etrhaytriinsgtoo rdbesn -8a@Adyeh €bef base ancembef the s 1 C
base of the thyristor are "flooded" with excesshelegains at such current densities (i.e., the concentrati
of excess electrons and holes there is much higher thantthéao equilibrium ones).

This is why thievl curve ofreopen thyristor in the range of "operating" currents in its general forn
response to temperature changes is similaitocthved of a diode considered above. The elements of t
piecevgielinear approximation of-#heurve and the valoése 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 holdi
If you reduce the anode current of a seitdhgdstow(thout applying current to the gate circuit), then th
equilibrium state point will "descend"” alevigcthredHigurelQ) to the lowest possible equilibrium state, and
then abruptly jump (through the range of unstable stees¢dgoibbrium state, this time corresponding to
turneebff thyristor. The minimum anode current that allows to keep the thyristor switched on without cL
gate circuit is callexdding current. As the anode current approaches therresitiveywee) the switcbad
state contracts into a narrow "cord" up to a hundred microns wide. Location of this cord is not fixed by a
points of the structure, but is insteadinkedelby the "weakest" point with the lowest anode cutyeait dens
which the thyristor can still maintairsta¢eotiue to uncontrolled technological deviations. Any further decr
in the current leads to turning off (interruption of theemisentnghis cord.

A decrease in the anode current betotaia limit in a power thyristor with a significant cathode a
leads to a decrease in the atba efructure in thestaite, i.e. it is a process opposite to the propagation of t
onstate when the device is turned on.
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The main parameters anggaties of a thyristor in the open state are:

lray average ostate current [Af the highest allowed peri@iage estate current at the specified
pulse shape and cooling conditions.

lrrvs, RMS oistate current [Af the highest allowed RM&aincurrent at specified pulse shape and
cooling conditions.

Vv impulse voltage in the open statag\e highest instantaneous value of the voltage in the of
state due to the impulse ctaka given value.

In, holding current [mAg the lowest anode current required to keep the thyristor open.

Properties aVIcurve piecewise linear appraan(étiopnd f) are introduced for thyristors in a similar
fashion to diodes.

Vroy threshold voltage [Vip the voltage value determined by the point of intersection of the lir
straighline approximation of fiecurve of the open state athdltage axis.

rr, dynamic resistance in the open state [m@tiing resistance determiyatie slope of the straight
line approximating theedurve in the open state.

lravand trvsvalues can be calculated based on housing temperature wasieforrant

The allowed housing temperature is set to a certain value based on ttti@oslivgload the
currentsrhvand 4rvgn this case correspond to maximumoifahesinusoidal current measured for-one half
wave at which the fimttemperature reaches the maximum allowed value. These data indicate the app
value of operatingremt used by a customer to select the device. They are mainly used to compare varic
of products according to theitad@ propertiese&te bear in mind when comparing devices that their hous
temperature can vary depending on theirappieavily affecting their current ratings.

The customer can independently calculate thergwdepiehding on the required temperature or
canduction angle using the following formula:

’ Z’?’ Z‘ ’
w TQI—Y w

0 =
czQzi

where Kis a shape factor that is used to calculate various current shapes. This coefficient for a <
current waveform carcdleulated using formula:
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P2
C
wheredJis angle of conductivity in radians.
Forrectangular current, the shape factor is calculated as follows:
Q

-
|

The table below shows values of sttapefbr various conduction angles for sinusoidal current &
rectangular current.

Tablel. Current shape factor for various angles of conductivity.

U (grad 30Awu 60Au 90Awu 120Av 180Awu
ke 398 2.78 2.22 1.88 157
kD u 346 245 2.00 173 141

The consmer can use the shape factor values from Table 1 for calculations.yTorcatgutatek
angles of conductivity, it is necessary to use the formulas described above.

lrrvds calculated fromvvusing the following formula for a sinusoidawawegéorm:

0 o -
C

3.3.4Gate Parameters
Gate circuit of a thyristor is uskealtyibed by three groups of properties:

1 Properties describing the minimum conditions sufficient to turn the thyrist
These include direct curneditgate voltage, i.e. the minimum value of the direct control cur
and the corresponding gate gakagired to turn on the thyristor (in the specified test mode

2 Properties describing the maximum allowed amplitude of the gate current
correponding gate voltage and pulse power losses in the control circuit that do not cause
to the thigtor structure. Valeéthe maximum impulse current and voltage are also useful
selection or development of a gate circuit (driver), since they provide information on the
open circuit voltage and siauit current at the outputsagitbuit.

3 Properties abise immunity along the gate circuit: the maximum allowed val
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 mpdeoperties of a th

lct, Gate Triggerii2ct Current [mA$ the lowest DC gate current required to turn on the thyristor.

VeT, Gate Trigger Direct Voltagei$\the constant gate voltage corresponding to the gate trigger d
current.

IFem Maximum Forward Gate Currenis[#fje maximummi@rd currentforh e t hyr i st or
The value afevis limited by the power loss in gate eircuit P

Vrem Maximum Forward Control Voltages[¥je maximum forward voltage allowed for the thyrist
gate circuit that corresponds to theumefarvard contratrent ofdwm

lcn Nontriggering Direct Gate Current [nsAthe highest DC gate current that will not trigger th
thyristor.

Veo Nontrigger Direct Gate Voltage ip/fhe highest constant control voltage correspondsgag to the
current, which daast cause the thyristor to turn on.

3.3.5Turning the Thyristor On

The dynamics of transition from-theaif st at e i s d e s contintkeealntdd fromt h
the beginning of the gate current pulse till the anodexchimgra rrtaialve (or till the moment when the
anode voltage drops to a specified low value). In this case, tiheetigmisually divided into two phases: the
turnon delay time and the rise time.

There are no big changes in the anode cdrreriiagie durirgetdelay time. If the gate current has a
sharp leading edge (i.e. the gate action on the thyristor can be considered pulsed) then the del
approximately equal to the time when the charge of excesslelpairsrequal tei@ccumulates e
lightly doped layers of structure, plus the time of electrons and holes travel through heavily doped laye

During the rise time the thyristor transitions giates thrus the thyristor becomes "closed”. As a rul
power thyristoare used inauits with an actimeuctive load, where the current rise time after the thyris
switch "closes" is determined by the load inductance. Therefore, the end point of-timeiogessrigurn
usually defined not by the momenthehemode curreises to a specified value, but by the moment when tt
anode voltage across the thyristor falls to a specified value that is much lower than the source volt:
moment when the thyristor switch can be conventionally ctossdéred "

tshoul d be noted that the fiendd moment of
over the entire area of the thyristor. -Bleteopropagation process is longer and can take up to seve
milliseconds, while the tioyriarrontime 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 |
of the ostate in a thyristor. The current density conductédd/bgttnesicture in the process of "physical”
switching on depends on two factors: the rate of rise of the anode current that is determined by the ex
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and the propagation rate of the swoiclstdte that is determined mainly by the atesitpchiaygical
parameters of the thyristor structure. If the rate of rise of the anode current increases and reaches a c
a local increase in the current density in the conducting sections of the structure will cause power
overleating. Ihey reach and exceed a critical value the thyristor will fail. Such rate of rise of the anode
called critical(di/d&i A thyristor may not operate in modes where an increase in current with a rate hig
(di/dtyiccan ocur when thayristor is turned on.

The (di/dgxlimit is only relevant in the transient process of switching the thyristor on. If the proce
state propagation has already ended and the structure is switched on over its entireinrées, anagid rise
current is safe even if its rate exceeds:(di/dt)

If the anode current first decreases to a value close to the holding current and then rises shar
supplying current to the gate circuit, it can result in a thyristonahuireseaete current rising slower than
(di/di« The reason is that the swiohedea dhe thyristor at the initial current decrease is pulled togett
into a "cord", the arewloith can be much smaller than the the@dfal switon athie "regular” swiah
by the control current pulse.

If a thyristor is turned on with a rate of rise of the anode current lowg raperafirdof the thyristor
is still possible, but please remember that until the structynstof ilidlthturned on across its entire area,
the power of | ocal | osses in the tur AVecdrvedona r e
fullytumedn t hyri stor. To t akoen tlhoisgardeatestusgdy of nt o ac

To increase (dikdnd reduce the energy losses duriog tiorthe required values, a branched gate
electrode is used in the thyristor. Its longer perimeter allows to increase theomitigdly odiriedmain
thyristor sicture aihto reduce the-state propagation time.

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

I, turnon current [mAis the lowest forward thyristor current required to maintain the thyristor
conducting staimmedialy after the end of the control current pulse when the thyristor turns on. If the
current of the thyristor is less than tha tiumrent when the control current pulse is removed it will drop to
and the thyristor will switdietolbsedtate.

tga, turnon delay timesg]is the time interval between the beginning of the control current pulse ai
moment when the main voltage drops to a given value close to the initial one (for example, 0.9 from tt

tgt, turnon time 3s]isthe time interval needed tdharthyristor on by a pulse of the gate current. Thi
time interval is measured from the moment at the beginning of the control current pulse to the mome
anode current rises to a given value.

(diT/drt, critial rate of rise of the etatecurrent [Ads] is the highest value of the rate of rise of the
current in the open state at which the thyristor can operate.

3.3.6Turning the Thyristor Off
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The dynamics of the transition fromdteteoto the effate is desibed by two physical processes:
recovergf reverse and direct blocking capacities.

Recovery of the reverse blocking capacity (reverse recovery) of a thyristor is generally similar to
recovery of a diode and is described by similar paacetersf a thyristor, the reversemeobits high
voltage emitteingunction (usually an aneelmigter) is accompanied by expansion of its space charge rec
and partial removal of excess electrons and holes accumulated in the digtty Soped d thyristor
conducting anodarrent of "operation” density has its base layers "flooded" with exbets héctroin
and pand has a similar state to a diode, the reverse voltage delay phase during its reverse regovery is
in terms of the ongoing processesitottieatiode. A part of thage is freed from excess eldudterpairs
at the end of this phase. It creates an obstacle for the removal of electrons into the n+ emitter, and 1
biased collectoingunction begins to inject holes intébttse nDue to this "transistor” effect there is a sligt
increase in current and reverse recovery charge in the thyristor as compared to a similar diode structu
this effect usually becomes signifibaat the end of the reverse recovent deway 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 th
reaches the sounsatage. The removal of excess eleotrarntté hase is greatly reduced, and the flow of
excess holes leaving through the rbiassd anode emitter jonction is compensated by the flow of holes
injected by the forwaiaked collectongunctin. As a result, the number of excesargleld 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
charge of excess elecholepairs is still stored in thase. If #hpolarity of the voltage applied to the thyristor
changes, then the process of reverse recovery of thertgliectonpwill occur (since it will be under revers:
bias). A pulse of recovery currentpmtjusction can lead to a repeated rsgvidohof 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 chargerof the cc
junctiontsould be less thagi @ his charge i®portional to the charge of the excess #lelgrnpairs at the
moment of voltage polarity reversal. Since the charge of excésdeepzsteom thebase gradually
decreases duerecombination, at some point this condition will be sat&imdestitime interval between
the moment the direction of the anode current changes during reverse recovery and the moment whet
of the anode voltage changes when the thogsstut switch is called thethtimé t, Figurela
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Figurel& Reverse recovery andatfrprocess of a thyristor.

Since the charge of excess eléuiterpairs in thebase decreases due to recombination, that is,
exmnentially with a constant of decay time equal to thefefiedioé éxcess elechole pairs, the
following formula is valid for the thyristdf tiame:

0O O tz1 1
where:

Quis the charge of excess elebtstanpairs in thédvase of the thyristor at the end of the reverse recove
process,

Kerris the proportionality coeftidietween the charge of the excess dlelenpairs in thébase of
the thyristor and the gbaof reverse recovery of the collecpongtion when the voltage polarity changes.

The main parameters and properties of a thyristor duringraversg mtovery) include:

tq, Turnoff Timegs]is the shortest time interval between the wioenethe main current has dropped
to zero after switching off the main circuits externally, and the moment when the thyristor is able to w
voltage in the off state at a certain rate of growth

Qr, Reverse Recovery Charg€]js measured imetsame way as for didgddeng the chord between
points 0.9%hand 0.25%
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tr, Reverse Recovery Timas][is the time interval between the moment when the main current pa
through the zerouslkhanging its direction from forward to reverse, and the moment when the reverse
decreases from its peak value to a given value, or when the exteap®latectnt reaches zero.

I, Reverse Recovery CurrentifAthe maximum reversesotifiowing through the thyristor during
reverse recovery.

3.4 Types of Power Thyristors Made by PEROQEONORTEX JSC
The PROTOBLECTROTEX JSC company manufacttobswvireg types of power thyristors:

Phase control thyris{@)s

Fast thyristo(EF

Fast impulse thyristfrs)

Fast higfrequency thyristorsig
Avalanche thyrist(rs)

= =2 =4 A A

Phase control thyristorSuch thyristors are designed for use in egjopereing at a relatively low
frequency (usually at indgsanydard frequency of TDdtz, less often at frequencies up to 500 Hz): controll
rectifiers, soft starters for electric motors, current inverters, etc. The main focus for riiesriziagices is
power losses in conducting state and providing the specified forvws dlackingveoltage. These devices
are often used in converters for voltagdsldf @nd higher, where a series connection of individual thyristc
required. Enefore, it is important to increase the allowed blocking voltages and to enssisviyhdamgono
on and reverse recovery for such thyristorsaiti&@values for a thyristor used at industrial frequency ca
be quite high, usually makingosibte to use them at increased frequency anft@gpalssy modes. Furn
off times artypically 80 to 1@80depending on average current and thyristor class.

Fast thyristorsare devices with reduget, 1Qr, Erovalues designed to operatghehfrequencies
or in pulsfequency modes. The thyristor parametigrg, d@\are interconnected, so a decrease in the value
of and Qleads to an increasein Bimilarly with fastovering diodes, to optimize the combinatipon of V
ty and @ various technological methods are used that enable controlled tedudsirsobf the
semiconductor structure: alloying with atoms of heavy metals (gold, platinum, etc.), irradiatgyn with
particlesgfquanta, electrons, protons, alpha particles, etc). Methods to -eoniitelr timgeption coefficient
are alsaszd. To reducg & more efficient distributed cathode emitter shunt is also used (with smalle
spacings than for phasatrol thyristors). Frequency rangestniédrhyristors is up to 10kHz.

Since operation at higher frequencies isaafigamied by an increased speed at the front of the anoc
current pulses, fast thyristors must often meet requirements imposed on pulsed thyristors, sueh as inc
resistance and short-turime.

Fast impulse thyristomre thyristors with &ddally normalized reverse recovery chaBgsi@es,
these devices are adapted for switching current pulses with a high rate of rise at the front and high an
optimal frequency range for TFI is the same as for TF, up to 10 kHz.
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Fast higHrequency thyristorsre thyristors that are used at higher frequencies up to 30 kHz. A st
feature of such thyristors is their highly branched control electrode that ensures short propagation tirn
state.

Avalanche thyristorare thyristors th@an operate in avalanche breakdown mode.
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4 Design Types

4.1 Semiconductor Element

Power devices produced by PREIBEGTROTEX JSC are based on Higdesl7) or thyristor
semiconductor elemehtgureld). Designs dhe semiconductor elements are described in Sections 2.2 ¢
3.2. The semiconductor elements that determine properties of the device are placed inside a housing |

module) to protect it from the environment. The housing enguaad sedhnical strength of the entire
structure.

Figurel7. Diode semiconductor element.

A distinctive feature of a thyristor semiconductor element is the presence of a gate area locats
the cathode surface of the device. For fast thydishyrsstis of large diameters, the gate area has branche
spreading from the center to the periphery of the element. As it was mentioned above, this is necessar
switching on of the device over its entire area.

Figurel8.Thyristor semichrctor elaent

4.2 Disc Devices

Disc devices are an assembly of a thyristor or diode semiconductor element with a housing cc
two copper bases separated by an insulating ceramic inseriguitil §ng Qyristors also bawv contto
electrode and an additional cathode lead on the device housinGLPEURONEX JSC produces disc
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