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Note that there is now an insufficient number of electrons to complete the covalent bonds
of the newly formed lattice. The resulting vacancy is called a hole and is represented bya
small circle or a plus sign, indicating the absence of a negative charge. Since the resulting
vacancy will readily accepr a free electron:

The diffused impurities with three valence electrons are called acceptor atoms.

The resulting p-type material is electrically neutral, for the same reasons described for
the n-type material.

Electron versus Hole Flow

The effect of the hole on conduction is shown in Fig. 1.10. If a valence electron acquires suffi-
cient kinetic energy to break its covalent bond and fills the void created by a hole, then a va-
cancy, or hole, will be created in the covalent bond that released the electron. There is, therefore,
a transfer of holes to the left and electrons to the right, as shown in Fig. 1.10. The direction to
be used in this text is that of conventional flow, which is indicated by the direction of hole flow.

Hole flow

Electron flow

FIG. 1.10
Electron versus hole flow.

Majority and Minority Carriers

In the intrinsic state, the number of free electrons in Ge or Si is due only to those few elec-
trons in the valence band that have acquired sufficient energy from thermal or light sources
to break the covalent bond or to the few impurities that could not be removed. The vacan-
cies left behind in the covalent bonding structure represent our very limited supply of holes.
In an n-type material, the number of holes has not changed significantly from this intrinsic
level. The net result, therefore, is that the number of electrons far outweighs the number of
holes. For this reason:

In an n-type material (Fig. 1.11a) the electron is called the majority carrier and the
hole the minority carrier.

Donor ions Acceptor ions
P 7. Majorit,
§08 B8 By
o + .
=]
+ o® o — Minority  Majority =1~
°¢ o carrier carriers
Minority
n-type p-type carrier
(@ (b)
FIG. 1.11

(a) n-type material; (b) p-type material.

EXTRINSIC MATERIALS: 9
n-TYPE AND p-TYPE
MATERIALS
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SEMICONDUCTOR
DIODES

For the p-type material the number of holes far outweighs the number of electrons, as
shown in Fig. 1.11b. Therefore:
In a p-type material the hole is the majority carrier and the electron is the minority carrier.

When the fifth electron of a donor atom leaves the parent atom, the atom remaining ac-
quires a net positive charge: hence the plus sign in the donor-ion representation. For simi-
lar reasons, the minus sign appears in the acceptor ion.

The n- and p-type materials represent the basic building blocks of semiconductor devices.
‘We will find in the next section that the “joining” of a single n-type material with a p-type ma-
terial will result in a semiconductor element of considerable importance in electronic systems.

1.6 SEMICONDUCTOR DIODE

Now that both n- and p-type materials are available, we can construct our first solid-state
electronic device: The semiconductor diode, with applications too numerous to mention, is
created by simply joining an n-type and a p-type material together, nothing more, just the
joining of one material with a majority carrier of electrons to one with a majority carrier of
holes. The basic simplicity of its construction simply reinforces the importance of the
development of this solid-state era.

No Applied Bias (V = 0 V)

At the instant the two materials are “joined” the electrons and the holes in the region of the
junction will combine, resulting in a lack of free carriers in the region near the junction, as
shown in Fig. 1.12a. Note in Fig. 1.12a that the only particles displayed in this region are
the positive and the negative ions remaining once the free carriers have been absorbed.

This region of uncovered positive and negative ions is called the depletion region due
to the “depletion” of free carriers in the region.

Depletion region
—A

+ O+ 0O+ (_-B—@:@'

o

e

Metal contact

Vp=0V -

(no bias)

(@

+ Vp=0V — /I Minority carrier flow
(no bias)

T I
.
Ip=0mA
— Iy 1
- 5““ ° \1 Majority carrier flow
(b) ©
FIG. 1.12

A p—n junction with no external bias: (a) an internal distribution of charge; (b) a diode symbol,
with the defined polarity and the current direction; (c) demonstration that the net carrier flow is
zero at the external terminal of the device when Vi, = 0V,
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PartII Electronics

Device Device symbol
Diode I
A 0—@—01{
+ _
Vak
Thyristor E» G
A K
Gate Tum-Off Thyristor (GTO) iy G
———
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G
Triac
is '
-
A X
C
. npn BIT

n-channel MOSFET

E
C
IGBT
G i
£
D
N

Figure 10.1 Classification of power electronic devices

operation of the thyristor. The reader who wishes to gain greater insight into this
topic may refer to one of a number of excellent books specifically devoted to the
subject of power electronics.

Two types of thyristor-based device deserve some more attention. The triac,
as can be seen in Figure 10.1, consists of a pair of thyristors connected back to
back, with a single gate; this allows for current control in either direction. Thus,
a triac may be thought of as a bidirectional thyristor. The gate turn-off thyristor
(GTO), on the other hand, can be turned on by applying a short positive pulse to
the gate, like a thyristor, and can also be turned off by application of a short neg-
ative pulse. Thus, GTOs are very convenient in that they do not require separate
commutation circuits to be turned on and off,

0,

Y

-
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Chapter 10 Power Electronics

Power BJTs can reach ratings up to 1,200 V and 400 A, and they operate
in much the same way asa conventional BJT. Power BJTs are used in power con-
verter applications at frequencies up 1o around 10 kHz. Power MOSFETSs can
operate at somewhat higher frequencies (a few to several tens of kHz), but are
Jimited in power (typically up to 1,000V, 50 A). Insulated-gate bipolar transis-
tors (IGBTs) are voltage-controlled (because of their insulated gate, reminiscent

of insulated-gate FETs) power transistors that offer QW
BITs but are not quite as fast as power MOSFETSs.
achLAsl Stas pow T S

10.2 CLASSIFICATION OF POWER
ELECTRONIC CIRCUITS

The devices that will be discussed in the present chapter find application in a vari-
ety of power electronic circuits. This section will briefly summarize the principal
types of power electronic circuits and will qualitatively describe their operation.
The following sections will describe the devices and their operation in these cir-
cuits in more detail.

One possible classification of power electronic circuits is given in Table
10.1. Many of the types of circuits are similar to circuits that were introduced
in earlier chapters. Voltage regulators were introduced in Chapter 7 (see Fig.
7.52); this chapter will present a more detailed discussion of practical regu-
lators. Power electronic switches function exactly like. the transistor switches
described in Chapter 9 (see Figures 9.47 and 9.55); their function is to act as
voltage- or current-controlled switches to turn AC or DC supplies on and off.
Transistor power amplifiers are the high-power version of the BJT and MOSFET
amplifiers studied in Chapters 8 and 9: it is important to consider power lim-
itations and signal distortion more carefully in power amplifiers than in the
small-signal amplifiers described in Chapter 9.

Table 10.1 Power electronic circuits

Circuit type Essential features

Voltage regulators Regulate a DC supply to a fixed voltage output

Power amplifiers Large-signal amplification of voltages and currents

Switches Electronic switches (for example, transistor
switches)

A)de rectifier Converts fixed AC voltage (single- or muitiphase)

1o fixed DC voltage

AC-DC converter (controlled rectifier) Converts fixed AC voltage (single- or multiphase!

to variable DC voltage

AC-AC converter (AC voltage controller) ~ Converts fixed AC voltage to variable AC voltage
(single- or multiphase)

DC-DC converter (chopper) Converts fixed DC voltage to variable DC voltage

DC-AC converter (inverter) Converts fixed DC voltage to variable AC voltage
(single- or muitiphase)

Diode rectifiers were discussed in Chapter 7 in their single-phase form (se2
Figures 7.20, 7.42, and 7.44); similar rectifiers can also be designed to operate
with three-phase sources. The operation of a single-phase full-wave rectifier was
summarized in Figure 7.43. AC-DC converters are also rectifiers, but they take
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advantage of the controlled properties of thyristors. The thyristor gate current can
be timed to “fire” conduction at variable times, resulting in a variable DC output,
as illustrated in Figure 10.2, which shows the circuit and behavior of a single-
phase AC-DC converter. This type of converter is very commonly used as a supply
for DC electric motors. In Figure 10.2 a is the firing angle of thyristor T';, where
the device starts to conduct.

O G,

-, b

FE SOOI, O,

v,

0 3 n T+ 0 n o

Figure 10.2 AC-DC converter circuit and
waveform

AC-AC converters are used to obtain a variable AC voltage from a fixed AC
. zree, Figure 10.3 shows a triac-based AC-AC converter, which takes advantage
7 1z bidirectional capability of triacs to control the rms value of an alternating
:_zage. Note in particular that the resulting AC waveform is no longer a pure si-
-..->id even though its fundamental period (frequency) is unchanged. A DC-DC
erter, also known as a chopper, or switching regulator, permits conversion of
2d DC source to a variable DC supply. Figure 10.4 shows how such an effect
be obtained by controlling the base-emitter voltage of a bipolar transistor, en-
2 conduction at the desired time. This results in the conversion of the DC input
: z:ge to a variable-duty-cycle output voltage, whose average value can be con-
=7 _2d by selecting the “on” time of the transistor. DC-DC converters find applica-
w7 zs variable voltage supplies for DC electric motors used in electric vehicles.
Finally, DC-AC supplies, or inverters, are used to convert a fixed DC supply
i = ariable AC supply; they find application in AC motor control. The operation
- n=se circuits is rather complex; it is illustrated conceptually in the waveforms
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64.5. SHicon Controlled Recfifier

Itis one of the promi-
nent members of the thy-
ristor family. It is a four-
layer or PNPN device. Ba-
sically, it is a rectifier with
a control element. In fact,
it consists of three diodes
connected back-to-back
with a gate connection, It
is widely used asa switch-
ing device I power con-
trol applicatious. It can
control Joads by, switching
curreist OFF and ON up to
many thousand times a

Fig. 6410
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Fig. 64.9
second. It can switch ON for variable lengths of time, thereby delivering selected amount of power

to the load. Hence, it possesses the advantages of a theostat and a
:A  switch with none of their disadvantages.
: (a) Construction
As shown in Fig. 64.10 (a), it is a three terminal four- layer
transistor, the layers being alternately of P-type and N-type sili-

three terminals are : anode(A),onthiade¢Clsdigate (G) which is
[ connected to the inner P-type layer. The function of the gate is to
i conn'olﬂleﬁringofSCR.ﬂl_esch:mnﬁcsymbolisslnwninﬁg.
1o 64100

1
i
!
j con. The threé junctions are marked J,, J, and J; whercas the

Since, they conduct large currents, junction areas of SCRs

() are very large. Commonly used stud-mounted units have. their

anode connected directly to the stud for good heat dissipation
whereas larger units are of ‘pillow’ type in which many units are

stacked in series and held in a pressurized clamp.

(b) Biasing

With the polarity of V as shown in
. Fig. 64.11 (@), the junctions J, and J, be-
come forward-biased whereas J, is re-
verse-biased. Hence, no cument (except g & e
leakagec\mem)mﬂowtlnmghdr, e

SCR.

InFig. 64.11 (b), polarity of V has
been reversed. It is seen that, now, junc-
tions J, and J, become reverse-biased
and only J, is forward-biased. Again, _

there is no flow of current through the ~ Fg. 6411

SCR.
{c) Operation

In Fig. 64.11 (a).cmunﬂowxsblockeddnetomvuwbmsed]mcnonlz.ﬂowever,wben
anodevolugexsmmsed,aeaﬂmammlvﬂwulkdfawadheakmuvohgcvnmmacmd

when J, b:uksdownandSCRsmnﬂmmdduﬂymathycmdwﬁngmUndadnsmde
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If leads are connected to the ends of each material, a two-terminal device results, as SEMICONDUCTOR 11
shown in Figs. 1.12a and 1.12b. Three options then become available: no bias, forward bias, DIODE
and reverse bias. The term bias refers to the application of an external voltage across the
two terminals of the device to extract a response. The condition shown in Figs. 1.12a and
1.12b is the no-bias situation because there is no external voltage applied. It is simply a
diode with two leads sitting isolated on a laboratory bench. In Fig. 1.12b the symbol for a
semiconductor diode is provided to show its correspondence with the p-n junction. In each
figure it is clear that the applied voltage is 0 V (no bias) and the resulting current is 0 A,
much like an isolated resistor. The absence of a voltage across a resistor results in zero cur-
rent through it. Even at this early point in the discussion it is important to note the polarity
of the voltage across the diode in Fig. 1.12b and the direction given to the current. Those
polarities will be recognized as the defined polarities for the semiconductor diode. If a volt-
age applied across the diode has the same polarity across the diode as in Fig. 1.12b, it will
be considered a positive voltage. If the reverse, it is a negative voltage. The same standards
can be applied to the defined direction of current in Fig. 1.12b.

Under no-bias conditions, any minority carriers (holes) in the n-type material that find
themselves within the depletion region for any reason whatsoever will pass quickly into the
p-type material. The closer the minority carrier is to the junction, the greater is the attrac-
tion for the layer of negative ions and the less is the opposition offered by the positive ions
in the depletion region of the n-type material. We will conclude, therefore, for future dis-
cussions, that any minority carriers of the n-type material that find themselves in the de-
pletion region will pass directly into the p-type material. This carrier flow is indicated at the
top of Fig. 1.12¢ for the minority carriers of each material.

The majority carriers (electrons) of the n-type material must overcome the attractive
forces of the layer of positive ions in the n-type material and the shield of negative ions in
the p-type material to migrate into the area beyond the depletion region of the p-type ma-
terial. However, the number of majority carriers is so large in the n-type material that there
will invariably be a small number of majority carriers with sufficient kinetic energy to pass
through the depletion region into the p-type material. Again, the same type of discussion
can be applied to the majority carriers (holes) of the p-type material. The resulting flow due
to the majority carriers is shown at the bottom of Fig. 1.12c.

A close examination of Fig. 1.12c will reveal that the relative magnitudes of the flow
vectors are such that the net flow in either direction is zero. This cancellation of vectors for
each type of carrier flow is indicated by the crossed lines. The length of the vector repre-
senting hole flow is drawn longer than that of electron flow to demonstrate that the two mag-
nitudes need not be the same for cancellation and that the doping levels for each material
may result in an unequal carrier flow of holes and electrons. In summary, therefore:

In the absence of an applied bias across a semiconductor diode, the net flow of charge
in one direction is zero.

In other words, the current under no-bias conditions is zero, as shown in Figs. 1.12a
and 1.12b.

Reverse-Bias Condition (V, < 0 V)

If an external potential of V volts is applied across the p-n junction such that the positive
terminal is connected to the n-type material and the negative terminal is connected to the p-
type material as shown in Fig. 1.13, the number of uncovered positive ions in the depletion
region of the n-type material will increase due to the large number of free electrons drawn
to the positive potential of the applied voltage. For similar reasons, the number of uncoy-
ered negative ions will increase in the p-type material. The net effect, therefore, is a widen-
ing of the depletion region. This widening of the depletion region will establish too great a
barrier for the majority carriers to overcome, effectively reducing the majority carrier flow
to zero, as shown in Fig. 1.13a.

The number of minority carriers, however, entering the depletion region will not change,
resulting in minority-carrier flow vectors of the same magnitude indicated in Fig. 1.12¢ with
no applied voltage.

The current that exists under reverse-bias conditions is called the reverse saturation
current and is represented by I,.
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— y Mmﬂd’f— 1.2 50 it vty 2cres 3 o 10 3 o
valne(abw!IV)mMnmﬁg.ﬂ.lzmmmhmMm@o’yuﬁWWW

) X - londmsishnce.Omunkeepsﬂowing‘md@ﬁniwlyun-

IR S SRR il the circuit is opencd briefly.

. IR ‘With supply connection as in Fig. 64.11 (b), the
amunﬂmughdneSCRisblockedbydietworevm
biaedjnmﬁonsllaMJ;.WhenVishnused.amse
emwhenZanb:ukdownoocmwhichmyde—
myﬂnSCR(Fig.a.n).Heme,itisse‘enﬂmSCR
is a unidirectional device unlike triac which is bi-di-
rectional.

(d) Two Transistor Analegy
Mbmicopaaﬂonofasckmbedescﬁbed
bynsingtwomsismrmhy.mﬂﬁspnpose,SCR
issplitimotwo}kya'mnsistotmmasshown
hﬁ&ﬂ.lS(a).Asseen.mnsiﬂmQ,isaPNan—
simrwhausgzisanNPNdeviaeinmwnneaed
, together. It will also be noted from Fig. 64.13 (5) that
[0)] collecmrmﬂnon,isalzoﬂwbueammtonzmd
@) basectmenlonlisllsoﬂlecollemrmmemonz.
Supponm;tﬂnmpplyvdmgemminﬂsAandCisthmvuse—Wj\mcﬁm '
J,mhukingdowmmmﬂ-mghhdevicebegimmﬁu.umnsmmlﬂbeginsw

Fg. 6412

increase. o . oA
‘Then, . +QA
L Iainamfmﬂ!ﬂif;_;alg); ) - .
2. since I, = Iy, I, also increases; . —
3. honoo,lainm(mn!wl‘::B’,): NP . P : l

4. now, I = Iy, hence I, increases;
5. consequently, both I, and I, increase. :

As seen, a regencrative action takes place #"
whereby an initial increase in current produces G e
further inerease in the same current. Soon, . .
maxitmum current is reached limited by exter- el

N

7,

turned ON and voltage across the two transis-

tors falls to a very low valac. Typical tam-ON -

C
times for an SCR are 0.1 to 1.0 ps.

1t can be proved that if I, is the gate cur- @
mdtheSCRmda‘mdqrtheMgﬁns : fig. 64.13
of the PNP and NPN transistors respectively,
then anode current is given by

SEER, )
(e) Firing and Triggering
Usmﬂy,SCRisopuaﬁedwithanmtbvoltagestigMylenl!nntheforwatdb:ukovervolt—

ageVwandistxiggetedimocmdmﬁmbyalw-powagmplﬂse.OnceswitdndON,gatchAsno

furmeroommlonmedevicecunthatcsigmlscanbe(a)dcﬁﬁngsignals[Fig.64.l4(a)]or(b)

palse signals [Fig. 64.14 (B)].
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Iang.64.14(a)withSopen.SCRdocsmxoond:nandﬂnhmpisonLWbmSisclosed
gate which forward-biases the centre P-N junction.

nmmﬁly,aposiﬁvewhageisappliedwthe

supply voltage is
removed or reversed.
c Fig. 64.14 (b) shows trig-

gering by timed pulses

G ¢C
. "(T)-' - L_”"——_(',,) obtained from a pulse
source.

RAg. 6414 We have discussed
nvemcmmwmnmamndofSCRniggaingie. gatew However, other available
iggerin, gmcthodsueasundﬂ: . T h

mmwmmwdﬂpmn&ﬁnwdmmummednnmmmhm
inction breaks down. ’ -

.. Radiation Triggering
Ihm-igg—ﬁui:mhievedwkhﬂwhelpofchﬂgemiﬂswhkhm;mdmedbymm

mﬂmm&oﬁhzsckwithexmmalhighmgypnﬁdﬁlikcmam.

3. Voltage Triggering
hﬁm&vmwmmmmwmﬁmdwﬁm

mmewidﬂlofﬂndq)\ﬂimhyﬁahmvﬂwﬁlwﬂjmdmuﬁngmium

A dvidt Triggering

lnthisusc.dvldtismadcmemmdnvalwofﬂnuiﬁmlmeoiﬁseof\hevohge.

«z1 Applications
SCR is as a power control device.

Main application of an 1t has been shown above that when
mgkamnnm.mwkmmmmy,n
wuﬁnbhm\ofpawﬁevenwhmcomolﬁnsmmiﬂmmof
i of 2500 A. Othex
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Fig 6419 _
LASCRsmnnmlfmbdmosﬂy inmhtivdylow-c\munmgamdmusedfotuigguing
laxgetSCRsanduiacs.Mammedin opﬁcalﬁgnmmols.:eh_ys,nmmo_lmdavmd

icati SmneLASCRshavecbﬂwimsianestthmﬁm

TVIY 08 Bk pancrsa-apd
devices and the two bias resistors R arc

64.12. e Shockley Diode” .
Lt is & fwo-terminal fourtayer oF PNPN device

as shown in Fig. 64.21 along with its schematic sym- [/
bol.hismniallyak'iw.cmnmsckwa'ﬁ«}ﬁﬁ}gﬂéi’ h=
For switching the diode ON, its anode-to-cathode volt-
age (V) mustbe increased to forward switching volt- .
age (V) which is the eqivatet’of SCR Torward | M-yt o
breakover vol ‘LikemSCR,i!alsohsaholding
current, The PNPN structure can be represented by an
emlivalcn!cimitmlsisdngoh PNP. trahsisgor and::
an NPN transistos.: Oneapplimﬁonofmm
a relaxation oscillator. -~ ERTIRAR

84.13. Trioc

mofﬁxctwosckswhichmmopposilcdhedions-
sm;mmmmmmmmwwau-mmwof
wmmfmmsckh&wmmmmoemmdwmA,mdAr

PR R
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1. Construction
As shown in Fig. 64.22 (a), 2 triac has three terminals 4., A, and G. As seen, gate Gis closer to
mdeA,.Riscb.fmmﬁg.“.Z‘Z(b),baﬁac is mothing but swe inverse paraliel-connected

£ -

SCRs with 2 common gate terminal. As seen, it has sin dopedsregions. Fig. 64.23 shows the sche-
2. Operation .
(@) When A, is Positive
‘When npsitive voltage is applied to A, path of carrent flow is P-N,-P.-N,. The two junctis
B,-N,and P, - N, axc forward-biased whereas N P, junction is blocked: The gate ean be given cihe
posmveotnegtvevolugeiomoﬂmemacasuﬂ-ndbdow
(@) positive gate
Amww(mmwa,)mmﬁr-n,mmmm
occurs as in a normal SCR.
(ii) megative gate
Amwwhw“bl,t{mﬂmmmdmbh
the triac.
(b) When A, is Rositive
‘When positive voltage is applied 1o anede A,, path.of coment Dow is BN PN, Tee n
et N 2P M s Servadboaaiiwlenon pmaiemit (P ‘wmu-
acnieved oy Nmmumga\wtwmmbﬁsewm
(i) positive gate
A positive gare (with respest 0 A))
injects current casriers by forwasd-biasing
7+, joaction and thes initiates sonduction.
(&) megative gate
A negative gatc injects corvent caviess
by forward-biasing £,-N, jumction thereby
Inggmngeonﬁman_
Itis scen that these arc four triac-trigges-
ing modcs, two cach for.the two anodes.
Low-current dropout is the only way to
open a triac.
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3. VA Characteristics
'l‘ypwalchaxmuswsofanucmshuwnmﬁg.ﬂﬂ
Asm.meﬂxhnumfomndbbchngndwmdmgmasm
SCR bwt for either pokarity of voltage
applied to the main terminal: Obvi-
ously, a triac has latch current in cither
Sivoct )

) S One fondamental application of
Ay 'Le Load wisc is shown in Fig. 64.23. Hese, it is

wsed o control ac power to a lead by
Loadt DQ @ switching ON ané OFF duing positive
U and negative half-cycles of the input
. acpowes. .
Fig- 8425 Dusing positive half-sycle of the
s, diode D, is forward biased, D, umeue-hasedndgaespmnvemﬁmnm.i By
M&mmsmm_mmuvm
Mmmhlhdmwstﬁp“%Fmgmoldm
= achicved by adjusting R.
Cther apglications of a wiac

A S At 15

as static switch to tewn ac
poquFFndON

The only disadvantage of
5Mmﬂnmelyhmguumbmw0ﬁ'm lkwe,nsuseuknmedtoac
swppi> frcquensics of upto 400 Hz.

#4.14. Diac
'TapmilM.adkknﬁgekhibixwiﬁaﬂiﬁgd‘kmﬁndsshownhﬁg.

LA
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64.27 (a). Its equivalent circuit is a pair of inverted four layer diodes. Its schematic symbol is shewsn
in Fig. 64.27 (b). As seen, if can break down in cither direction.

When anode A, is positive, the current path is P,-N,-P,-N,. Similarly, when A, is positive, the
cusrent flow path is P,-N,-P,-N,. Diac is designed to trigger triacs or provide protection again=
over-voltages.

The operation of a diac can best be explained by imaging it as two-diodes connected iw
series. Voltage applied across it in cither direction tumns ON one diode, reverse-biasing the other.
Hence, it can be switchéd*from OFF to ON state for cither polarity of the applied voltage.

The charactesistic curve of a typical diac is shown in Fig. 64.28. It rescmbles the letter Z since
diac breaks down in either direction.

As stated above, diac has symmetrical bi-girectional switching characteristics. Because of this
featnre, diacs are froqueatly used as Wriggering devices in triac phmcomvlamuedfnrhgm
dinuming, universal motor speed control and heat coatrol etc.

64.15. Slicon Confrolled Swilch (SC$)

1t is a four-layer, four-tésini- .
nal PNPN device having apode A, ~ v AAREeL bl
cathode C, anode gate G, and cath- e :
ode gate G, as shown in Fig. 64.29. Baiaia il
In fact, it is a low-curremt SCR with
two gete terminals. The two tran- r
sistor equivalent circuit is shown in T -
Fig. 64.30.

G,o—%

Swilching ON and OFF

The device may be switched 0% N
ON or OFF by a suitable pulse is k
applied at cither gate. As scen from 4
Fig. 64.30, a negative pulse is ro- cd
quired at anode gate G, to turn the .,  Code :
device ON whereas positive pulse eoo@ o e ®
is needed to turn it OFF as explained Fig. 6429 ’
ea Similarly, at cathode gate G,, &
e A " - tegative palse is required to switch

the device OFF and a positive pulse
to tum it ON.
As seen from Fig. 64.30, whea

a negative pulse is applied to G, it

L (D pulse Fenmaly forwaed-bisses 0, (being PNF) .

E > u‘o\He sonSevg is turned ON. The resilting heavy col-

fector current /., being the base cur-

© O Wb sremm of Q,, tums it ON. Hence, SCS

is switched ON. A positive pulse at

L (D Coupdors G, will reverse biss E/B juaction of

| regishes L °" T Craairertey e SC5 OFF

ey e The V/I characteristics of an

‘% SCS are essentially the same as those
‘,,5; Gopwlbrs for the SCR.(Fig. 64.13).
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SEMICONDUCTOR
DIODES

~—— [, Minority-carrier flow
Lngjoriey = 0A

(Opposite)

(a) (b)

FIG. 1.13
Reverse-biased p-n junction: (a) internal distribution of charge under
reverse-bias conditions; (b) reverse-bias polarity and direction of reverse
saturation current.

The reverse saturation current is seldom more than a few microamperes, except for high-
power devices. In fact, in recent years its level is typically in the nanoampere range for
silicon devices. The term saturation comes from the fact that it reaches its maximum level
quickly and does not change significantly with increases in the reverse-bias potential, as
shown on the diode characteristics of Fig. 1.15 for V,, < 0 V. The reverse-biased conditions
are depicted in Fig. 1.13b for the diode symbol and p—n junction. Note, in particular, that
the direction of / is against the arrow of the symbol. Note also that the negative side of the
applied voltage is connected to the p-type material and the positive side to the n-type ma-
terial, the difference in underlined letters for each region revealing a reverse-bias condition.

Forward-Bias Condition (V, > 0 V)

A forward-bias or “on” condition is established by applying the positive potential to the
p-type material and the negative potential to the n-type material as shown in Fig. 1.14.

I = Tajoriny =1
majority |

®

9 e B o
IO < B

—
Ip
= Ll
T Simian
(b)

FIG. 1.14
Forward-biased p—n junction: (a) internal distribution of charge under forward-bias
conditions; (b) forward-bias polarity and direction of resulting current.

The application of a forward-bias potential V;, will “pressure” electrons in the n-type ma-
terial and holes in the p-type material to recombine with the ions near the boundary and
reduce the width of the depletion region as shown in Fig. 1.14a. The resulting minority-
carrier flow of electrons from the p-type material to the n-type material (and of holes from
the n-type material to the p-type material) has not changed in magnitude (since the
conduction level is controlled primarily by the limited number of impurities in the material),
but the reduction in the width of the depletion region has resulted in a heavy majority flow
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across the junction. An electron of the n-type material now “sees” a reduced barrier at the
Junction due to the reduced depletion region and a strong attraction for the positive poten-
tial applied to the p-type material. As the applied bias increases in magnitude, the depletion
region will continue to decrease in width until a flood of electrons can pass through the junc-
tion, resulting in an exponential rise in current as shown in the forward-bias region of the
characteristics of Fig. 1.15. Note that the vertical scale of Fig. 1.15 is measured in mil-
liamperes (although some semiconductor diodes have a vertical scale measured in am-
peres), and the horizontal scale in the forward-bias region has a maximum of 1 V. Typically,
therefore, the voltage across a forward-biased diode will be less than 1 V. Note also how
quickly the current rises beyond the knee of the curve.

It can be demonstrated through the use of solid-state physics that the general character-
istics of a semiconductor diode can be defined by the following equation, referred to as
Shockley’s equation, for the forward- and reverse-bias regions:

L=det=1)| (4) 1.1

where [, is the reverse saturation current
Vp is the applied forward-bias voltage across the diode
n is an ideality factor, which is a function of the operating conditions and physical
construction; it has a range between 1 and 2 depending a wide variety of factors
(n = 1 will be assumed throughout this text unless otherwise noted).

The voltage V7 in Eq. (1.1) is called the thermal voltage and is determined by

kT
Ve (V) 1.2)
q
where  k is Boltzmann’s constant = 1.38 X 107 J/K

Tis the absolute temperature in kelvins = 273 + the temperature in °C
q is the magnitude of electronic charge = 1.6 X 107 C

EXAMPLE 1.1 At a temperature of 27°C (common temperature for components in an en-
closed operating system), determine the thermal voltage V.
Solution: Substituting into Eq. (1.2), we obtain
T =273 +°C =273 + 27 = 300K
_ kT (1.38 X 107 J/K)(300)
T9¢ T 1exi0rc
= 25.875mV = 26 mV

The thermal voltage will become an important parameter in the analysis to follow in this
chapter and a number of those to follow.

Vr

Initially, Eq. (1.1) with all its defined quantities may appear somewhat complex. How-
ever, it will not be used extensively in the analysis to follow. It is simply important at this
point to understand the source of the diode characteristics and which factors affect its shape.

A plot of Eq. (1.1) with ; = 10 pA is provided in Fig. 1.15 as the dashed line. If we ex-
pand Eq. (1.1) into the following form, the contributing component for each region of Fig.
1.15 can be described with increased clarity:

Ipi=Leir=y,
For positive values of V, the first term of the above equation will grow very quickly and
totally overpower the effect of the second term. The result is the following equation, which
only has positive values and takes on the exponential format e* appearing in Fig. 1.16:

Ip = L™  (V,positive)

SEMICONDUCTOR
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13




image9.jpeg
14

SEMICONDUCTOR
DIODES

LT HEEE REEEENEN
1 | Hl NN
| | | HE | Actual commercially
L P v | available unit | T
T T ™ = T
—t e S S RO Eq. (1)<t — —— -
L R T T T
T I 1 | (IR ! | B
—t i 1 e e e B R i T ]
L ! | i | I N P |
O o L i T
T | | \H | I T [
T T2 I Defined polarity and
- 11 ' direction for graph
10 i
i + &
o | : B S —
B 2 H —1
7 : /S Forward-bias region
| b 5 = i T (Vp >0V, Ip>0 mA)—_
- 5 gt .
T /
N | /
| 1 H
= bl :
1 /|
| 1 !
40 |30 | 20 | -10 0 L0, 05 | 07 | 1
. . ==t=s==l= 10 pA~ T~ ——
| Reverse-bias region 20 pA— 1 No-bias |
(Vp<OV,Ip=—1I) ) Vp=0V,1,=0mA
b<0V.1p Copa- Wp=0V.1p=0ma) | L
|| I |
- - —40 pA—— T i &
| | bl ity okl .
50 pA——L
FIG. 1.15

Silicon semiconductor diode characteristics.
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Plot of €.

Vp(V)

The exponential curve of Fig. 1.16 increases very rapidly with increasing values of x. At
x = 0,¢" = 1, whereas at x = 5, it jumps to greater than 148. If we continued to x = 10,
the curve jumps to greater than 22,000. Clearly, therefore, as the value of x increases, the
curve becomes almost vertical, an important conclusion to keep in mind when we examine
the change in current with increasing values of applied voltage.
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FIG. 1.6
Energy levels: (a) discrete levels in isolated atomic structures; (b) conduction and valence bands of an insulator;
a semiconductor; and a conductor.

where carriers are not permitted. However, as the atoms of a material are brought closer to-
gether to form the crystal lattice structure, there is an interaction between atoms, which will
result in the electrons of a particular shell of an atom having slightly different energy lev-
els from electrons in the same orbit of an adjoining atom. The result is an expansion of the
fixed, discrete energy levels of the valence electrons of Fig. 1.6a to bands as shown in Fig.
1.6b. In other words, the valence electrons in a silicon material can have varying energy lev-
els as long as they fall within the band of Fig. 1.6b. Figure 1.6b clearly reveals that there is
aminimum energy level associated with electrons in the conduction band and a maximum
energy level of electrons bound to the valence shell of the atom. Between the two is an en-
ergy gap that the electron in the valence band must overcome to become a free carrier. That
energy gap is different for Ge, Si, and GaAs; Ge has the smallest gap and GaAs the largest
gap. In total, this simply means that:

An electron in the valence band of silicon must absorb more energy than one in the
valence band of germanium to become a free carrier. Similarly, an electron in the
valence band of gallium arsenide must gain more energy than one in silicon or
germanium to enter the conduction band.

This difference in energy gap requirements reveals the sensitivity of each type of semi-
conductor to changes in temperature. For instance, as the temperature of a Ge sample in-
creases, the number of electrons that can pick up thermal energy and enter the conduction
band will increase quite rapidly because the energy gap is quite small. However, the number
of electrons entering the conduction band for Si, or GaAs would be a great deal less. This
sensitivity to changes in energy level can have positive and negative affects. The design of
photodetectors sensitive to light and security systems sensitive to heat would appear to be an
excellent area of application for Ge devices. However, for transistor networks, where stability
is a high priority, this sensitivity to temperature or light can be a detrimental factor.
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The energy gap also reveals which elements are useful in the construction of light-
emitting devices such as light-emitting diodes (LEDs), which will be introduced shortly.
The wider the energy gap, the greater is the possibility of energy being released in the form
of visible or invisible (infrared) light waves. For conductors, the overlapping of valence and
conduction bands essentially results in all the additional energy picked up by the electrons
being dissipated in the form of heat. Similarly, for Ge and Si, because the energy gap is so
small, most of the electrons that pick up sufficient energy to leave the valence band end up
in the conduction band, and the energy is dissipated in the form of heat. However, for GaAs
the gap is sufficiently large to result in significant light radiation. For LEDs (Section 1.9)
the level of doping and the materials chosen determine the resulting color.

Before we leave this subject, it is important to underscore the importance of under-
standing the units used for a quantity. In Fig. 1.6 the units of measurement are electron volts
(eV). The unit of measure is appropriate because W (energy) = QV (as derived from the
defining equation for voltage: V = W/Q). Substituting the charge of one electron and a
potential difference of 1 V results in an energy level referred to as one electron volt.

1.5  EXTRINSIC MATERIALS: n-TYPE
AND p-TYPE MATERIALS

Because Si is the material used most frequently as the base (substrate) material in the con-
struction of solid-state electronic devices, the discussion to follow in this and the next few
sections deals solely with Si semiconductors. Because Ge, Si, and GaAs share a similar co-
valent bonding, the discussion can easily be extended to include the use of the other mate-
rials in the manufacturing process.

As indicated earlier, the characteristics of a semiconductor material can be altered sig-
nificantly by the addition of specific impurity atoms to the relatively pure semiconductor
material. These impurities, although only added at 1 part in 10 million, can alter the band
structure sufficiently to totally change the electrical properties of the material.

A semiconductor material that has been subjected to the doping process is called an
extrinsic material.

There are two extrinsic materials of immeasureable importance to semiconductor device
fabrication: n-type and p-type materials. Each is described in some detail in the following
subsections.

n-Type Material

Both n-type and p-type materials are formed by adding a predetermined number of
impurity atoms to a silicon base. An n-type material is created by introducing impurity
elements that have five valence electrons (pentavalent), such as antimony, arsenic, and
phosphorus. The effect of such impurity elements is indicated in Fig. 1.7 (using antimony
as the impurity in a silicon base). Note that the four covalent bonds are still present. There

FIG. 1.7
Antimony impurity in n-type material.

EXTRINSIC MATERIALS:
n-TYPE AND p-TYPE
MATERIALS

7
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SEMICONDUCTOR
DIODES

is, however, an additional fifth electron due to the impurity atom, which is unassociated
with any particular covalent bond. This remaining electron, loosely bound to its parent (an-
timony) atom, is relatively free to move within the newly formed n-type material. Since the
inserted impurity atom has donated a relatively “free” electron to the structure:

Diffused impurities with five valence electrons are called donor atoms.

Itis important to realize that even though a large number of free carriers have been es-
tablished in the n-type material, it is still electrically neutral since ideally the number of
positively charged protons in the nuclei is still equal to the number of free and orbiting neg-
atively charged electrons in the structure.

The effect of this doping process on the relative conductivity can best be described
through the use of the energy-band diagram of Fig. 1.8. Note that a discrete energy level
(called the donor level) appears in the forbidden band with an E, significantly less than that
of the intrinsic material. Those free electrons due to the added impurity sit at this energy level
and have less difficulty absorbing a sufficient measure of thermal energy to move into the
conduction band at room temperature. The result is that at room temperature, there are a large
number of carriers (electrons) in the conduction level, and the conductivity of the material
increases significantly. At room temperature in an intrinsic Si material there is about one
free electron for every 10'? atoms. If the dosage level is 1 in 10 million (107), the ratio
10%/107 = 10% indicates that the carrier concentration has increased by aratio of 100,000:1.

Energy

Conduction band ‘

Eq = considerably less than in Fig. 1.6(b) for semiconductors
E, for intrinsic

Donor energy level
materials

FIG. 1.8
Effect of donor impurities on the energy band structure.

p-Type Material

The p-type material is formed by doping a pure germanium or silicon crystal with impurity
atoms having three valence electrons. The elements most frequently used for this purpose
are boron, gallium, and indium. The effect of one of these elements, boron, on a base of
silicon is indicated in Fig. 1.9.

FIG. 1.9
Boron impurity in p-type material.
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