8.2 Thyristors : Semiconductor Power Devices

High power device design implies high current and high voltage capabilities alongwith
the ability to operate at relatively high temperatures and conduct power dissipated in
the form of heat to outside the device with a minimum of thermal (and hence electrical)
resistance.

Most of the semiconductor power devices in use are thyristors. Also there are
bipolar and power MOS (VMOS structure) and static induction transistors (SIT) but
they are in use duly for moderately high power applications nowhere in comparison to
thyristors. Power devices for microwave frequencies are usually made of GaAs.

Thyristors are switching devices used mainly in the control systems. The main
current can be switched ON when desired and in some types also OFF but not controlled
in between. In other devices the output current can be continuously controlled by base
current or gate voltage and they can therefore be used for either switching or linear
power amplification.

A power switch must have the following properties :

(i) Its ability to carry large currents with a uniform current density over a large
device area.

(11) While the device is in ON state, the device resistance must be as low as possible
to reduce joule heating.

(ii1) While the device is in OFF state, the device resistance must be very high as well
as capable of holding high voltage (~ 10° volts) across it.

(iv) The switching speed should be high. This means low capacitances and minimum
minority storage effect.

(v) For power amplification, the forward 3 (or gm) should be constant and Indepen-
dent of the signal amplitude. This i1s necessary to avoid excessive distortions in
large signal applications.

However, we shall be concerned only with thyristors in this book. The reader may
consult any book on power electronics for further details.

The thyristor family is one of the most important semiconductor devices today
in the industrial or power electronics field. Thyristor is a generic name for a famil;,r
of pnpn semiconductor switches though it is very often used to refer to a particular
member—the silicon controlled rectifier. Different devices may have two. three, or four
accessible electrodes and may conduct uni- or bidirectionally.

The name thyristor applies to a general family of semiconductor devices that
exhibit bistable characteristics and can be switched between a high-impedance. low
curent OFF state and a low-impedance. high-current QN state. The- principle of
operation of thyristors are intimately connected to BJT in which both electrons and



holes are 1nvolved in the transport processes. The term ‘thyristor’ is derived from
gas thyratrons’, because of the similarity in the output characteristics of these two.
Because of the bistable nature, thyristors have found unique usefulness in applications
ranging from speed control in home appliances to switching and power inversion in
high-voltage transmission lines. Thyristors are now available with current ratings from
a few mA to over 5000 amphere and voltage ratings extending above 10,000 V.

8.2.1 Shockley Diode

We shall first consider the basic operation of pnpn devices, and then the characteristics

of the main types of switch. The four-layer p;nipana configuration with the anode
terminal A at the outside p;-region and a cathode terminal K at the outside na-region
is shown in Fig. 8.14(a). We shall refer to the junction nearest the anode as Jj, the
center junction as Jo, and the junction nearest to the cathode as J3. Fig. 8.14(a) may
be viewed as a combination of a pnp and the npn transistor (Fig. 8.14(b) and (c)).
The circuit symbol is shown in Fig. 8.14(d). The significance of two-transistor analogy

is that it shows the current gains of the sections (a1 for pinips transistor and az for
n1pans transistor), and the existence of feedback. These two-factors are necessary to

obtain the desired switching and latching operation.

(d)

terminal pnpn device, (b) and (c) Two transistor

i four- .
Fig. 8.14 Thyristor (a) A e. (d) Symbol of Shockley diode

analogy of the p—-n—p-—nﬂk devic
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The operation of a thyristor depends on the polarity and voltage applied botweei
the various electrodes. The simplest caac caves the two gate clectrodes G4 and G _‘
open and the resultant device is called a Shockley diode. The applied voltage lasing
the anode A is positive relative to the cathode K. Positive feedback is provided
the interconnection of the collectors and bases, so the gain around the loop L = 0 2.
From section 7.1 it is expected that if L > 1, then regenerative positive fecm
cause a switching action. If the collector-base leakage current is /co, then we cau writéf”f
the equations (see eqn. (3.1.11)), from Fig. 8.14(c)

Ip) =Ic,, Ic, = Bilc, + (61 + 1Ico, ' (8.2.1) .‘
Al “) Ins =loy, Io, = Bolo, + (B + Dlco, (8:22)
s (_’75\& . IA=]Cl+16‘2=IK _
g (B1+ 1)(B2 + 1)(Ico, + Ico,) -
_ (Bt 1B +1)Uco, +1co,) (8.2.3)
1 — 5109

after some manipulation. Eqn. (8.2.3) is more commonly written interms of transistors’

a=p/B+1)orF=af/(l-a):

o Teor+ Ico ‘
Jj= 1 = 8.2.4
T T+ ) (8.2.4)

With only small leakage currents flowing, the values of 3 (and also of a) will be very
small, usually less than 1. Hence, 8132 <« 1, and the current through the Shockley
diode | ' |

| Ir = Ico, + Ico, ' |

is also small. If the loop gain, 3, 3>, can be‘increased to ~ 1 then I4 increases rapidly:.
becoming nominally infinite for 315> = 1 (or a; +ag = 1). The positive feedback drives
both transistors into saturation with a fast switching time; the saturation reduces the
gain to just maintain L = 1 and, hence, the stability of the ON state. The current
flowing will be primarily limited by the external circuit, unless the external inpedance

is particularly small.

Such a development is not unexpected becanse of the unusual connection in
Fig. 8.14(c). A change in current at any point in the loop is amplified and returned to
the starting point with the same phase. For instance. if the (21 base current increases.
the Qo collector current increases. This enhances base current of (2. This, in turn;
produces a larger ()2 collector current, which drives the Q; base harder. This build-up

in enrrent will continue until both transistors are driven into saturation. In this case.
the diode acts as a closed switch.

On the other hand, if something causes the Q; hase current to decrease, the Q

. . ’ ’
collector current will decrease. This reduces the Q4 base current (ic1 = ipg2). In turn,
there is less Q2 collector current. which reduces the (; base current even more.This

regeneration continues until both transistors are driven into cut-off. At this time, the
diode acts as an open switch.
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The diode. thus, ¢ap he

one state indefinitely, [f
decrease. If open, it sty

m cither of twaq states
closed, it st
| S Open unt

In fact all thyristor devie
latch, the upper ty

> closed or open.

It will remain in
AVs closed until something ¢

‘auses the currénts to

1l something olse forces the currents to increase.
QO Yo " : : : |

S ¢can ].)(} (—?hp]él.lll(‘-‘(l Im terms of an 1cdeal (_:(mr{_)lr.’:menta.?'y
pnp while the lower one is 1. They ditfer in the

closing the latch.

AnsIstor hejnge

way of triggering for opening oy
The reason whyv the Q.. -

1V the Slmcl\ley diode can exist i either of two states Is explainecd

with the help of ¢ N (R - . . : '
,. P ol 18, (8.2.3) o (8.2.4). Now, wo shall discuss its I-V cliaracteristics.
When the anode is forw N P

ard biased i.c.. A positive with re
and J3 are under forward bias. and Lhe

very small forward current

value and then increase

multiplication (1

and 3. When
~_

i h,—. ,__‘I

spect to Iy, the junctions .J,
center junction under reserve hias. Hence a
(leakage current Ic,, of .J3) start to flow at a very small
s With increasing reverse bias across .Jo because of avalanche
Jut not avalanche break-down). This lncrease 1 current increases (9
_ the product of the small-signal avalanche-enhanced betas equal unity.
0109 = 1, break-over occurs. Huge current flows through the diode and the diode is

said to be switched to ON state (as shown in Fig. 8.15). This happens at a voltage Vpp.

called the -0e: e. Before attaining Vpg the diode is said to be in the forward

blocking state. When the current reaches the critical value 7 g for L = 1, break-down
occurs, the characteristics having a negative resistance region which is traversed rapidly
(~ —MMMH’ called the holding current, on the diode characteristics.
It is so called because if the current does not reach I, the device will, then, switch back
to the non—conducting state when the voltage is reduced. The situation is somewhat

more complex than this and, depending on capacity, oscillations may occur.
3 - |

A
Forward conduction
diode characteristic
| - Unstable
[T o S -~ region
I _1"_____.._-:::::::::';':.-.-u. Ereak'down
Reverse leakage B ’,
current N ¥ K .
O / | Veo  Va
Avalanche _ _ Reverse forward blocking -

breakdown blocking

Fig. 8.15 |-V characteristic of Shockley diode

unctions are forward-biased, and so the total voltage across
11 - - L]
: ¢ algebraic sum of these three saturation junction

d that the voltage drop across the central junction

agos. in min . ‘ .
\;Oleg;;es_ It should be kel.); 110 the voltages across the 111113510115 Jy and .J>. Thus the
213 1 a direction OppO31-C 1 the ON state 158 2Vir.sar — Vepaw = 1.0 V.

~ S
total voltae op across the diode 1 ot = ki
o ARC dr P 1) S]]()Ckl(’v diode (1C‘p011d5 on the fact that ot Jow currents.

1¢ operation ol the .

. # . A . vyl rye 1 ’ L fl') i:“ 'l.,
C he less than 0.9, 2 condition which is necessary if (1) 2)
Urrent gain « may bhe less Uald 2o




384 ELECTRONICS ( Ciassical ¢ Modern,)

be less than unity. This characteristic of a is not encountered in Ge but is distinctive
of Si. Hence Ge ‘structl_n‘es incline to settle immediately in the ON state and have no
stable OFF state. Accordingly, Ge, pnpn switches are not available.

The value of 3 (or a) can be changed by several mechanisms :

(1) Overall voltage, which eventually causes avalanche multiplication (and no break-
down) of the leakage currents and hence an increase of 3. This is the mechanism
used in DIAC (section 8.2.3).

(2) Direct injection of current or more properly charge, via a gatelelectrode (GA or
Gk) to increase the conduction current by transistor action beyond [g. This is
the commonest technique and is applicable in all three-terminal devices.

(3) Photo generation of carricrs in a base region to give an effect similar to (2). This
1s used in photo SCR, or light activated SCR, abbreviated as LASCR.

(4) Temperature : Leakage current in Si devices doubles for every 10°C rise in
temperature, causing increase of 3.

(5) Rate of change of overall voltage : If the rate is high, enough current will flow
through the junction capacitances to raise 3 and cause switching. This known as
dv/dt effect. It introduces an important limitation on the use of thyristors.

8.2.2 Silicon Controlled Rectifier (SCR)

The most commonly encountered thyrlbtor in ﬁgwer circult applications is the silicon
controlled recitifier (SCR), which has the structure discussed above with the gate
electrode Gg. Fig. 8.16(a) shows different current components in SCR which has
two emitters e; and ez and two bases b; and by with one floating. Let a current 1 flows
through the device due to the application of a voltage V with the polarities shown. I
is the gate current applied to Gg. Let also a hole current I,g, is injected from ey to
b1, a hole current I,c, is injected from by to by, an electron current I, E, 1s Injected
from ez to by, and an electron current. I,c, is injected from b; into by. We further
consider that the corresponding current amplification factors are a f1s Qryy Qp, and i,
respectively. Consequently, we can write for the three junctions :

[ = IpEl — arl-lpC'I (825)
I = ahIPEl — IpCl + C}foInEQ — InCQ (826)
I —+ IG : InEQ - a‘!‘gInCQ . (827)

Substituting the value of Ip,g1 from eqn. (8.2.5) and I,g from (8.2.7) into the eqn.
~ (8.2.6) we get

I = afy (I + a‘rllpCl) _ IpCI + afz(I + IC—' + a?gIn.CQ) "' InCQ
'0r1 —I(]' T afl _— a.f2) + anIG T (1 T Gfl a?‘l )11301 (]- T afga'rg)IHCQ (828)
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Fig. 8.16 SCR (a) Various junction currents (b) (U-V) characteristics (c) Symbol with circuit arrangement

Since af, ar, and ajf,or, are each less than 1, the junction byby will be reversed biased

if
—(1 — Qf — ah)'[l-—!- lefzfgu'.(. 0 .-
and forward biased if
—(1—ay — af,) 1 + afzfq_> 0

Hence, switching will occur if ' ;

—(I—ap —ap)l+aple =0

| I
or, af + Qfg + Offl‘T =1 ' (8.2.9)

Therefore the switching is easier if Ig > O Hence, when current is Injected into the
base region it may happen that there are three points of intersection (A, B and C)
between the load line (assuming a resigt_ance R in series with the battery, not shown
In Fig. 8.16(b)), and the characteristic for I = 0; whereas there is only 6ne point of

Intersection (B) if I > 0. It is easily seen that point C is an unstable operating point.
Thus, if the operating point is at A (OFF state) for I = 0, then the operating point
Will switch to B (ON state) if I is switched on and is sufficiently large to satisfy the
condition (8.2.9). If I is then turned OFF, the operating point will stay at the i)oint
B. The SCR can be turned ON by a small current I (~ mA) because just before

EIECtaninnfﬁl 2 AAaAad\ TAE
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Physical Explanation
The physical explanation for SCR operation is as follows :

Application of a positive voltage between anode and cathode wi]lﬁ not help Ilal
conduction because the junction .Jo (Fig. 8.14(a)) will be under reverse hias m..u'l henee
blocking, so long as V4 < Vpo (Fig. 8.15). But looking at Fig. 8.14(c). we find that
Jo is the collector-base junction in both equivalent transistors (2 and (o and reverse
voltage across it is normal to transistor operation in the active region. Hence, carrent
can flow in Qg if a base current is supplied i.c., if a current pulse is fed mto the gare
G (which is I in Fig. 8.16(a)) which serves as the base of ;. The resulting collector
current of Q1 serves as the base drive for Qp; which also starts conduction then. The
collector current ol ()5 serves as additional base derive for Q1 and takes over when
the original gate trigger pulse ends. This constitutes a positive feedback loop. and the
two. transistors very ¢uickly become heavily saturated and the device turns ON. In
saturation. the junction .Jo hecomes forward biased (like any other collector junction
of a saturated BJT) so that all three junctions .J. Jy and J3 are now forward biased.
The total forward voltage drop V7 of the SCR consists of the sum of these voltages. as
in the case of Shockely diode, in addition to the ohmie voltage drop in the bulk of the |
SCR. However, J; and Jy contribute a voltage of oppositive sign to that contributed :
bv .J». resulting in a otal V) ~ 1 volt depending on the triggering current I, '

While the device conducts in the forward direction its current divides between the
“collectors of Q1 and Q. If this current falls below the holding current Iy, then the two ‘
~transistors come out of saturation and regain their amplifying properties. Any further
reduction in current is immediately amplificd by the positive feedback loop (rednetion
of one collector current reduces the base drive of the second-—whicl, in turn, reduces
collector current-of the second-—which again reduces the base drive of the first and so

on). Both transistors are quickly (~ us) cut off and the SCR is turned OFF.

It a sinusoidal voltage 1s applied to the SCR anode, the device will be turned OFF
once each alternate half cycle (i.c.. when the voltage falls below the liold
provided it 1s triggered ON regularly. The average rectific
wide limits by controlling the point in each half evele
This 1s called phase control and is widelv '
heating, lighting, motor drive, electric u-'v
applications (see section 8.2.5)

Ing voltage)
d current can be varied over
at which the SCR is turned ON.
used I coutrolling ace power. for cxample. for
Iding, and a veriely of other industrial control

‘i"
v jul

.
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As an example of power control let ns consider the circuit of a battery-charger
regulator as shown in Fig. 8.16(d). D1 and D2 provide fullwave rectified dc voltage

somewhat greater than the voltage of the bhattery to be charged. The medium-current
SCR (= 25A) is in series with the hattery heing charged. The zener diode. V., provides-

D

|

220V
AC '

Fig. 8.16(d) Battery-charger circuit with SCR -

a reference voltage for the transistor Q5. If the battery voltage is lower than V., Q2 will
be cut off. At the same time, the emitter of Q- is sufficiently positive to conduct into
the gate of the SCR, firing it and charging the battery. When the battery is sufficiently
charged, Q, begins to conduct, reversing the voltage drop across R; and cutting oft (2}
and removing the gate signal to the SCR. resulting in the cut off of the SCR. Ry allows
a trickle charge to be maintained across the battery: R5 and Ry are used for ciurrent
limiting. R and C provide Q; bias and the RC time constant during SCR firing. This
circuit has the advantage of charge-to-trickle-charge changeover with tittle power loss.

8.2.3 DIAC

The diac (means diode ac switch) and triac (#riode ac switch) are bidirectional
thyristors. They have ON and OI'F states for positive or negative anode voltages
and are therefore useful in ac applications. |

The diac has mainly two structures :

(i) The ac trigger diode or p — n —p diode switch.
(ii) The bilateral p — n — p — n diode switch.

The former is simply a three layer device similar to a BJT without the base
lead (Fig. 8.17(a)) and except that doping concentrations at the two junctions
arc approximately the same to have a symunetrical. bidirectional chatacteristics
(Fig. 8.17(h)). No contact is necessary for the base region. When a voltage of any
polarity is applied to a diac, one junction will be forward biased and the other reverse
biased. The current will obviously be limited by the leakage current of the reverse-
biased junction. At sufficiently large reverse bias avalanche multiplication oceurs
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followed by an electrical break-down at Vgp(l — o)™ (see Fig. 2.7. section 2.3.4),
where Vgp is the avalanche break-down voltage of the p—n junction, a 1s the common-
base current gain, and m is a constant. As the current increases after break-down, o

increases. causing a reduction in the terminal voltage. This reduction gives rise to a
negative differential resistance.

(a) ~(b)
Fig. 8.17 AC trigger diode (a) Structure, (b) Typical characteristics of a diac

However, in practice, a diac is fabricated from p —n — p — n thyristor for its greater
efficiency and higher break-over voltages. The bidirection at.p —n — p —n diode switch
behaves like two conventional Shockley diodes connected in antiparallel to permit the
accomodation to voltage signals of two polarities, as in Fig. 8.18(a). Diac has two
terminals, called the first main terminal A7T'1 and the second main terminal A/T72.

MT2
&
MT2
MT1
MT1 MT1
(a) (b) (c)

Fig. 8.18 Diac (a) Two Shockley diodes connected antiparallel, (b) integration of the diodes into a
single two-port device, (c) Device symbol

This device has a short-circuited emitter structure, where n-type emitters are shorted
to their neighbouring p regions by the overlying metallizations as shown in Fig. 8.18(b).
The voltage across those junctions is therefore zero. The symmetry of this structure
results in identical performaince for either polarity of ap'plied voltage. The circuit
symbol is shown in Fig. 3.18(c) and the I — V' characteristics in Fig. 8.17(b). The diac
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can be triggered into conduction hy exceeding the break-over voltage. Because of its
regenerative action by positive feedback, the bidirectional diode thyristor has a larger
negative resistance and smaller forward voltage drop than that of an ac trigger diode

(Fig. 3.17(a)).

8.2.4 TRIAC

AC power can be controlled by two SCRs, but since it 1s a very cominon requn'elnenf:,
a device consisting of two SCRs connected in inverse parallel has been developed. This
is exactly a triac. The triac has three terminals. called the first main terininal MT1,

the second main terminal MT2, and the gate G (Fig. 8.19(a)). Unlike SCR, the triac

can conduct in both directions. It is very useful 1 motor speed comntrol, temperature
control, light dimmers, and other applications.

The triac structure is considerably more complicated than an SCR due to 1ts five
junctions Ji, Jo, J3, Ji4, J5. In addition to the basic pjnipana structure. there are one
junction gate ng and one n4 region in contact with AM7T2. It may be noted that pp 18
shorted to 14, po to no and ni. Thus, like the diac, this device has also a short-circuited
emitter structure, where n-type emitters are shorted to their neighbourmg p regions by
the overlying metallization. The voltage across those junctions is. theretore zero. The
gate metallization extends over two regions—ng_ and po.

MT2

MT1

(b) | (c)

Fig. 8.19 Triac (a) Cross-section. (b) —V characteristics, (¢) Symbol

It is easily seen that there are four possible ways to trigger a triac : two polarities
of overall voltage (i.c.. AM1'1 is either + or —) and two possible gate currents (+ or
—). When the main terminal MT1 is + with respect to MT?2 and positive voltage
(or current) is applicd to the gate (also with respect to MT2), the device behaviour is
identical to that of an SCR. The junction Jy 1s reverse biased and is non-conducting :
the ocate current 1S h’llppliml l‘hl‘()ugh the gate close to R 1‘egi011; S111C0 jllllt‘.tiUll J_,-, 1S
also reverse-biased and hence inactive, the mam current flows throngh the left side of
the P1r — 1y — pPa— 19 SECT1ON.
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Now, let a negative voltage is applied to the gate in the above case. The junction J,
will now be forward-biased and clectrons will be injected from ngz to p2. The auxilliary
SCR p; —1n1—po—nz will be turned ON by a flow of lateral base current in po toward the
ny region because of the increase in gain in the transistor ny — p2 — 13- Full conduction
of this auxilliary SCR results in the current flowing out of this device and toward the
ng region. This current provides the necessary gate current and trigger the left-side
p1 —n1 — p2 —ng SCR into conduction.

We now consider that MT1 is negatively biased with respect to M T2, and the gate
is positively biased. The junction J; will be forward biased between M T2 and the gate
shorted to I%». Electrons are injected from ns to po and diffuse to np, resulting in an
Increase of forward bias of Jy by the regenerative action, eventually full current is carried
through the short at AMT2. The gate junction J; is reverse-biased and is inactive. The
full device current is carried through the right-hand side thyristor po — ny — p1 — 4.

Finally, A/T1 is made negative with respect to M72, and the gate is also made
negative. Under this circumstance, the junction Jy is forward-biased. and triggering is
mmitiated by injection of electrons from nj to n; reeion. This action lowers the potential
at n1, causing holes to be injected from ps to n; region. This hole current provides the
base drive for p» — ny — p; transistor, and the right-side thyristor po — 1y — p; — ny) 1s
eventually turned ON. Since .J3 is reverse biased. the main current is carried from the
short at MT'2 through the n4 region.

T'he I =V characteristics and the circuit symibol of a triac are shown in Fig. 8.19(b)
and (c) respectively. The triac can pass an ac current if triggered twice in.each period.
To turn if OFF the MT1-MT?2 voltage should stay around zero for some minimum
time, meaning that there is a maximum value of dv/dt (see section 8.2.1) that can be
tolerated around V = 0 (91* a Mmaxinim sinusoldal wave frequency) so that the triac
will not re-trigger itself.

As in the SCR, the currents and temperatures have upper limits. At the maxinmumn
temperature (usually 125°C) the leakage currents are high (recall that for cvery 8°C
rise in temperature the reverse saturation current is doubled i.e., it will be 22 or 4006
times the value at 25°C) and the danger of unwanted triggering is to its highest. The
thyristors are therefore mounted on heat sinks and have low junction-to-case thermal
resistance.

8.2.5 Programmable Unijunction Transistor (PUT)

The conventional unijunction transistor has been discussed 111 section 7.4

N - - IR I .
-resistance oscillator. But a programmable unijunction transistor (abbreviated as PUT)
is of rather different internal construction. It is a four-l '
- . the same characteristics as the standard type. The difference is that the paraneters n
. RBB‘ Ip, and Iy can be set by means of two external resistors. as shown in Fig. 8.20 |

as a negative

AYCI p—n—p—mn structure having

"

Scanned by CamScanner |



The structure of PUT ig i
S MRS & 1S stlar to that of an SCR excent .
out from the n-resion adinoe. that of an SCR except that the gate 1s brought
shown in Fig. 20"—"} adjacent to the anode. as shown in Fig. 8.20
8. 8.20(b). This pn junction controls ON and OFF states of the device. The

ate Is always bjas EE :
2 o Yy sed positive with respect to the cathode. When the anode voltave
V4 exceeds the gate voltage Ve by approximately 0.7 V., the »n junction .J; is rward

ns on. When the anode voltag , be is leve » PUT
turns OFF anode voltage falls below this l¢ vel, the PUT

Slwgl]:(i‘n{%;‘;z ngol()j) b:;sfldi :o 511 desired voltage with an ext,ern:al voltage divider, as
the PUT tup - J’I?‘ho ' md when the anode voltage exceeds this ‘Drf)gr:ammc:d "‘ level,
to UJT but can be 1‘norei c(;lo € current versus anode voltage ch.ara,f:'terlistlcs are similar
L nveniently controlled. One such application is the relaxation
oscillator (more commonly known as saw-tooth generator), as shown in Fig. 8.20(c).

(a). It’s symbol is

oy +VBB

Ro
A R,
G Va ~ .
. N
R Ve
K |

N/ |~

(a) , (b) | _ =

i
L
'
1
I

- - S I O - S S S S W S
- O . . e W e e e e

(d)

Fig. 8.20 Programmable unijunction transistor (PUT), (a) Basic structure, (b) Circuit symbol,
(c) Relaxation oscillator circuit, (d) Output waveforms

The gate is biased at
I

i o Vi
Vc, [1’1 n R‘.‘.’ BB

by the voltage divider network containing resistances ) and f2a. When de power is
applied. the PUT is OFF and the capacitor C' starts to charge up to +Vgpg through the
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. . s venclies Ve 4+ 0.7 'V, the PUT turns ON
resistance 2. When the capacitor voltage Ve reaches Ve ON resistance of the PUT
. ] . . . . Y I'OS " H . J "
and the capacitor then discharges rapidly through the low 1. during the discharge
" - . s 3 “ p y g ’ ( l - . . /a8
and a small resistance 3. A voltage spike 1s developed across 13 : el ol “‘.n ,+
, S e . Iv the PUT turns OFlk and the charging
As soon as the capacitor discharges completely the y
. - O
cycle starts on, as shown in the waveform shown in kig. 8.20(d).

The intrinsic stand-off ratio (section 7.4) 1s

- Ve B IR
1= Veg R+ Ry

The period of oscillation T is given approximately by

T= nrom— "85 _ _pem-1 —RChn (1+-}]—§l)
f Ve — Vi 1 —n E

The gate current I is given hy

(1—7n) .,
— .V
e, e BB

where Rg = (R1 || R2) = (}{ffﬂg

The restrictions on the choice of Rj and Ry can be found from the definition of n
and Rqo

p_ R
7]
Rg
1=

n and Rqg are normally supplied by the manufacturer.

8.3 CCD—A Novel MOS Device

Silicon MOSFET is probably the most important solid-state device for modern
electronics. In the family tree of FET (section 4.1) we have Just emphasized the
importance of MOSFET. It is unfortunate that we have no scope to discuss them in
detail. However, a device, which has not even been mentioned there, will be discussed
here. It is charge-coupled device or simply CCD. These belong to a wider class of what
are known.as charge transfer devices (CTDs). The first CCD was fabricated in 1969,
though the idea of a memory made up of a chain of capacitors was put forward as early
as 1934.

To visualize the principle of operation of CCDs. let us imagine a MOS transistor

“with an extremely long channel and with many gates closely spaced between source and
drain. Such an arrangement is in effect a long chain of MOS capacitors each of which is
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formed by onc ol the gates and the substrate. and the input signal is transferred along

this chain. Hence, these are dynamic devices in the sense that they move cl_x::u*gc along
a predetermined path under the control ol clock pulse. In recent years, CCD:%' have
come to be used in microelectronics as memory elements, delay lines, filters. '51,{-_1;11:-.11-
processing circuits, logic gates, and solid-state imaging devices (SSIDs) nsed lllﬁtei:.l(l
of conventional TV tubes. Most recent use of them are 1n digital camneras. A S})c(:lfrl]
structure of a CCD that once charged can retain 1ts gate charge for yca;?'s 1s also 'mf
use and is known as Floating gate Awalanche injection MOS or FA{V{ 0S5 (sec ftllﬂll}r
tree in section 4.1). The gate in the FAMOS is made of doped poly.s.ll]ccTn completely
embedded in SiOy and electrically unconnected, 1.e., its potential 1s floating.

(D)
Fig. 8.21 Charge transfer systems using (a) OP AMPs, (b) MOST

i The concept of charge transfer can be explained by using a cha_in of' ELIIIP]iﬁGI“S
with unity gain and infinite mput impedance connect:,ed as shown in Fig. 8.21(a).
On closing the switch S;. the input signal 1s st01ted in the form _of a‘cl'la,_rge pac-k
Q = [CdV in the capacitor C,. Now, let the switch 5; be open‘ed and then Sr_>: 13
closed: obviously the stored charge will be transferred to the capacitor Cy. Following
the same procedure, the charge will eventually reach thcl,ﬂ outpu_t t-erminal and come out
as a voltage vg. In Fig. 8.21(h), each amplifier-and-switch pair is replaced by a MOS
transistor. The transistors can be turned ON and OFF sequentially by applying clock
pulses at the respective gate electrodes, and the charge is stored and transferred just
as in Fig. 8.21(a). In practice. gates 1 and 3 are cc:)m'lected mﬁ1d pulsed: in a similar
way gates 2 and 4 arc joined. The circuit shown in Fig. 8.21(b) is known as the bucket-

brigade device. It is a two-phase system because two clock pulses ¢7 and @y are used

separately. .

A cross.section of a typical three-phase CCD is shown in Fig. 8.22(a). Here. the
minority carriers are stored in potential wells created at the surtace of a semiconductor.
There carriers are transported along the interface of insulator (Si09) and seiniconductor
by filling and emptying a series of potential wells sequentially. Hence, they are called
surface-channel CCD (or simply SCCD). There is another class of CCDs called buried-
channel CCD (or BCCD) in which the doping of the semiconductor substrate is modified
50 that the storage and transfer of the charge packet takes place in the bulk of the
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' OIIC - surface.
semiconductor just beneath the semiconductol .:

only SCCD.

(b)

) charge storage, (b) charge transfer

Fig. 8.22 Basic operation of a three-phase CCD, (a

Q99 If electrode 2 is hiased at, say 10 V, more positively than

substrate, as in Fig. 8 - st fgrw
its two adjacent electrodes (at 5 V), a potential well 1s set up, as depicte y the
| (a). Now if the

dotted line. and charge is stored under this electrode, as in Fig. 8.22 *
clectrode 3 is biased with 15 V. a deeper potential well is established under clectrode 3
(Fig. 8.22(b)). The stored charge seeks the lowest potential and therefore tra.v_els along
the surface when the potential wells are moved clectronically. It may be noticed that
three electrodes are needed in this structure to facilitate charge storage and transter n
one direction only. The three clectrodes will be referred to as one stage or cell of the

device.
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Fig. 8.23 IC using three-phase charge-coupled devices (CCDs)

-

A three-phase, n-channel CCD with three-clectrodes per stage together with its
input and output structures s shown in Fig. 18.23. The six MOS (fal[)zlcit.ol's connected
to the @y, @2 and o3 clock lines lorm the main body of the CCD The input diode
(1D). input gate (1G). output diode (OD). and output ante (OG) are clements that
IIIJCLT anddetgﬂ ;-C:,hdlg,(} ]’)?l(tk!‘t.n to and from the main CCD. In (l(?Sigllillﬂ' a CCD.
the capacitors must be ’l”f-!/-"ifi_‘f’lf!.f close together so that tlhe depletion laye?s overlap
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strongly and the surface potential has a smooth transition at the boundaries between
neighbouring electrodes. Typically. the oxide thickness is hetween 1000A and 2000 A.
and the spacing between alliminium gate is < 2.5 g '
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(a) | (b)

Fig. 8.24 Charge-coupled device, (a) clock pulses, (b) potential wells

Fig. 8.24(a) shows the clock waveforms and output signal for the CCD. and
Fig. 8.24(b) illustrates the corresponding potential wells and charge distributions. In
practice, the driving clock pulses with special features shown in Fig. 8.24(a) are designed
to achieve better efficiency in charge transfer, as explained in the following paragraph.

The input electrode (ID) injects electrons across the n*p junction. The Injected
current can be varied (or controlled) by varying the input gate (IG) voltage. Charge
transfer from electrode 1 to electrode 2 and so on can take place only if the voltage

applied to the electrodes is positive and the voltage at the next electrode exceeds that
at the preceding one. Clock pulses are usu.ally 10-20 V in magnitude.

| At t = ¢t;, the clock line ¢; is at a high voltage whereas ¢, and ¢3 are at 0 V. ID
and OD are hiased with high positive voltages to prevent inversion of the surface under
the IG and OG. Thus the surfaces under IG and OG are in deep depletion, and ID and
OD cannot supply clectrons into the main CCD chain. In other words. all potential

Wells under the CCD chain are empty. The potential well under @; will be deeper than
those under ¢o and ¢@3.




At t = ta, the voltage of ID is lowered so that electrons can flow (inject) to the
potential well under the first ¢; electrode through IG. At the end of injection, the
surface potentials under IG and ¢, electrodes will be the same as the ID potential.
Electrons will now be stored under IG and the first ¢1 electrode (No. 1).

At t = t3, the voltage of ID is returned to a high value; electrons under IG and the
excess electrons under gate 1 will be taken out of the device through ID head, creating
a well-defined charge packet under electrode 1.

At t = t4, the voltage applied to ¢; is returning to the low value while the ¢,
electrodes have high voltage applied to them. The electrons stored under ¢; are then
transferred to the ¢, electrode (No. 2) because the surface potential under ¢» is higher.
This process is called charge transfer. The voltage on ¢; should have a slowly falling

edge, because the charge carriers require a finite time to transport across the width of
an electrode.

At t = t5, the charge transfer process is completed and the original charge packet
1s now stored under the first ¢, electrode (No. 2). This process is repeated and at t =
te, the injected charge packet is stored under the second ¢3 electrode (No. 6).

At t = t7, the voltage of ¢3 electrodes is returning to low value and pushing the
electrons to the output diode (OD), thereby giving an output signal proportional to
the size of the charge packet at the output terminal.

For analog and memory devices, the charge packets are introduced by applying
sultable voltages to a p — n junction at the input of the CCD. For optical imaging
applications (such as digital camera), the charge packets are formed as a result of
electron-hole pair generation caused by photons (light) incident on the semiconductor
substrate. The magnitude of the output signal will be proportional the light insensity.

Charge storage in a CCD is limited by thermal electron-hole pair generation. The
~ carriers so produced are trapped in the potential wells and, in tiine, may change the
output giving a false information. This phenomenon is known as dark current effect
and sets the lower frequency limit (~ kHz) and the maximum storage time (< 100us)
for CCDs. This is minimized at lower temperatures.

Charge transfer from one electrode to the next takes place by the drift mechanism
whereas the process terminates as a diffusion of carriers. The fact that diffusion speed is
sustantially lower than the dritt velocity limits the operating speed of a CCD. However,
the maximum frequency that can be obtained is ~ 1 GHz.

Two-phase clocking, instead of three as described above, is possible if nonplanar

electrodes are used and cach CCD cell has two instead of three ¢electrodes.

CCD video cameras have been produced with the size of a small cigarette pack,
weighs as little as 200. |ul (111_:111‘11_\' due to 111'(-:'1"11&1111(‘.21'1 att.z}chcmem's).} and th:;\ws a 11ere
oW of power. The principle is hased;011‘5(J11('!-stzlgté IAGIG AlTays, These magers are
es121) and to make. small n size. light in weight, chssipate little power. have

simple i d _ b e on o . . .
and arve able to operate in visible. infrared. and ultravioler lieht. Those

high sensitivity.

are already 1 use Pt !
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