@)

(b)

(€)

()

-(Q)

&)

(@

CHAPTER |

- -19
N Na-Na =10°em?> , &= 1.6x10 " coul , From Table L1,

y

=114 MAplt-sec - P=(NGMn) = o0.52 S1-Cm

atomic 'w‘cégkt denslt/ Ccm?)

P 3| |0'®
St 28 5x 1022 (from Table 1.3)
6
P = B xio” T
/L P 2.2] x10

P-type px Na—N4 = ‘?Mdéc;m‘a, N«*N4=\-1X\dqdj, fom Fig. 116
Mp=310 cm*Amt-sec = P=(pgpp)'=0.22 2-Cm

_______________ Ec
E
d E¢ _Ef = kanNa N
——————————————— Bl = 0.41 =V
_-_____l___-____.—_'EEf
Ev
PN —Ny = 10" 0m3 , = YI/P—ZIXqu' -froml:?,(lIZ'])

E¢-& = KTL\—— = 0.35 oV , the Fermi lewel (S 0.35V below
E{, or 0.56-035 =o.21 aV above Ey the =dge of the vulence

band .
N Nag-NMa = HIO'SOVV;s, P‘—‘m%: 2.1 x10 C_nr\-i From E},(I.I.ZL)
Es-Ed :KTQM—% ~o,29eV , or E.~Ef =056 -0.29=0.27<Y

Arsenic : 10'°um? , Ec—E4q=0.049 eV

Boron : 0cm?, Ea-Ey = 0.0452V

At 300°k MNc=2.8"' xuo'qw /\/v—tol}x\o o
Eg.(1.1.21) camn be written: n= Nc(Boo)/z.Q,)&P[—(Ec EF)/kT)
where V' 15 the eﬂ‘—actz ve density of States af 300°K .

When n=14d Nd . Ef’.YEa. With these substitutions, the az,uatfon

1

-3




2N T —E
For nican be written : ﬁn N +‘3‘ﬂw\§5{, 2'&,;,?5‘
R»zar‘romgm% we 9ot : T= E—c -Ea \
K 2'\/ 3
An 22+ 2 e 5
Since the YL%M ~hand side A only a weak fumctson a-f fempernture ,
the solution Ma)/ be oblained ilterativel

a\rbdmrg. guess of 100°K —fnr T.
. T = 0.049 |

2x 2.8x10% 3 T
8.62x10°° n ot + ’i‘f*l o3
563

8.63 + 3 L 305
Lfl‘.=l00 , T2=81.4 ,T3=45.y

, Star tm} with an

—
—

9 T4 = 84-3 TS = 84.4-

?

T =84.4 °k E g |
P . a "Ly
Sumlarly for boron : T = 3 ,QKZNV —3—,@“ —
. —T'__. _ ?045 \ 2 300
o 5 2xt.04x10% 3 9 T
6;;;10 fly\ \0'5‘ ?ﬂv‘ T

.94 + 235,

byT}‘;lOD, Tz2=63.0 , Ty;=68.T

) T4~:67'5 ’ TS
© T =6T-1T °k

=6T.8, Te=6T-T
&) From Table 1.4, ni =3.87x10'" 7% exp(~ -7—_‘;,—'i)
T= 7014
= =
ST+ 2 00T
Solve iteratively as in part @) , for ni=
B Toi14-
77 347 - oas
b)' T.=100 , To= \1TT, 133726 , Ta =785 , Ty =775 , Te=TTT

" T=T1T°%°K =504°C for N =210Na
For i =1oNa =)0'®

+= T0 14 by T =800,Tz=6t7,’rs=636, T4 =635

24nT +1.35 . T =635% =362°C

©) Qvsenic 1 NN, - Na—lD‘é’w >N, p= lmz-~2 mo‘*cwf3
Bovon : P"'f\/a‘/\/d—lo Zom 3 >> M > = mz/p“Z‘leO cm 3

) Grsenic : Ef-E¢ =kTAn%: D =o.352V, E; ~Ev= 056 2V

S E{:-EV = 091 <V

tona =o' om™?




Boron : =o0. zﬂeV E EV" OS'éeV E; = 0 273\/
Arsenic + Boyon @ no Na No =9 x10' 2 cm™3 E{ -E; = KT*& ni "0'32'3~
:. E.F NEv = thor( -ev

1.4

o 0
-From-Fu:! ti5 5.n-cm n=>Ng= ‘!xlo cm> PNn= n;”‘ ok 27 (300°%) V\;=l.4-5x\f>a7s}
1.45 D o ,
and p= ;‘X"H‘)?r) =2.3%10°

Ter o0, )cr'bm Table .4, 4
N;=33Tx0' (573)”‘u¢( 7014/3733— 1.3 %10 Zem .
Since Ng»>ni, n=Nyg = 9% to" *om 2 and p= \/{L 4,oxsoqom'
TFor 500%, from Table. 1.4,
n; = SZ’leo"’ (173)%2 gxp (- To14- 775> = 4. 5% 10
Since M7 Nd |, P= W -qrs;« 10" em™>

-

1.5
(a) NdeQcts Nd + l\/o + N0~

M;L dominates in hém/'cl)/ doF.eo(
P -type waterial .

No dominates in n-type
waterial .

:
1

Ev Ea Ea Ec

+ + - - :
Lb) P-n + Nd d&P—\- No\ shallow — Na deap “Na shallow =0 ‘For Char?e mutra"'t/

Tn n-type material N+Ny dazp = e Ny shallow , SO encreasing Na . daap
decreasesn, Seimilarly , PN, = wa\w, increasing N deep
in hem)dy doped P -type material decveases P.

(©) B¢ should be betisen Ea ard By for c)\af%a newtrodity (P n= N&‘Nd>
Since. b ¥ ts below tke middle of b(md?aP the. 5amp e t:iéz t‘)’Fe ‘
However P and << Nygeer 50 N == . N3 and Nyyeaf e,gdf%
So ‘tha’.t E(- A EA+Eq ; df “Ey = bd’Z.EY + p:&éEo = 0 2!{;:0 50 = 0. 390V
The, sample, 1% \9 tyfe, and t&xe Ferww leue\ R cq()‘yv‘ommate\y yma!way
beTween ’dne. defeé(. levels .

EV! lEa &fEil 'f- . !Ec




(d) Since. N chattone > Nale&ed.'s , the Fermi level is

above. EL for this n-type sample and NX =
dominates the Charge state of the defects . (Na = Ngefedts)
S N=P 22 N phos ~Na~ = 2x0'7 =5 x10'® =1.5x10'"7 cm™3 _
Since n-p >> ng 5 nel.sxi0mem?
P:ﬂ,§=0'4’5"“’:9) ~ laoxio? cn
1.5 x10'7 2.8 x10"
EC‘Ef = kT,&‘% =0.026 QV’()'V\ 1.5 x 10"

~ 0.136 @V

1.6

U, = $00 M /y-sec , M2a=200 N,y ~s2c

_'__--—L- —'-- ! ) v :bOQ‘n2-
S 4 T2 T gep T 200 o My = /v-sac

W .

1.8

The number of otoms par unit weight {S Ne/a | where Mo is

Avogadros number and A 5 the atromic weight . If fm is the
mass density , the number of afoms per uni” Volume ¢S

N = PM"/O/A . I‘F Roch atom contribules = ‘U‘OJM\C_Q electyons »
the electron concentration {(s p= ZGNo/p
with Z2=0.7, ®n=2.T /om3, No=6,022 x10%3 (3-m91e)‘; A=27
them N=5.42 x 10" electrons /cm? |

= | . - -6 - = cm,
Mn /(_Pn%) withe p=2.2x|0 SL-om | Un 4.2 ‘/;/-sic
KT:._M*/un = (4. xio?! Kq) (q412x10¢ r&v-ﬂc) = 412x10° M5
& .6 X107 coul =235 X15'% s2c

Fov silicon M= 0.26 mo ( Conductivity affective MGss)

ol 0,26 X0 xi5¥ kg )(1az0 X107 MK
1-6 X 10719 cCoul

sac) =13
) =2,00X10 sec

:o (Z—S(: = g.5| TAQ

Ve 2.3 x10TCns, 2 Vi = 2.3 % 10° Onen

. _L
The glectron travels a distance L. (n & time T = /\/A

‘J.‘)C T (s the averafe Aime between collisions , the alerajge numbeyr

of collisions i traveling the distance L s C =:“c'£' = L/’C'Vd

WeEh L=1um omnd T= m,',,,. = 2.) XIO‘BS-ec,'bhm C22 207 collisions




s

The applied oltage (S Vo= EL, with Un=143T Om'/_sac, then
-_‘;_j. =123 Volts/em and Va=162mV .

"q
The sample iS biased in the intermediate region of the zfe/oa'f?z —
field curve where the velocity &S Mol a linear function of the
field bwt (s O\Flpr‘oo‘ck(:h? {ts saluration U‘_a/acé‘t/ ; Thus) doubling

the field vesults ¢n less than a o(oub/«,'ng,,af U‘e/oa’t// Omd)

h-emc_q_)ofcurrenf .
i.10
}Lh:|000 OW\Z/\/__;_QC y —(KT)}AY“‘2580~» 5
L L !6 3 -
dn _ _ 103 -6x10%umi3 _ 5y (0% e *
d x 2X10”% om

The electron Jiffusion curremt dmsi-fy (s
Tn= 30,92 =256 WP o

1.1
kD veplacing Ga = oxtra electron = donor Np= 0.05x)5"= SXIDme’

St veplacing As => One \ess electyon => acceptor Ny= 045x10°= ‘?5xuo/m
® P"’Na Na =@.5-o°- 5))(10 =q.0x10 femP>ni=9.0x0 —for Lahs @ 300k,

:Zl—":——-?'x'o —‘TX|O/CVV\3
’ 13197 "l)(lo8

.. Eg EV*kT,ﬁn-P- ‘KTz(M
S Ep=0532V aboue Ev .
(C) S=wgMhntPEMp = (Ax10*)(r- 6X10

= pEMp =5.8x10" "/ a-cm

= 0.024(x 20,5 =02.53 2V

19)(8800) +(Fx10 ’)(1.6x10 )(40")

l. 2

4
@) — a—g v-J=0v.6§ = G’VD -__f
An P «enﬂ—‘st SoP = f’e/(o_ ﬁfe‘;(rw
(b) TIntrinsic S¢ : 6 2gni(Ra+p) , fin= "“7T" Mp= 4T Y gee 20 =438%10 > (ol
G = Y6 =2.4x107Tsec = 0,29 ;sec

-1
No\=uo‘6cyn‘3 M2 1190 MSfs_sec , T=1.90 (-cm)

‘“I-‘i;
d|
]
o
QU
o+




< Crg = —-—- =5.4 X |o—'5s4c = 0. 54 Psec

S;Oz Tre) = 3 4 x3. Sb‘zno '+ 2 3450 sec =57.5 min
\0~

.13

X Lot each divection and U‘e(oaty increment
Contain d Ny parti cles
D) danoqov Ldnu- sin6dg dy
4 The average V~ in one direction ¢S

271
! <U'>"" ff = ANy Sing o6 dY

= _ﬁ—o J;'U'dnu- whete Tlo=jd Nopwr

The x-direcion Compo nent of <U? (s
27T
LUx> =4V os > ——-J j f Y - ANy cos sing de dy

= 4-Y1 J UdNy 271_—4'U'>

No LU
O)l\d JX=“2)’10<U;(> = - F
l.]
A= %9- Material E4(eV)  A(um) Range
? 124 Ge 0.67 .35 Infrared
Alum)= _é—(—?/) S< (.124  1.10 Infrared
3t Ga As 1.4.2 0.37  (Mear) infrared
S:02 ~ 19 ~0.14  (Vacuum) ultraviolet
}.1 JE
D -t f For & nonde rale semiconductor;
T A ¥ iy .
YU Ne 2 "P[“(Ec Ef)/KT] E{-Eazk‘rfn',\jz = kTguVl -ALn cJ

d_Ei_ =KkT , Lf EC and, A/c are anQP—WO(W Of dof‘:ng ’

D_LJAEF _ KT
Hence * = Am = F




1.16

Tn & volume of an extrinsic semiconduetor cwhich (S hotter than
the surrounding material , the carriers have a higher thermal
Vz/ocit)/ than thpse Ch the wunheated rmateria] . There (s thus
a net flux of carriers out of the heated volume by diffusion.
The magnitude of the flux increases 4s the tempavature
Aifference (and thus +the V-e/ou'-ty difference) increases .
For n-type material thereis a nat flux of electrons out of
the heated vegion and thus a net current into the region.
For p-type material there is a mak flux of holes out™ of
the heated vegion and thus A net current owraf +he region,
In other words, the Ynajorf't)' Carriers at the hot end tenmd
to moue to the cold end.

current current
«— —_—
0 A
- + + 7 -
hot cold  hot cold
D— o=
p-type n- type
1 X '
LIL Nlolil2]3l4]5]|6|7]8[al10| The distribution ¢s symmetrical
Q |loa about X =0
I |52 ]
2512]  [256 +w W W
31 Ppaal |28 0 Z % _8_.
4-133¢] 254 |4 . 2 \
51 [3ad o] [32 4 533 2844 7.1
632d [240] |36] |16 6 6.22 3317 645
7| lgo] lus| (56| |8 3 M g‘; f.lﬂ‘i
Bhso| Ll (2] 32| |4 \? 193 : . .9
ql s les| 12| 18] |2 + S the time unir
101252] 210 120] J45] [to | W {5 the half width




8

Example : For += 8 hal€ maximum iS 140 So that 2<% <4 .
The Straight line drawn between the known uvalues at x=2
and x=4 (s given by Y= -5bx +336 .

Le-ttim% Y=140 we find x= 3.5 % 5o that W7 .

The other values af w shoewn Can be found cha scmilar
manner,

Examination of the values of W shous that the vate of
diffusion slows as the distribution spreads and the gradiets

are yeoumced . The Values of Wz/;- mdicate that for
+>5 . w2ect | 5o that Woc(H)%e ond dW a2
T & D]

-

.18
(o) From Table (.4,

Eﬁ(eV) = (.16 - 7.oz.xlo‘4'TBh.

T + 1108
At T=300K,
Eg = (.16 ~ (1.02x 10"4)(300)* = LI5TeV
300 + |08

On The other hand , Table .3 lists [124¢V for Eg.
b) rom Table 1.3 at T = 300K,
Ne=28x10%em™3

Ny=1.04x%x10"em™>
From Eq. (1.1.25),

= NeNyexp (- S

- 3 _E
= (NN exp (- £3-]
At 300k, using Egq = 15TV

or

from Table [.4,
ne = [(z.sx 10 (roe x :o‘q)] 2 UF[’Z‘?%)]
=3.707T %10 tem™ |

At o0k, %5"3 Eg = I-IZ4errom. Table (.3,

n = [(2.gx 10'%)(1.04 % lolq)JﬁuP[_'i%il._iézz;)]
= 6.993 x 10T em”3?




(> From Table 1.4,
. - - 16 1014
RiCem™®y =3.87 x 10/ T3 oxp [- 1214 ]

At T =300k,
n; =(3.87 % 10'®)(300)%2 exp [ - —'ZQ’—‘L]

300

= [41ix (0% em™3

.14
We veplace the force term F in Eq. (1.3-1) by

_ XAV *y
=m2YX + m
F=m o s

where the gecond term YeFregen.ts scatte,réng . Also acldc'ng
electric force term, we get

m (f%J,—%)V‘ = %(E +VxB).
With the standard Hall 3eometry of 'F.‘g. [. 20

under DC condition. (dfdt =0), we solve for Ve(oc{ty Ccomponents,
For electrons

V - - Ex + wcn ’Cv\ E:{
nx = Mn I + (WenTn)?

- - chtnéx -Ev
Vny pn [ + (WenTp)*
— _ 3T _ 4B
Vez =0 ) wkere,//-n —3,-"—":— , (A)cn—"%m—r;'
For holes, T
= x ¥ Wep LpSy
VP), :./l.P — Wep TpEx +Ey

[+ (WepTp)*
— _ 2T - a8
Vpe = 0 , where Ap ——%% ,_wcp ——%”TF%
We. re?uire. the transvevse current to be zero.
‘T)’ = jny + *TPY = —?nVny + ?FVP‘/
= @ (pan — mgp) Ex Ba + G(Han + UpP) By

with the afprvxfma.‘tfon.. Wen «'%; and Wep <<_1‘;';, :




(0

Now J'y =0 imi;h’es
Ex&a:l"!f"’/“"ng A B
Mp P - ,Unzﬂ
The longitudina( current (s
Jx =Jax +JIpx = -?n\/nx + 4pVpx
= %(/I‘PP + Uan)Ex ""3(/‘,’2? —/ur%ﬂ) E’yBg
Jx Ba = %(/A,F -+ Uan) Ex Bz

= ¢ (4 %’5 *;*’}l) Ey (replace ExBe from (D) -----(2)
P

We ncglected the term (,nVo(V;ng Ba in (2).
Ry = JEIZ = MPP -Mn"-
Bz 4GP+ pun)*
To see that this rvesult is consistent with the simpler
theory of sec.1.3, we can let p= =0 for o sample Containing
electrons only cuwl finol Ry = ?VL For o sample Conta.zmn?

3?

holes on[y n=0 3;\/&3 Ry = ——
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AppENDIX FROBLEMS

ALl For o<x<¥u p=— 4 g

>

g =g - B 3
(OJ K g go E—éTS ' 2_0 ) £'= 0) x( 0
OLKKL 0, x>%yL
where £,= (¥
| & —d

L

o X, ¥

(‘6‘) ¢:: — [edx '
F b= _€7c+(’/ O<X&XA o ?{"‘ —-g-/&x';ﬂ

7E; 5
Take ¢ (x<0)= O - LA
Bog)= — (KL O | :
ST -k
L2 [ 2€s
e) @) - %LA = (L o
€,
x > O o
- P X
—2XJ < X< O =2, X
El) = £, %d o
& |
= — [edy = »ﬁ@xﬂc”)ﬂ% ’ ¢
—2¥A .

/f¢ =0 (x< AKA)
o= —£ (utE) .
#(am)- 0oy~ 024 |t




/08
Al

(@) Fr x<0,&70.

: X
o £= £ 4+ L%
df - B &= 5+ I
for oxx<xly =&

E = -1 [@Xd,-"lﬁ()@{aﬁ]
By Gauss'law &, &
g ! YA Yo g= — 0 [ 2%
fad > 65
| = £, + (&
and 2(%0(1) o ésx )@,}
- —ld
ey = ﬂ‘gs [ 2%, A,]
- Y~ XA,
- a_é&s'[ 2

FoR X, XXy

E= £(ty) + ’3@% (-7 ﬂ
= 2P =% —(X—ZA
¢ / = Q;éf; [:159(2 !
R >¥

YRy

= ”‘z—éﬁ [7‘&(7,—'7&]
| A, ¥4, S 9
. F= —JEd  For OcxX<X4,
=0 %<0 = - PR
(o) - P (%4 - —ZAI'X—'Z
«) qf — L (2R X4y -2 X)) Lo muX -2 %]
: ¢(X=Xd/)= %[_27@;0‘! z
Blo) - B(245)

<X<XJZ- x
2_7(0(,2') PR XY,
:‘é(?ldz - ¢: ?S/Xd;) _xfdx

_ P (MQJ”%’Z‘%Z\
- € Z 2-__7£al/2->
B(Xd,) = J«.%‘( S




Al3 | | 0
=0 <-%X

@ £ X< Fe f‘i

g_f_; ——'éz_ _)(Af)(CO — X o X
X s
£ .——f'— (X+xdl>
=X
— ;a'c XL 0 ( £

M%:&}E':-—-g‘a:_ X s
| 2

B ot |
g =0 74»/ 7(,(2<)<<"o , |
() Take & (x<=XM)= O -/ |
Thom 7 Xy <X <O _ "76‘/ };(2_
- 2 2 .
= Lo () + L (4
Ry O<SXLX [,

¢= f'/zl‘lz—'f“ zyz

26_5 265

(¢) qf/xdz)_- Cpé‘d/) = :Z_é; (/’/954124—();7‘42{)

(Ad)  Frosbm ALl Con be constyvctedd as a specral case of
e negave of e summmed cémges in. AlL G and ).
The ?ra/béj of € and & jgoer/bdfe G the ne?m‘u/e.s o~ £he.
?ﬂy&éﬁ m thrs fmé/ema—na/ €l ey/éressfaus forr B @A E

Compure Sime /Ar/? .




/0P

Atd gy - x<o0 f=0

@) éﬁarﬁe at Xx=0 = — P ¥
/n 'O)(/c/e)' go;" - ?7(4(, . Constant
A 4 é‘a%

AL x> Xp, & c/m«njes sveh that éo),go),: ésc‘;s

B KX edd E= Ept fi
’ 5

)
&) =0 FeO o
& = Eou X O X <K,
P= lxoy + LD s
265 ’
)(ox<>(‘~)(p( g;)g
CC) A¢{o= onxﬂx .
= “.qu_(._%x o ¢f
e

1!

goxxoy— ﬁl‘f-ﬁﬂox
,} | 2 &

= — Cifdz‘
26

(e) A convensent ddecompssioon 1s into 2 charge sheets
o~ snd # (il el e oF i pla
A Sheelt of —/9)9{ Cdu/b/ez"oﬁ' A5 P b Yecl 644-76 as Shaon

B fow .
(Y \Eﬂ)m . T C
/(ﬂ;\ %ox Xd

) APy |
_ ; : A

EnS)

2

e

C hard.




