
EE 330

Lecture 30

• SCR – Basic circuits and limitations

• Triacs

• Other thyristor types

Thyristors
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The Thyristor

S G D GS
D

Consider a Bulk-CMOS Process

A bipolar device in CMOS Processes

p pn n

Have formed a lateral pnpn device !

Will spend some time studying pnpn devices

Review from Last Lecture
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Operation of the SCR
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Not actually separated but useful for describing operation

Review from Last Lecture
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Operation of the SCR
Consider the Ideal SCR Model

G

A

C
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VG

IF

IG

IH is very small

VBGF0 very large

( )1 ,F I F GI f V I=

( )2G I GI f V=
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Empirical Model
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Operation of the SCR
Consider nearly Ideal SCR Model

G

A

C

VF

VG

IF

IG

( )1 ,F I F GI f V I=

( )2G I GI f V=
IF

VF

IG=0

BGF1 V

IH

IF

VF

IG=IG1>0

BGF0 V

IH

?

?

• On voltage approximately 0.9V

• Major contributor to ON-state power dissipation

• Even with large currents, PON is quite small

Review from Last Lecture
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Operation of the SCR

Operation with the Ideal SCR

VCC

VG

RL

VF
IF

IGCC F L FV  = I R +VLoad Line:

IF

VF

IG=0

CC V

CC

L

V

R

Load 

Line

IH

The solution of these two equations is at the intersection of 

the load line and the device characteristics

Analysis:
CC F L FV  = I R +V

when IG=0

Note three intersection points

Two (upper and lower) are stable equilibrium 

points, one is not

When operating at any upper point, VF=0 so 

VCC appears across RL  We say SCR is ON

When operating at any lower point, IF approx 0 

so no signal across RLWe say SCR is OFF

When IG=0, will stay in whatever state it was in 

( )I1 ,=F F GI f V V

( )

( )

1

2

,F F G

G G

I f V V

I f V

=

=
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Operation of the SCR

Operation with the Ideal SCR

Often VCC is an AC signal (often 110V)

SCR will turn off whenever AC signal goes negative

IF

VF

IG=0

CC V

CC

L

V

R

Load 

Line

IH

BGF0 V

CC

L

V

R
−

VCC

VG

RL

VF
IF

IG

Review from Last Lecture
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Operation of the SCR

Operation with the Ideal SCR

Duty cycle control of load RL

t

VAC
VCC

VLOAD

IGATE

VCC

VG

RL

VF
IF

IG

+

-
VLOAD
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Operation of the SCR

Operation with the Ideal SCR

Duty cycle control of load RL

VLOAD

IGATE

VAC

VLOAD

IGATE

VAC

VCC

VG

RL

VF
IF

IG

+

-
VLOAD
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IF

VF

IG=0

FΔV

BRF0 V

BRR V

IH

G

A

C

VF

VG

IF

IG

Operation of the SCR

Operation with the actual SCR
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IF

VF

IG4>IG3>IG2>IG1=0

VBRR
IH

BRF0 V

G

A

C

VF

VG

IF

IG

Operation of the SCR

Operation with the actual SCR
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Operation of the SCR

Operation with the actual SCR

IF

VF

IG=0

CC V

CC

L

V

R

FΔV

BGF0 V

BGR V

IH

• Still two stable equilibrium points and one unstable point

• ΔVF is quite constant and small (around 1V)

• If large current is flowing, power in anode can be large (PA≈IF●1V)

• Power in gate is usually very small

VCC

VG

RL

VF
IF

IG
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Operation of the SCR

Operation with the actual SCR

IF

VF

IG4>IG3>IG2>IG1=0

VBRR

CC

L

V

R

BGF0 V

CC V

IH

To turn on, must make IG large enough to have single intersection point

VCC

VG

RL

VF
IF

IG
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SCR Terminology
IF

VF

IG=0

VBRR

CC

L

V

R

BGF0 V

IH

IL

IH is the holding current

IL is the latching current (current immediately after turn-on)

VBGF0 is the forward break-over voltage

VBRR is the reverse break-down voltage

IGT is the gate trigger current

VGT is the gate trigger voltage

VCC

VG

RL

VF
IF

IG
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SCR Terminology
IF

VF

IG=0

VBRR

CC

L

V

R

BGF0 V

IH

IL

• Trigger parameters (VGT and IGT) highly temperature dependent

• Want gate “sensitive” but not too sensitive (to avoid undesired triggering)

• SCRs can switch very large currents but power dissipation is large

• Heat sinks widely used to manage power

• Trigger parameters affected by both environment and application

• Trigger parameters generally dependent upon VF

• Exceeding VBRR will usually destroy the device

• Exceeding VBGF0 will destroy some devices

• Lack of electronic turn-off unattractive in some applications

• Can be used in alarm circuits to attain forced reset 

• Maximum 50% duty cycle in AC applications is often not attractive

Issues and Observations

VCC

VG

RL

VF
IF

IG
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R

6V
V1

S1

V2

DUT
B

u
z
z
e

r

S2

NC Foil/

Widow Switch

Reset 

Switch (NC)

Alarm Application
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IF

VF

IG=0

BGF1 V

IH

IF

VF

IG=IG1>0

BGF0 V

IH

G

A

C

VF

VG

IF

IG

1. Only conducts in one direction

2. Can’t easily turn off (though not 

major problem in AC switching)

Performance Limitations with the SCR

• Very attractive properties as an electronic switch

• SCR is very useful 

But:
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VCC

VG

RL

VF
IFAssume VCC is an AC signal (often 110V) and VG is static

IF

VF
CC V

CC

L

V

R

Load 

Line

CC

L

V

R
−

SCR is always off

t

VAC

Observations  about Basic SRC Circuit
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VCC

VG

RL

VF
IFAssume VCC is an AC signal (often 110V) and VG is static

IF

VF
CC V

CC

L

V

R

Load 

Line

CC

L

V

R
−

SCR is ON about 

50% of the time

t

VAC

VRL

Observations  about Basic SRC Circuit

Plot of VRL (not VF)
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VCC

VG

RL

VF
IFAssume VCC is an AC signal (often 110V) and VG is static

IF

VF
CC V

CC

L

V

R

Load 

Line

BGF0 V

CC

L

V

R
−

SCR is ON less than  50% of the time (duty cycle depends upon VG)

Often use electronic circuit to generate VG

VRL

t

VAC

Observations  about Basic SRC Circuit

Plot of VRL (not VF)
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IF

VF

IG=0

BGF1 V

IH

IF

VF

IG=IG1>0

BGF0 V

IH

G

A

C

VF

VG

IF

IG

1. Only conducts in one direction

2. Can’t easily turn off (though not 

major problem in AC switching)

Performance Limitations with the SCR

Would be useful in many additional applications if:

1. Could conduct in both directions

2. Can easily turn off with IG

• Very attractive properties as an electronic switch

• SCR is very useful 

But:
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G

A

C

VF

VG

IF

IG

1. Only conducts in one direction

2. Can’t easily turn off (though not 

major problem in AC switching)

Improvement Concept

Will investigate bi-directional devices in next lecture

1. Could conduct in both directions

2. Generating two gate voltages 

referenced to different cathodes a bit 

cumbersome

G1

G2

MT1

MT2
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Two-Port Amplifier Models

Bipolar Processes
• Comparison of MOS and Bipolar Process

• Parasitic Devices in CMOS Processes

• JFET

• Thyristors

        SCR

        TRIAC

Special Bipolar Processes

Outline
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Bi-directional switching

G1

G2

MT1

MT2

Use two cross-coupled SCRs

Size and cost overhead with this solution

Inconvenient triggering since G1 and G2 WRT different terminals

Limitations
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Bi-directional switching with the Triac

G

MT2

p

p

n

n

n

MT1

nn

• Has two cross-coupled SCRs !

• Manufactured by diffusions

• Single Gate Control

MT1

MT2

G
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The  Triac

MT1

MT2

G

• Can define two cross-coupled transistor pairs in each side 

As for SCR, both circuits have regenerative 

feedback 

Can turn ON in either direction with either 

positive or negative current

Defines 4 quadrants (in VMT21-VG-MT1 plane) for operation

MT2 MT1 G-MT1

MT2 MT1 G-MT1

MT2 MT1 G-MT1

MT2 MT1 G-MT1

V >V V >0 Quadrant 1

V >V V <0 Quadrant 2

V <V V <0 Quadrant 3

V <V V >0 Quadrant 4

Different voltage, duration strategies exist for 

triggering

Usually use only one VG:VMT for control

Can’t have single VG:VMT control with two SCRs

G

MT2

p

p

n

n

n

MT1

Q1

Q2

nn

Q3

Q4

IG3

IC3

IB4

Q2

Q1

IF2

IG1

IB2

IC2

IB1

MT1

MT2

G

IG

IT

VMT1

VMT2

VG

Q4

Q3

IB3

IC1

IC4

Model for Quadrants 1 and 4

(n-diffusion for gate not shown)
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The  Triac

MT1

MT2

G

Defines 4 quadrants (in VMT21-VG-MT1 plane) for operation

MT2 MT1 G-MT1

MT2 MT1 G-MT1

MT2 MT1 G-MT1

MT2 MT1 G-MT1

V >V V >0 Quadrant 1

V >V V <0 Quadrant 2

V <V V <0 Quadrant 3

V <V V >0 Quadrant 4

VM21

VGT1

Quadrant 1Quadrant 2

Quadrant 3 Quadrant 4

Usually Avoid Q4
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The  Triac
The ideal Triac

MT1

MT2

G

IT

VTR

VGT1

IG

IF

VF

IG1
IG2

IG3
IG4

IH 

VBGF0

-IH 

-VBGF0

Note:   Output characteristics in the (VF,IF) plane

            (not the (VMT21,VG-MT1) plane)
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The  Triac
The ideal Triac

IT

VTR

IG=0

IH

BGF V

BGF -V

BGF1 V

IT

VTR

IG=IG1>0

IH

BGF -V

BGF V

IG=IG1<0
or

VAC

VGT1

RL

VTR
IT

Consider a basic Triac circuit

MT1

MT2

G

IT

VTR

VGT1

IG
For small |IG|

For large |IG|

Ideal Triac is an ideal current (or voltage) controlled switch ! of 63  Slides32



A Basic Triac CircuitAssume ideal Triac with IG=0

IT

VTR

IG=0

IH

BGF V

BGF -V

AC

L

V

R

AC V

AC -V

AC

L

V

R
−

AC T L TRV  = I R +VLoad Line:

The solution of these two equations is at the intersection of 

the load line and the device characteristics

Analysis:
AC T L TRV  = I R +V

IT

VTR

IG=0

IH

BGF V

BGF -V

AC

L

V

R

AC V

AC -V

AC

L

V

R
−

Two stable operating points for both positive and negative VAC

VAC

VGT1

RL

VTR
IT

If VAC is a sinusoidal signal, will stay OFF

( )1,T A TR GTI f V V=

Why?
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The Basic Triac CircuitAssume ideal Triac with IG =0

IT

VTR

IG=0

IH

BGF V

BGF -V

AC

L

V

R

AC V

AC -V

AC

L

V

R
−

AC T L TRV  = I R +VLoad Line:

Analysis:
AC T L TRV  = I R +V

IT

VTR

IG=0

IH

BGF V

BGF -V

AC

L

V

R

AC V

AC -V

AC

L

V

R
−

VAC

VGT1

RL

VTR
IT

If VAC is a sinusoidal signal, will stay OFF

( )1,T A TR GTI f V V=

Why?

Because when it goes through 0 there is only one 

solution and that corresponds to the OFF state
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The Basic Triac CircuitAssume ideal Triac with large IG

CC T L TRV  = I R +VLoad Line:

Analysis:
AC T L TRV  = I R +V

BGF1 V

IT

VTR

IG=IG1>0

IH

BGF -V

BGF V

IG=IG1<0
or

AC

L

V

R

AC

L

V

R
−

AC -V

AC V

BGF1 V

IT

VTR

IG=IG1>0

IH

BGF -V

BGF V

IG=IG1<0
or

AC

L

V

R

AC

L

V

R
−

AC -V

AC V

Single solution for both positive and negative VAC

If VAC is a sinusoidal signal will stay ON

VAC

VGT1

RL

VTR
IT

(except for small time when IT=0 but then ON and 

OFF state of Triac do not alter current in circuit)

( )1,T A TR GTI f V V=
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The Basic Triac Circuit

Assume ideal Triac with intermediate IG

BGF1 V

IT

VTR

AC

L

V

R

AC

L

V

R
−

AC -V

AC V

VAC

VGT1

RL

VTR
IT

Duty cycle can vary from near 0% to 100% depending on IG  (or VGT1) 
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IT

VTR

IG4>IG3>IG2>IG1=0

MT1

MT2

G

The Actual Triac
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The Actual Triac in Basic Circuit

IG=0

AC V

AC

L

V

R
FΔV

BGF0 V

BGR V
IHF

IHR

AC

L

V

R
−

IT

VTR
AC- V

IG=0  State

Two stable operating points
(as long as VAC not near 0)

VAC

VGT1

RL

VTR
IT
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The Actual Triac in Basic Circuit

IF

VF

IG4>IG3>IG2>IG1=0

AC V

AC- V

AC

L

V

R

AC

L

V

R
−

IF

VF

IG4>IG3>IG2>IG1=0

AC V

AC- V

AC

L

V

R

AC

L

V

R
−

Can turn on for either positive or negative VAC with single gate signal

VAC

VGT1

RL

VTR
IT
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t

VAC

VLOAD

VLOAD

IGATE

IGATE

VLOAD

IGATE

Phase controlled bidirectional switching with Triacs
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MT1

MT2

G

IT

VM21

VGT1

IG
IT

VM21

IG4>IG3>IG2>IG1=0

VM21

VGT1

Quadrant 1Quadrant 2

Quadrant 3 Quadrant 4

Quadrants of Operation Defined in VM21-VGT1 plane

(not in the IT-VM21 plane)

But for any specific circuit, can map quadrants from the VM21-VGT1 

plane to IT-VM21 plane of 63  Slides41



MT1

MT2

G

IT

VM21

VGT1

IG

VM21

VGT1

Quadrant 1Quadrant 2

Quadrant 3 Quadrant 4

Identification of Quadrants of Operation in IT -VM21 plane

of 63  Slides42



MT1

MT2

G

IT

VM21

VGT1

IG

VM21

VGT1

Quadrant 1Quadrant 2

Quadrant 3 Quadrant 4

Identification of Quadrants of Operation in IT-VM21 plane

Curves may not be symmetric between Q1 and Q3 in the IT-VM21 plane

Turn on current may be large and variable in Q4 (of the VM21-VGT1 ) 

Generally avoid operation in Q4 (of the VM21-VGT1 plane)

Most common to operate in Q2-Q3 quadrants or Q1-Q3 quadrants (of the VM21-VGT1 plane)  
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Some Basic Triac Application Circuits

VAC

RL

VTR
IT

MT1

VGG

VAC

RL

VTR
IT

MT1

VGG

VM21

VGT1

Quadrant 1Quadrant 2

Quadrant 3 Quadrant 4

Quad 1 : Quad 4

(not attractive because of Quad 4)

(VGG often from logic/control circuit) (VGG often from logic/control circuit)

Quad 2 : Quad 3
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Some Basic Triac Application Circuits

VAC

RL

VTR
IT

MT1

VGG

VM21

VGT1

Quadrant 1Quadrant 2

Quadrant 3 Quadrant 4

Quad 2 : Quad 3

Limitations ?

If VAC is the standard 120VAC line voltage, where do we get the dc 

power supply?

120VAC

1K

10KVOUT

CFILTER

Direct digital control of trigger voltage/current with dedicated IC of 63  Slides45



Some Basic Triac Application Circuits

VAC

RL

VTR
IT

MT1

VAC

RL

VTR
IT

MT1

VAC

RL

VTR

IT

MT1

Quad 1 : Quad 3

VM21

VGT1

Quadrant 1Quadrant 2

Quadrant 3 Quadrant 4

Quad 1 : Quad 3 Quad 1 : Quad 3

Delays VG signal to provide 

reduction in duty cycle
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Some Basic Triac Application Circuits

VAC

RL

VTR

IT

MT1

VM21

VGT1

Quadrant 1Quadrant 2

Quadrant 3 Quadrant 4

Quad 1/ Quad 2  :    Quad 4/Quad 3  

Not real popular

VAC

RL

VTR

IT

MT1

Logic and/or 

Interface Circuit

(with negative logic levels)

Real popular
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Thyristor Types

• SCR

• Triac

• Bidirectional Phase-controlled thyristors (BCT)

• LASCR (Light activated SCR)

• Gate Turn-off thyristors (GTO)

• FET-controlled thyristors(FET-CTH)

• MOS Turn-off thyristors (MTO)

• MOS-controlled thyristors (MCT)

Some of the more major types:
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Thyristor Applications

Thyristors are available for working at very low 

current levels in electronic circuits to moderate 

current levels such is in incandescent light 

dimmers to very high current levels

ITRIAC from under 1mA to 10000A

Applications most prevalent for moderate to high 

current thyristors
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SCR, rated about 100 amperes, 1200 volts, 1/2 inch stud, photographed by C J 

Cowie. Uploaded on 4 April 2006.
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Thanks to Prof. Ajjarapu for providing the following slides:

ITSM is the non-repetitive surge peak current

Important parameter to consider when switching inductive loads (motors) 
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From ABB Web Site

Diameter = 140mm

of 63  Slides52



1988 Paper

Thanks to Prof. Ajjarapu for providing the following slides:
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2008 Paper

Thanks to Prof. Ajjarapu for providing the following slides:
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Thanks to Prof. Ajjarapu for providing the following slides:

Control Circuit

Thyristor
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Stud- Mounted SCR
110 Amp RMS Rating

Stud Anode

Cathode Lead

Gate Lead
(White)

Auxiliary
Cathode Lead 
(Red)
Extends cathode
potential to the
control circuit.

Thanks to Prof. Ajjarapu for providing the following slides:
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Cross-section of a BCT wafer showing the antiparallel arrangement of the A and B
component thyristors. The arrows indicate the convention of forward blocking for A 
and B.

Thanks to Prof. Ajjarapu for providing the following slides:
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Thyristor Valve - 12 Pulse Converter ( 6.5Kv, 1568 Amp, Water cooled)

Thanks to Prof. Ajjarapu for providing the following slides:

of 63  Slides58



Thyristor Observations

Many different structures used to build thyristors

Range from low power devices to extremely high power devices

Often single-wafer solutions for high power applications

Usually formed by diffusions

Widely used throughout society but little visibility

Applications somewhat restricted

of 63  Slides59



Thyristors

The good

SCRs

Triacs

The bad

Parasitic Device that can destroy integrated circuits
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The Thyristor

S G D GS
D

Consider a Bulk-CMOS Process

A bipolar device in CMOS Processes

If this parasitic SCR turns on, either circuit will latch up or destroy itself

Guard rings must be included to prevent latchup

Design rules generally include provisions for guard rings of 63  Slides61



Stay Safe and Stay Healthy !
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End of Lecture 30
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