Date : Page : /

Chapter /9

Semiconductor Electronics

What this chapter is about

Devices made #rom Si and (e (sermiconductors)
- have replaced bulky vacwum tubes since the /95 0s.

Smaller, cheaper, low power, fonjer lifz.

Solids classified by re:t'.fh'w'iy

Conductors - : /0 =¥ e A0 -6 ohm m
Semiconductors - 70 -5 to /O 2 ohm m
Lnsvlators - /0 // te JO /7 ohm m

| Cond‘ucﬁbr’fy syma = / re.n‘sh'uﬁy.

Enﬁ?;{ bands at a ﬁ:’ance =

E E : E
h” rJIHT\"mw LT ek
cB -——-—-——Erﬁ By
H A T v

Adetal Semicond. Lnzulator

Fig.  entrgy band picture of three classes of solids
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Energy Band Théory

Ln a single atom, electrons occupy discrete
energy levels. In a crystal, atoms are close

Enouﬁh f'haf levels split into broad bands.

Valence and conduction bands

Valence band (VB) - highest Folly-filled  band
FY St a S, &
Conduction band (Cg) : next aﬂowed band,

; vsvally empty at T = O K
Erergy gap E_g : g9ap between VB top and
CB bottom (Forbidden zone).

Classification by E__g

Metal - E_g = O (bands overlap)
- Iﬂ.fu;afﬁf & E__ﬂ 7 3 EU’ < - digmond & eV
j Semiconductor - E_q / eV < Si: it

| E <-Ge : 072 oV

- At © K a pure semiconductor behaves like an
| insvlator. As T rises, electrons jump V3 wp to CB.

Conduchi.ﬂ'fy rises with T ( opposite to metals).
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Lntrinsic Sem:i:onducﬁ:r:'

A pure single crystal of Si or Ge with ro

:}wpurﬂy is called intrinsic.

Coua.’enf bond'mg n S/ Gre

__L'S} and (e are fef‘raua!gnf' (9 valence efecf‘mns)
Fach atorm Horms 7 covalent bonds with neghboum‘.

" At T = O K all bonds intact -7 no free carriers.

Lil

5 ) iff.;\' ill/_’; :
J - L) - y
Fig. S erystal - each atom shares 7 valence

electroms with ¥ neargst neighibours.

~ Thermal generation

ST > O . K . some bonds brea«. Each broken
bond' jille_f orne Free electron ((:137 and

one hole ( Vﬁ') These come in PAirs.
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 Elctrons and Holes

What is a hole 7

__:4 vacancy in a cow}a"enf‘ bond ch‘: like a

positively charged carrier (charge = +e).

[
e |] Meighbour electron jumps into vacancy -7
| the vacancy E-:Crgchize!y moves.

||

_ Ho!e.-r move in valence Jc:ne:-‘ma"J electrops in C3.
|

- Intrinsic carrier corcentration .
| p— * d # 5"\&
 Ln a pure Ssemiconductor .
pe ‘I :
|
(”_E == ﬂ___,}'.l = n______l- <=~ theremal ggm.
e

<= in purg Cf}f}'f’ﬂf

Nn__i = number of electron-hole PAairs / mg

i For O ar - 300K e ey e ey e SV
i For Ge¢ at 300 K A o L e A
. Conduction in intrinsic -
E ] Toh;ﬂ cureenl: S LS .T..'E +E
e ll _5‘9’"’9 = e n-e mo_e + noh mu_h )
| mu_e ; mu__h = electron and hole mobilities.
3 —*’ . __U-"-‘a”'f el R e Y Y (efecfr_ans Faster).

R = L il

___;.-rlfa‘rinsﬁc cnnd’u_cﬁln'fy Grows rapr'd'f'?r with T.
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Extrinsic Semiconductors

Intrinsic conduch'r.fﬂy /s too small __1Dor
real devices. Doping = aa’cﬁhﬁ a tiny
amount of i'mpurr'fy ( AR ) & atoms) to

d'rash'caffy increase conduch'r.n}y.

Two types of dopant

| @ Penf'auafenf' (.4“ valence g) -7 n-f‘ype

Examples : P , As |, Sp.

| )
@ Trivalent (3 valknce e). -7 p-type

Examples "+ B , .4l ., &n.

n-type formation

P atom replaces a Si atom. 9 of its £ wvalence
electrons maKe covalent bonds. The $th is

loosely bound ( 0.0/ eV} - easily reterrseck onised.

Donor atom -7 3&125 up an electron fto ci.
quon'fy carriers . electrons (n) T
ﬂ/ﬁhom‘fy carrigrs : holes ( very féw)

e R n__h in """"WPE <~ F; Az, "5k
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P- fype & Mass-Achon Law

i

. p- fype -Fbrmahon

e

l

<

valence f_fffffq%-_f i

3

es a :i'f' _qfqﬁ'!. __..Lf' has nn!y _____

==

3 atom r_'gB!a

one bond stays incomplete.

That missing bgn_d_' is a hole.

P { i e e 5y
ﬂccepf’or af'oml - accg&f's ag-_:__efecfron ﬂ_‘g.-_w o
 valence band :_fgagfby_ g hole lbthinds
= i .._ . gkt .i s - S R - = I — — = — -
Majority carriers - holes ( E). ETE T
e e i) S SRS

£
-

lvery FRw)

Mmam‘y carriers

electrons

IIHHI

||llIH|

£ f‘fPt

et
.l: {}u.:r hd’nw CEJ and

_i
)
ﬁfas.s'-a:hon | 1a
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Charqe Mevtrality & Examples

Charge nevtrality

An extrinsic Semiconductor is overall nevtral.

A Dok CN AR R S

A_D = donor density , A_A = aceptor density.

I+ only donors » rn__e A b R e~ . 4 S l oA

IF only acweptors: n__h AL e e R A e Jomtg

Example /9./
7 has om0 e w28, Doped ieith

donors at M D = & x 10 225 Juoem 3. Find v gt AN

Solution
n__e A B B O B iR
n_h = n i / 2k
= = e FO e A e N e
R e e

e IO? / A '(mfhorﬁ'\/}

Motice ! n__e Jr o h 7O /3 - huye ratio ¥

Doping changes carrier balance dramatically.
oping g Y

(Snad’ucf‘r’w’fy goes vp by /O & on dap:hﬁ.

Scamed wilh CamScanmer




LY

p-n Junction Formation

A p-n junction is made by suitably o’op:"nﬁ one

side’ of a single Si crystal p-type and the

|' other side n-type (ot by ,_9!”""‘,_9 two _Pm'eceS?.

E - _| Two processes at the junction

| @ Diffosion 2 mqj qrr'fy carriers

R | .Hna"e.f diffu se F = i)

F

| : electrons d;ﬂ%se_ Iy -

l This is the diffusion current.

e ‘ @ Orift+ - mqhorﬂy ;arﬂ'ffs
| ‘ Once ioms are ex;:_alcﬂd_. an E feld is set up

.\*'.
‘ : in depletion region (n -7 P d'_r're':h'un.}.

L ’| #  This E pushes minority carrigrs -2 drft

"'I' current opposite to diffusionl.
. - i
il ¥ Al

‘__ At gzw'hbrmm i dam;abn = dritt -
'_i || net current = O.

Scamed wilh CamScanmner
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Depletion fegion & Barrier

Depletion region
‘ W hen mqjorr'fy carriers diffuse across the

HI ‘\junchbn they leave behind ionised dorors on
_i n-side (+) and ionised accepf'ﬁrs on p-side (-)..
l These . fixed ions +form a thin rey:bn devoid of
i free carriers - the o’ep!ehbn rey:hn
i (width . 0./ to /- micronl.
] |
: ' Built-in barrier
" Fixed ions set up an internal B FHeld from
n (+ions) to p (-ions). It opposes Further
diffusion ofF mqjon’fy carriers.
V_ b 0.3 V (o) | 0. 7 e L8fye
V__b is also called potential barrigr or
- gunction / cut-in um’faﬁe.
|
e

1

] F{g. potenfial wvaration acrsss the junchion
‘ :
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: Forward B 'h,_{

External battery : + fto p-side , - to  n-side.

|
| External V opposes the built-in barrier.
|

What happens

!@ Barrier - etrfective barrier = 7 Sl R T
| @ Depletion width a’ecr'.ease.s.
% @ foﬁ).ﬂbp current rises sharply.
@ Current (s mainly due to majority <arriers.

-

After V 7 V_b («nee uo."f'aje), L rises almost

exporentially with V

Eos ol 0 Cop CaVIaT] 5 f ) = ey disck

—_—

L. cf.um":hn

o P ;
a"?" Fforward biased p-n  junction { fow resistance J
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feverse Bias

| External baf'f'ery s 4+ to n-side ; - to _p-s:'cfe.

.'Ekf'erna! V adds to the built-in barrier.,

What happens

@ Barrier effective barrier = V. b F 'u‘:

@' Depletion width  increases.
@ DifFFision of m@yority carriers O.
@ Current is due to mfnon'fy carriers onfy.

This small current saturates - independent -

of V-7 reverse saturation current L__0O.
-

—

l &0 micro A (Gel |, n/% {LSioriry

V'ery h{@h % -7 avalanche / Zerer breakdown
S rrent  rises 5ud'd'en!7', diode may be damaﬂed
i+ 'U‘B’H'ﬂ:?’!‘ power is mnot limited.
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V-r Chamd'eﬂ'sﬁ'c _ _mc Dtiode |

i3 Plot 9#‘ diode current I versus appi.-'eo"
‘ ya_ifaﬁe v (_c{'gn included).

|

( [£.7-] ?

reed.  Fat,

el
o

| e

| breaddoen

Fﬁ;. VoI wrve.of a p-n junction diode

_}':orq.rard' S current rises Sharp.“-f atter V —b.

feverse - tiny constant I_O until breakdown.

Scanned wih CamScanmet
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_ID*/riamf'c ft’e.ﬂ’sfancg & ZIdeal Diode

Static (DC) resistance

/? = 'U’ / I <- at a chosen Poa.ﬂlf'

|
B | Useful only at ore operating point.
| ]
|
|
|

Dynamic (AC) resistance

r d = d‘v’ / dI <- slope of V-I curve

—

= <= {semall s{gny!‘.}

E
orward bias : r_d is small (Fow ohm).

!
& ‘ /?EUEfSE bias r___,d r'.sthuﬁg ( M okl
.
.|| Ideal diode (model?

e — |

o |! 65

e |® Forward : zero resistance ; acts as short.
|

@ Feverse : infinite resistance ; open circuit.

 [eal diode : V_b drop + small forward K.

_An ideal diode lets current pass in on.l";{ one

direction - a one - way valve for ::har:?e.
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Junction Diode as a [Rectifder

| Fectifier = device that converts AC uo!faye
| into DC, Uses the one-way property ot diode.

Why diode rectifes
Dun'ny +ué hal+ cycle -7 forward biased

| -7 current Flows ovtput across [R__L.

J‘
Durmﬂ -ve half cyc!e -7 reverse biased

-7 current O outpel igorese s K L=,

~ Two contigurations

(D HalF-wave : single disde , only hatf the AC cycle.

-3 Foll- wave

(a) Centreitap with 2 diodes.
E (o) Bridge rectifier with 9 diodes.

| .
Transformer + diode
AC mains (220 V |, 0 Hz) is stepped down by

- a transtormer. Diode(s) then recﬁ#/ it

| Kipple freguency : half-wave -7 486 $0 Ha.
Full-wave -7 « JOO Haz (input was $O Haz).

H{?hfr ripple 'Frez is easier to Smooth.

B Scarfied Wilh CamScanner




I V_ syt

‘ Ac S _ _ T
{ P Sec - = = 5 _+ =
} u@ur‘f_ * %

| = = . Cho ST
‘ F{'g. half - wawve eechifer circurt
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-

f‘{?‘. centrg -

Workin
+ve half cy’c!e

-ve half cyca’e

tap Foll cs oy, T rg(h'g'gr

D/ on , D2 off -7 top half
delivers current.
D2 on L ofF -7 bottom

hal¥ dehi.fe_rs current. .

Ln both halves, current fhrauyh R_L Fows in

the SAME direction -7 Hfull-wave DC.

- Rpple Q?zuent'y
; Emﬂz_ncy ] _3:"%

= 2 £ _in = =& ;00 Ha.

(vs 90.6% half-wave).
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Filtering & [Ripple Factor

Why we need a Filter
Output of a rectifier is pulsating DC

DC plus an AC ripple component.
Filter smoothens it into  steady DC.

Capacitor (shunt) Filter

A capacitor C is connected across [__L.

When V__out rises -7 C charges to peak V__m.

When V__out Halls -7 C dt!ch_ar'ﬁes i‘hroujh KoL,
hn!d’.rhj output near V__m.

—

Larger time constant tav = KoL € e mdller

ripple , better DC.

ﬂpp.’e ﬂ:lcfor

Pl Tl Y (r pp! e/ / V'_,C( C : < smallr = e _
: Half- wave (no Hilter) - r S B
: Fuf.f—-waue (no Hiter)? : r 0.982

le)"h _ca‘pau'fnr '-!:;}'hz_r i r *CA‘S 0.0/

Half- wave  90.6% * . Foll-wave 5/.2%.
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=l (a) Zerer breakdown - Feld ionisation
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Special Purpose Diodes

(7 Zeher diode
A heaw}'y doped' p-n Juncf;bn des{gnecf to

operate in the reuverse breab(a'awn ftﬁlbn.
I A TR A uoﬁ‘aﬁe stays almost constant’

even when reverse current chanjes a lot.

Two bfea#(down mechanisms

(heavy _d'cpmy ; thin depief'{on;’,

' (o) Avalanche breakdown - chain collisions.

- Use : voltage regulator

Connected in reverse bias across a load.

- Series resistor K_s drops excess voltage.

F:?. Zerer A5 8 constant uu.frpfg fource

Qutput V_out = V_z stays nearly constant.

Scammed with CamScanner
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Optoelectronic Devices

(2) Photodiode

A p-n junction operated under reverse bias

with a transparent window. L{ghf‘ photons
of energy h nu 7 E__,ﬁ create extra electron-
hole pairs in the depletion region.

These add to reverse saturation current.

[everse current grows with f{ghf‘.mﬁehsﬂy
-7 used in i{ghf’ detectors, optical Hbre Fx.

(3) Light Emitting Diode (LED)
Forward biased Junction made of GaAs GaF i

InP etc. Electrons recombine .with holes in

the junction, releasing photons.

h »ru - E—".ﬁ J <- colour set by E*-:?

Threshold V " V_b of material. i
OiFferent E'_,ﬁ -7  different colours.

(9) Solar cell

Unbiased illuminated \junchbn. Photons ma«e

e-h pairs ; built-in firld separates them BN,

-7 open-circuit uoff‘aﬁe V__oc across load.

Scamed with CamScanmes




| thik. Top contact is a Hinger _jf?'t;f:;_'

Solar Cell Details

BRI Al choke T o o oo E
 Used semiconductors : Si, GaAs , CdTe , CIGS.

fEig /2 1F W mathes solar aptctrums
Top layer thin (transparent) | bottom layer

| Key parameters oM e e R
V_oc : open-circwit voltage . 0.5 - 0.6 V (5]

sc ¢ short-circoit corrent 90 mA ) wm 2

: Al Factor = P_max / (V_oc I__sd)

-

FF L -
Eor g_mct'gr_:czf _' I Zf%. _ e
= s -

L - V wrve of solar el

T
3 k L = X 5 . i
Iy 2 - -
- Fy. Sofar el T - V foppﬂ!‘w:? in Sth zuanﬂnf}

.E i mam}a_w":gd at the «nee.
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~ Mote

| the ohmic valee V / R = /2 mA.

'_Dr'ocfe s G.r"_'/”onfy wh_en V'__app 7 V_b.

_Wo;w(-ea Examf)e - Diode Currenf'

e

O Y] d‘{bd'e tin Series with © = / & ohm and a
e V’_ bamry._ Find the current fhmuyh .
Take V__b 0.7 V (5], ideal diode otherwise.

—
o

Solvtion 2

KVL around the loop -

—
B -

OJ <- KirchhofT

ey AR (A e

—

=W o- ¥ Bl LR i
(k2 07 ) 1060
/7.3 ] 1000

//.32 mA

Hence

—
—
——

——

If Ge had been vsed (V_b

——

0.3 V)
Ios 2 o s0.8) /000

—
FE—

/1.7 ’"‘4

Drop across the diode ( V__b) is small

compared to source V, so current is nearly

Scamied with CamScahimer
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_WoMéd Example - [ectifer EFF

’ Exa‘mpff 1.3
A Foll-wauve bﬂb’je rectifier feeds i el

| Peax semno"ary uo;’f'aﬁe AR N L
| Take 2 diode drops = /.9 V total.
. Find V__dc ,-L__de and eta.

. Solution

| Effuctive peak  V_peak = /909 - 1.9 = J2.79.V.
V__de (Rill-wave) = 2 V peak / I

N Al T b A b e A
| = 2c98 ) 509 e Y

Side = e N R L =S 100D

=1

= ¥.// mA

bl

:I .r___r'm_f I'___,m / .Sirf'(z:) ; 'V’____r‘m.,s' z \/__'Pga;{ r/ Szrf-(z)

e = v )T 0.5/2
i.e. ¥/12 %% (deal foll>wave)
I
For half-wave V__,_dc = V__peak / =4
and eta__max 0.6 %.

Bridge wins by factor 2 in V_di and in eta.

Scamed wilh CamScanmer
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b_\/t;ﬂ(éd- Exampk_ - Camef Ratio.

NS . _____._.__._.:;g,

- Example 19.9 _ usad A _.
Pure Ge has n_i = 29 %x /0 /1 / m 3 at 200

Ooped p-type with V_A = 9.5 x /0 22 | m 3

__.Fr_ha’ R n

e and the ratioc n__h /___n?__E:

Solution s RS Sleamng AR S
-SFIﬂ_CE N-—-*A 7? n.—-r" 1 n___,h_ N—-A : = S
\ S ok L ST S R e
Mass-action law : A A h g

At g i kol

= (29 2 /0 ) 2 )k O e ! B
2 76 x SO ZF S e 4O 22 : A
L G e : -
Ratio n_h"/ n_e L% x40 22 ) 12F x 10 Je SR

3.5"_): !C'_ 6

3 Ho!e.s_ buf‘_numbgr efgcf‘rans by JC‘_ b o the
- sample is Qrm.-"y p-type. : <.

_Mote ; n_h is set almost entirely by M_A

not by temperature (so long as M_A 77 n_i).
L]

1
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_ Qw'cu( Comparison Tables

*
Conductor vs Semicond. vs Insul.
Froperty : Cond. Serni. Lnsul.
rho {ohm m) 1O - -& /O -5tob V7 S0 ] O
E_g _ o L 7 3 v
dr / dT +ue -we n/a
carriers € e -J—_ h o

n-type vs p-type

Property n-type p-type

dopant P,As Se 3,A1,Ln

valency = s
majority glectrons hofes

NG d'fy holes electrons

extra level | donor (C3-) acceptor(V3+) .

Half-wave vs Full-wave

Quantity Half Full :
Diodes vsed / 2 or. o %
Ripple freguency e 2k

‘3}‘?—;1""!_'"_" : 0.6 E}L g2 % i
Ripple r (no Filter) 1.2/ 0952
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Key Formulas

- Carriers

' fn gl e il geigsy - w3 ‘ £- mass-action

S?ma sl (‘n__*e mi__¢ + ﬂ___h mu_rh)c-mna’u:h'w'ry

Fre L 0 Cle  (eV/wil = <- Shoculey
S g e e - dynamic R
Rectitier

| | V_de M) = V_m ./ pi

IR,

Voode dFW? = 2 Ve i pi

| eta__HW 90.6% eta__FW ] 57.2%

ripple r = V__rms,ac 73 ele .

i used o K = 13Y x IO 23 T ) K

S e 0 - C o KT 0.026 V at 300 K.
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SUrnmar?r - Band Picture

£ E E
| / T« (T
[
E_.‘f; E"'ﬁ
< IR (TTTI111] v
Adgtal Kemni. : t Irsul,
|
E_g = O R 4oV . E_gg >3 eV
i k3
 Quitk  takeaway s
;_ @ Dop.-'ny chanyes carrier bafance_ by /O b.

!@ p-n_ Junchbn shows one*uﬂay conduction.

@ Forward bias -7 low f? ; reverse -7 hfgh /'-’

@ Diode  rectifies AC into pulsating DC.

¢ @ Filter capau'f*or smoothens it fto sf'ead'y Dz

End of chapter #3 /9 - revise tables 7
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