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INTRODUCTION TO SEMICONDUCTOR MATERIALS

General Semiconductor
_Class;ﬁca_{i_on Symbol Name N 7 " ﬂl
(1) Elememal Si Silicon
Germanium
(2) Compounds
A TN eIV . caae ticana s L] o P Silicon carbide
() (BHIN-V ... o AlP Aluminum phosphide
AlAs Aluminum arsenide | 2 ' 3
AlSb Aluminum antimonide
GalN Galliom niur.dc
GaP Gallium phosphide Mg A'
GaAs Gallium arsenide
GaSb Gallium antimonide
InP Indium phosphide 30 3)
InAs Indium arsenide
InSb Indium antimonide In Ga
i S e e 2O Zinc oxide
ZnS Zinc sulfide
ZnSe Zinc selenide
ZnTe Zinc telluride
Cds Cadmium sulfide
CdSe Cadmium sclenide
CdTe Cadmium telluride
HgS Mercury sulfide
Y =N R e oN s PbS Lead sulfide
PbSe Lead selenide
PbTe Lead telluride
(3) Alloys
(a) Binary .......ccc... Si; - Ge,
(b)) Temary -ccccvceca- Al Ga, _ As- (or Ga, , Al  As)
Al In,__ As (or In, _, Al _AS)
Cd,_ . Mn, Te
GaAs, P,
Ga_ In, __As (or In, __,Ga_ As)
Ga,/In,_, P (orkn, ,Ga,P)
Hg, _ .Cd, Te
(c) Quaternary ........ Al Ga, _,As Sb,_

Ga,In,__ As,_, P,
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INTRODUCTION TO SEMICONDUCTOR MATERIALS

Crystal classification

{(2) Amosphous (b) Palycrysialbne {¢c) Crystalline

No recognizable Completely ondered Entire solid is made up of
long-range oeder n sepgmenis atoms in an arderly array
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INTRODUCTION TO SEMICONDUCTOR MATERIALS

1\3 1

Unit cell is a small portion of any given crystal that could be used to reproduce the crystal.
The original lattice can be reproduced by duplicating the unit cell and stacking the unit cell

next to each other in an orderly fashion.

Note: Unit cells are not necessarily unigue.

A unit cell needs not be primitive (the smallest unit cell possible)

G (@) 1/4 atom
@ ® & each corner

©@0©6 0
I@oo@ I"
CECNCHCRC
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INTRODUCTION TO SEMICONDUCTOR MATERIALS O/

M®6i nguyén t&r nam & goc 6 don vi gop 1/8 vao bén trong 6.
- moi 6 don vi SC chira 1 nguyén tr

Vay moi 6 BCC, FCC chtra bao nhiéu nguyén tir?
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INTRODUCTION TO SEMICONDUCTOR MATERIALS

Nolurme

B ase

Face

Brawais Parameters Simple (BP)
lattice centered (1) centered () centered {[(F")
xy F g F as
Triclimic Cxy o 7 Cxoa 7= Cxay
Ly _T"" Lo _T"r‘ L
romz — cxr=zy — D07
Monoclinic cxy o 2= D0
Xy F adgzx F axz I : [ | :
Orthorhombic Y1 — C¥romz — cr=zy — DD - : - -
B e _T'.r_ g @ E
Tetragonal ¥y p — oz — xzy — DO°
iy — g — G
Trigonal k12 — xaea — ka1 < 120
g: :g :EI : ;. ;/
| |-
Ly — o — g | | I
(:‘.leil: kg — ¥z — L¥=] — 90‘9
Ly — Lo _T'.r_ o =
kg = — 12‘00
Hexagon al ¥om — fx=zy — D07
cubwngThidbCaagkord e 1.1 : Brawvails lattices in three-dimensioris. hips/ib.comtailiedentucnt
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a=5A=5x10"%cm

; 2 gtoms n o .
Density = 5 x 109 = 1.6 x 10° atoms per cm
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INTRODUCTION TO SEMICONDUCTOR MATERIALS |

a=5A=5x10"%cm

. 2 atoms ;
Surface density = = = 5.66 x 10" atoms/cny

(a))(av2)
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INTRODUCTION TO SEMICONDUCTOR MATERIALS

Miller indices

Indexing Procedure Sample Implementation

3 After setting up coordinate axes along the edges of the unit cell,
note where the plane to be indexed intercepts the axes. Divide
each intercept value by the unit cell length along the respective
coordinate axis. Record the resulting normalized (pure-number)
intercept set in the order x, y, z. 1,2,3

Invert the intercept values; that is, form [1/intercept]s. 1,h, A

Using an appropriate multiplier, convert the 1/intercept set to the
smallest possible set of whole numbers. 6,3,2

C Enclose the whole-number set in curvilinear brackets.

_ Miller Convention SuUMmUmAary.
Conweretion fnrerpretarion

(k) Crysial plane
| Rkt ) Equivalent planes
ikt ] Crystal direction

{ Fakely Egquivalent directions
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mat

ng nut mang khac

5. 0 phwonc yuong goc voi mat mang do co
cung chi s6 Miller.
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°  INTRODUCTION TO SEMICONDUCTOR MATERIALS
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INTRODUCTION TO SEMICONDUCTOR MATERIALS
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Q\? INTRODUCTION TO SEMICONDUCTOR MATERIALS /

O
lonic bonding

fixed cation

sl o
CICICIC,

Metallic bonding

TOO O
OOO®

sea of electrons

Random dipole Induced dipole on

on first atom second atom

Van de Waals bonding
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INTRODUCTION TO SEMICONDUCTOR MATERIALS

SI2 Molecule
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Si atom

Siatom

Covalent bonding
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A GO N
INTRODUCTION TO SEMICONDUCTOR MATERIALS C/

In solids

Point defects of crystals

Vacancy Interstitial impurity Self-interstitial

Substitution impurity Frenkel defect

Thermal vibration Line defect

www.substech.com

Point defect
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Silicon ingot fabrication ““

3
Very (] | Ultrapure
Siica P impure M Ui(;uig) ™ Utsriacﬁure 1 polycrystallne
silicon ! Si
@
Reduced in Chlorinated Distilled, Reduced in
presence of C et. hydrogen atmosphere

%


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Silicon ingot fabrication

Seed

aingle Silicon Crystal

Quartz Crucible

Water Cooled Chamber

Heat Shield

=rd L

Melting of Irnr-:udu-:u-:-n Begm:ung of Crrst.al Formed -:[Tst.al
polysilicon, of the seed  the crystal with a residue
dio i crystal gqrow of melted silicon

Carbon Heater

Graphite Crucible

Crucible Suppart

apill Tray

Electrode

//?/ebsite: http://vi.wikipedia.orgiwikildan_Czochraiski  ©ZOChralski method


CZOCHRALSKI PROCESS OF SILICON WAFERS_(360p).mp4
http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

d t*
E seal
front opening 1 Ar
door J
front opening f
chamber _
seed holder T™ seed shaft
S l 14— vacuum pump
valve 3 ' optical system
]viewing port X2 r—— P Ar
7 2x
. : 'z 0 r‘!?l(cn
sthicon
-_.Ma:t.'_' ‘“/" *—‘--a-.-mg
A ] gﬁ gl 14_15 : [._silica crucible P
é : : % graphite crucible :
HY &S 3 graphite heater
¢ E e~/ | —+— thermal shield
g ‘ N A
4 & e 4 'k:
i%Eﬂiﬂﬁ‘h‘iﬂ{ﬁé S B : ‘;
| .Q. d Crucible
LY

> vacuum pump
crucible shaft Ar + SiO + CO
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. nstrom. Hay tinh

atl C
m

4. Hang s6 mang cia sili 4 . Hay tinh mat dé nguyén tir khoi cua Silic.
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INTRODUCTION TO SEMICONDUCTOR MATERIALS /

6. Xac dinh chi sé

7. Trong hé lap phuo (a) (001), (b) (111), (c) (123), (d) (110),
8. Trong hé lap phuwong, (e) (010), (f) (I1D), (g) (221), (h) (010).

(a) [010], (b) [I01], (c) [001], (d) [l11],
(e) [001], (f) [110], (g) [0TO], (h) [123].

o
: NN
9. Xem nguyén ttr la cac qua cau cteng va cac
qua cau lan can gan nhét sé tiép xuc nhau

Hé&y chirng té rang ti sé thé tich cac qué cau
trén thé tich cac 6 mang la:

a) /6 hoac 52% voi 6 lap phwong don gian (SC)
b) V/37/8 hodc 68% véi 6 BCC

¢) V2716 hodc 74% véi 6 FCC

d) V37416 hodc 34% vdéi céu truc kim cuong
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N 4
\ i W0 _
2(4;”80hn)2 - nz ev, l'l - 1,2, 3, Ve

Jy
ectron

B 151ev lectronic charge (-1.6x10-19 C)
h: Planck’s constant

n: energy guantum number

The electron volt (eV) Is the unit of energy, equal to 1.6x10-19 joules
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n=2 ly bound
, OCCupy very
ergy levels

8 Electrons

Six allowed levels

at same energy
electrons: weakly bound,

alled valence electrons, form

Two allowed levels chemical bonds
at same energy

2 Electrons
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INTRODUCTION TO SEMICONDUCTOR MATERIALS

SI2 Molecule
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°  INTRODUCTION TO SEMICONDUCTOR MATERIALS </

portant terms
~energy bands
conduction band
valance band
forbidden band (bandgap)

spaciog
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_INTRODUCTION TO SEMICONDUCTOR MATERIALS

Bonding model Energy Band model

-

Empty

ai)

Completely
filled

(a) No carriers

ron di
. ™ clectron

T : ng dan (hat tai)
: g dién

™~

\ -
(c) Lién két Si-Si khi dit gay ciing tao ra mot 16
trong (hole) di chuyén tw do trong mang tinh thé (do
cac electron khac nhay vao Iap ché)

- Co hat tai hoac dong dién

{b) The electron

(c) The hole
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INTRODUCTION TO SEMICONDUCTOR MATERIALS O/

nd gap and Material classification .

Few at dién moi
eleCtro
s [/ >

£ ng cam I&n
o / ectron nhay Ién vung dan &
g Ec = 1.42¢V (GaAs) >
| . o]gle]gle
Wide Ec~8¢V(SI0,) Eg = 1.12€V (Si) L
E ~ 5eV (Diamond Dan dién kem
¢~ 2 ¢V (Diamond) x g o =066eV(Ge) .
Thermal ¥ (Room temperature) . .
1 E, excitation Met,\als,\ i K"TI |Oal’( X v 4
e moderately PO rong vung cam rat hep hoac vung
. easy dan va vung hoa tri chong lap Ién nhau
(a) Insulator (b) Semiconductor > Dan dién tbt
2000

Very

. E, E, Semiconductors - Chat ban dan
_f oo E Po rong ving cam nam gitra dién
//4 7/ moi va kim loai

O nhiét dd phong, ludn coé xac suat

(c) Metal cac electron nhay |&én vung dan
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Carrier Properties

Charge



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Effective mass

dv
F - _q(g - mo';i't_

Xét electron chuyén déng trong tinh thé ban dan, dat nam gitra 2 ban ¢

ién trwdng ngoail d
tu, dién trweong ngoal & F=_q%=m:§

*

m;,  Khdi lwong hiéu dung cla electron
my  Khoi lwong hiéu dung cla 16 trong

(Ilwu y thay —q bang +q)
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Density of States Effective Masses at 300 K.

Material mY¥/m, my /mq

Si 1.18 0.81
Ge 0.55 0.36
0.066 0.52

Tw bang trén, so sanh Si, Ge va GaAs?
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Carrier numbers In intrinsic material

n =2 X 10°/cm’ in GaAs

=1 X 10°/cm’ in Si

=2 X 10%/cm’  in Ge
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of carrier numbers — Doping
ac chat pha ta

| T ———
\l?> INTRODUCTION TO SEMICONDUCTOR MATERIALS

Common Silicon Dopants. Arrows indicate the most widely employed dopants.

O

Donors (Electron-increasing Dopants) Acceptors (Hole-increasing Dopants)

P«
As Column V Column III
elements elements
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-— e = e g p---f-'---ﬂ---

Increasing 7 v rl.lZeV

Dopant-site Binding Energies.

Donors |Eg| Acceptors |Eg|

2 2 2 2 & & & 4 gA Sb 0.039 eV B 0.045 eV

00000000 v P 0.045 eV Al 0.067 eV
As 0.054 eV Ga 0.072 eV

In 0.16 eV

Increasing T Room temperature
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Dopants — specific impurity atoms which are added to semiconductors in con-

trolled amounts for the express purpose of increasing either the electron or the
hole concentration.

Intrinsic semiconductor—undoped semiconductor; extremely pure semiconductor

sample containing an insignificant amount of impurity atoms; a semiconductor
whose properties are native to the material.

Extrinsic semiconductor — doped semiconductor; a semiconductor whose proper-
ties are controlled by added impurity atomns.

Donor—i1impurity atorm which increases the electron concentration; n-type dopant.

Acceptor — impurity atom which increases the hole concentration; p-type dopant.

n-type material— a donor-doped material; a semiconductor containing more elec-
trons than holes.

pP-type material— an acceptor-doped material; a semiconductor containing more
holes than electrons.

Majority carrier —the most abundant carrier in a given semiconductor sample;
electrons in an n-type material, holes in a p-type material.

Minority carrier—the least abundant carrier in a given semiconductor sample;
holes in an n-type material, electrons in a p-type material.
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State and carrier distribution

hiem gilr
30 cho

: mat do trang thai tai mirc nang
lwong E trong vung dan

9,(E): mat dé trang thai tai mrc nang
lwong E trong vung hoa tri
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O ng

lwong khi
g theo ham can

o

* Thwr ba, g.(E) \ yng hiéu dung cua cac hat tai

khac nhau -

~ Neum* =m*,, mat do trang thai vung dan va vung hoa tri s€ doi xirng gwong

//;yéinhau.
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N

* Néu xét ndng lweng nam trong khoang ttr E > E +dE, ta co:
1 : 50 trang thai trong viing dan/cm? nam trong
khoang nang lwong tr E > E+dE (néu E > E,)

: sO trang thai trong viing hod tri/cm® nam trong
khoang nang lwong tr E > E+dE (néu E <E,)

O

* Pon vi cua g.(E) va g,(E) la:

sO trang thai/don vi thé tich.don vi nang lvong

|
|
|
I
I
I
I
I
!
|

cu thé hon la

txy

-

sO trang thai/cm3-eV
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1 F 1 Nang Io’ng Fermi hay muc Fermi
K :hang so Boltzmann; 8,617 x 10> eV/K

f (E) = | + e(E—EF)/kT T : nhiét do Kelvin (K)

%
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CARRIER MODELING C/

1\@ KhiT 20K
/

(E-Ep)/KT = -0 vOi E < E¢

(E-E)KT > +oo v6i E > Ep

f(E <Ep) 2 1/[1 + exp(-») = 1
f( E >Ef) = 1/[1 + exp(+x) = 0
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Khi T>0K
Néu E = E¢, f(Ep) =%

7 K\ CARRIER MODELING /
\l\o _

O Néu E > E. + 3 kT
exp[(E-Ep)/kT] >> 1
f(E) = exp[-(E-Ep)/KT ]
Vay E tang, f(E) giam vé 0

Néu E <E. -3 kT
exp[(E-Ep)/kT] << 1
f(E) = 1 - exp[(E-Ep)/KT ] E; —3kT Eg+3kT
Vay cac trang thai co nang lwvong
E- - 3 kT sé dwoc dién day.

b)T>0K

O nhiét dé phong (T = 300K), kT = 0.0259 eV va 3kT = 0.0777 eV <<Eg (Si)
3 kT kha nho so voi Eg
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\> CARRIER MODELING o/
\l\] * Cau hdi: biét réng x&c suat mOQt trang thdi trong ving dan bi chiém b&i (

electron bang vOi xdc suat mOt trang thdi trong ving hod tri bi trong. Vay,

O mUc Fermi nam déau trong gian do ndng ILPO'ng?

* Tra I&i: ham f(E) cho ta xdc suat electron chiém trang thdi c6 mc ndng IPO'ng
E. X&c suat mOt trang théi b trOng & 1-f(E).

Theo dé bai: f(Egl=1—
l 1

Trong dé va I'ﬁEr}']'w.rm
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CARRIER MODELING

F: Successively setting 7T = |00, 20, 300, amnd then A0 K, compute and plot F{5)
yersus A = &£ — Fofor —0.ZeV = AF = L2ZeV. All_f{E) versus A K curves should

be supcrimposed on a single set of coordinates.

Sz MaAaTLAB program script . .- .
FoFermi Function Calculation, filAE,T)

T L ONELATT
kE=8.461Tc-5;

FoComputation proper
forii=—1:4;

T= 100 *ii;

kKT =k*T;

AECG, 1 )=-5*kT;

for jji=1: 101

i i) = 1A+ expldEibLji WkTi):
- dEfiijgi+ 1) =dE(ijj)+0L1*KT;

end
dE=dE{:.1:§j); %This step strips the extra dE valuc

FePlotting result

close
plot{dE".f'); grid: ‘TSMNote the ranspose (') to form data columns

xiabe {'E-EF{eWV)): viabel{"f{E)
exu( 05,2, T=400K");  texu(-.03,.1,"T=100K"):

Program outpal . . .
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CARRIER MODELING

Equilibrium Distribution of Carriers iam of sates Ofectors” ctsvamanons
— Phan bé hat tai ¢ trang thai can'bang Gy

St

£ (E)f(E)

K

% %
——— ——
5! t
A S’

Phan bo electron trong ving dan g.(E).f(E)
Phan bo 16 trong trong vung hoa tri g (E).[1 - f(E)]

g, (B - F(E)]
E —

7

E I Electrons
? E
C

n
n

oqnh
5 5

y

{b) Ep near midgap

?

intrinsic

"

P
tn
S’

Py

() EL below midgap
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1\\5\ /

O

.(E)d(E): sb trang thai trong viing dan nam trong khoang nang lwong E-> E+dE
f(E): xac suat electron chiém gilr trang thai cé nang lwong E
-2 g.(E)f(E)dE: sb electron trong viing dan, nam trong khoang tir E>E+dE

—> L4y tich phan g.(E)f(E)dE trong toan viing dan, ta sé cé tong sb electron nam trong ving dan.

s(EFEEP m*Vm* (" VE - E dE

Eyop

3
p= f &, (E)[1 — f(E))dE T E

E pottom
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1 CARRIER MODELING

n =

m;l: Zm:(kT)NZ [m nliZdn
o 1te"™

mh

nv = (Ev - EF)/kT
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CARRIER MODELING

\/— (EF-'-E kT
e

Flfz(nc) =

Ee=E, + 3K o ) VT

2

... Degenerate
semiconductor

... Nondegenerate
semiconductor

... Degenerate
semiconductor

n = Nce

p = Nye

(Ep—E )T

(E,—EpVkT
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&z

Il
-
o

n, = Nye (E\—~E VAT

(Ep—E)KT

=
|

n.e

Phu hop cho ban dan khéng suy bién
p = n'e(Ei —Eg)IkT
1
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CARRIER MOI

Thiea so n. va

Néu |

a

n.:

y hai biéu thtrc n

- - - Ec./kT
NNye & BT = N Nye ~5¢

Intrinsic carrier concentration (cm-3)

1016

105

-t

1014

1()]J B35

10124 ﬂ

181
11
I

101

419

10t

10°

108

107 &4

e

10%

103

200

300

400

500 600

T (K) https://fb.com/tailieudientucntt

700

Si

T (°C) r; (cm-?)
0 1.04 X 10°

5 1.70 X 10*

10 2.71 X 102
15 4,28 X 10°
20 6.64 X 10?
25 1.02 X 10t0
30 1.54 X 10910
35 2.29 X 1010
40 3.37 X 1010
45 4.90 X 10!°
50 7.06 X 1010
300 K 1.18 X 10t0

GaAs

T (°C) n; (cm-3)
0 1.02 X 103

5 1.89 X 103

10 345X 105
15 6.15 X 103
20 1.08 X 10¢
25 1.85 X 108
30 3.13 X 10¢%
35 5.20 X 10¢
40 8.51 X 108
45 1.37 X 107
50 2.18 X 107
300 K 2.25 X 108
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. - 34 oy A3 )
= (2510 X 10'"}) .I'I'Iﬂ .m- 300 g — Bl AT
o

Eg and the effective masses exhibit a weak but non-negligible temperature depen-
dence. The Ej versus T variation can be modeled to four-place accuracy by the fit
relationship noted in Problem 2.1(a). As deduced from the analysis by Barber [Solid-
State Electronics, 1@, 1039 (1967)], the temperature dependence of the effective
masses over the range 200 K = T = 700 K can be approximated by

T:: = 1028 + (6.11 = 1097 — (3.09 =< 10-7")yr:

m-

T:: = 0610 + (7.83 > 10-%)T — (4.46 % 10-7)T

F: (a) Confirm that the n, versus T curve for Si graphed in Fig. 2.20 is generated
employing the relationships just cited, provided Eg in the n, expression is replaced
by E; — E.,. where E,, = 0.0074 V. (In the previously cited article, Barber sug-
gested using an cxciton correction factor of E_, = 0.007 eV. The slightly larger value
employed in the Fig. 2.20 computation was specifically chosen to give m, = 10197
cm~ at 300 K.)
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{b) The accepted value of n; in Si at 300 K has been revised recently to be in agree-
ment with the experimental n; versus T data acquired by Sproul and Green [Journal
of Applied Physics, 70, B46 (July 1991)). The authors concluded n, = 1.00 £ 0.03
¥ 10"fcem® in Si at 300 K. Over the probed temperature range -n:f 2ISK=T=
373 K, their experimental data could be fitted by the relationship

T\
mo= (915 x mm}(ﬁ) g ~OSRIRMT

Compare the n; computed from this experimental-fit relationship to the part () output
over the temperature range of mutual validity.
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8: (a) MATLAB program script . . .
%ni vs, T calculation for 5i (200K - 700K) used in Fip. 2.20

“Initialization
format short e

FoConstants and T-range

k=8.617¢-5;

A=2510e]9,;

Eex=0.0074; % Value was adjusted to match S&G ni(300K) value
T=200:25:700;

FBand Gap vs. T
EGO=1.17;

a=4.730e-4;

b=636;
EG=EC0-0.%(TA2) /(T +b):

FEfMective mass ratio (mnr=mn*/m0, mpr=mp*/m0})
mar=1.028 + {6.11e-4).#T - (3.09¢-7).*T.*2;
mpr=0.610 + (7.83e-4).*T - (4.46e-7).¥T.*2;

%Computation of ni
ni= A *((T./300).4(1.5)).*((mnr. *mpr). A(0.75)). *exp(-(EG-Eex)./(2 .*k.*T));

FeDisplay oulput on screen

Jj=length(T);

fprintf("ini\n T ni\n'); % There are ten spaces between T and ni.
for ii=1:j,

fprinf(” %-10.0%-10. 3¢\’ T nidii));

end
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(h) MATLAB program script . . .
« FpExperimnental fit of Sproul-Green ni data (ZT5K - 375K)

Foni calculation

T=275:25:-375;

k=8.G61Te-5-

ni={9_ 1519 *(T./30D).~2 *exp(-0.592E_/Nk*T)):

Felhsplay resuit on screen

i=lengih{T)

fpraimifi" wnwa T niwn'}); S There are ten spaces between T and ni.
for ii=1:j,

fprentf(" - 10.FF%-10 . 3ehn" Tl ii . mafii));

end

Output from the Dao programs is reprodeced below. Note the excellent agreement of
the compuiational results (o within 2%) owver the temperature range of motoal
wvalidiny.

T (K (a) myfem—2*) (&) m{em )

200 5.246 10« —
275 1.0:5% 109 1051 > 10°
3040 1 WO 1G 1.0 > 1059
325 G.798 g 5.887 » 10@
350 3.565 g 3623 » LDEE
375 iL.518 e 1.542 = 1012
400 5.449 10 E=

2716 L

3.988 L b

2865 Qe

EKEXXKXXX XN
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charge
cm’

=gp—qn+ gNp —gN, =0 p—n+Ny—N,=0

mber of donors/cm?
\,: total number of acceptors/cm?

Ny* : the number of ionized donors (positively
charged donors)

N, : the number of ionized accpetors
(negatively charged acceptors)
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|‘

p = ni/n

B 2 n-n+Ny—Ny=0
A

)

n*—nNp — Ny —n>=0

A,
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Cac truirong hop dac biét

ni>>|ND-NA| n=zpz=n

: trwong hop nhiét d6 da Ion, ban dép pha tap tr& lai thanh ban dan thuan
V&i ban dan bu trir Ny = N, , giong trwdng hop ban dan thuan.

%
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Q: A Si sample is doped with 10" boron atoms per cm’.
(a) What are the carrier concentrations in the Si sample at 300 K?

(b) What are the carrier concentrations at 470 K?

A: (a) Boron in Si is an acceptor Thus N, = 10"/cm’. At 300K, n, =
1.18 X 10"/cm® and the given N, is clearly much greater than n;. Moreover, since the Np
doping was omitted from the problem statement, we infer N, <€ N,. With N, > n; and

N, ® Np, Eqgs. (2.31) may be used to calculate the carrier concentrations: p = N, =
10%/cm®; n = n?/N, = 1.39 X 10°/cmy’.

(b) As deduced from Fig. 2.20, n; = 10"/cm’ at 470 K. Because n; is comparable to N,,
Eqgs. (*) must be used to calculate at least one of the carrier concentrations. (Once one of

the carrier concentrations is known, the second is more readily computed using the np product
expression.) Performing the indicated calculations gives: p = N,/2 + [(NAa/2)* + n}'? =
1.62 X 10%/cm’; n = n?/p = 6.18 X 10%/cm’.
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e ’," -
NC e (Ei—EVkT _— NV e (Ey—EVkT

() oo Bk
NC m, 2

)
Vay: E; nam gitra ving cam khi m,* = m," hoéc khi T = 0K
Vo trwo’ng hoi Si tai 300K, m,, /m —069 (3/4)kTIn(m, ‘/m.) =-0.0073 eV

/3 - E; nam duwoi mare gitra vung cam mot khoang rat nho 0. 0073 eV
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(Ep—E)IkT

=
|

E. —E
nie( i —ER)kT )
‘-_7 EF - Ei = kT IH(ND/n.)

A
I}

...Np > N,, Ny 2 n,
...Ny 2> Np, N, > n,

E. sé tién dan tr murc gitka ving cam lén day viing dan khi ndng do donor tang dan
E- sé tién dan tlr mirc gitba ving cam xuong dinh ving hoa tri khi nong dé acceptor

tang dan

%
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Fermi level positioning in Si at room temperature as a function of the doping concen-
tration. The solid Ep lines were established - for donor-doped material and
for acceptor-doped material (kT = 0. 0259 ¢V, and n, = 10/ o).

com/tailieudientucntt
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® 2.1 E; versus T Computation
With increasing temperature an expansion of the crystal lattice usually leads to a weakening
of the interatomic bonds and an associated decrease in the band gap energy. For many
semiconductors the cited variation of the band gap energy with temperature can be modeled
by the cmpirical relationship

al?

Eg(T) = Eg(0) — ———
oD = O - &

where o and B are constants chosen to obtain the best fit to experimental data and Eg(0) is
the limiting value of the band gap at 0 K. As far as Si 15 concerned, a fit accurate to four
places is obtained by employing

Es(0) = L1170 eV
a = 4. 730 1072 eV/K
B = 6356 K
T in Kelvin

Make a plot of Eg versus T for Si spanning the temperature range from 7 = 0 K to
T = 600 K. Specifically note the value of Eg a1t 300 K.



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

CARRIER MODELING

Y

2.3 Using the energy band model for a semiconductor, indicate how one visualizes (a) an
electron, (b) a hole, (c) donor sites, (d) acceptor sites, () freeze-out of majority carrier
electrons at donor sites as the temperature is lowered toward 0 K, (f) freeze-out of majority
carrier holes at acceptor sites as the temperature is lowered toward 0 K, (g) the cnergy
distribution of carriers in the respective bands, (h) an intrinsic semiconductor, (i) an n-type
semiconductor, (j) a p-type semiconductor, (k) a nondegenerate semiconductor, (1) a de-
generate semiconductor.,

2.5 Develop an expression for the total number of available STATES/cm? in the conduc-
lion band between energies E, and E_ + ykT, where ¥ is an arbitrary constant.

2.14 (a) Determine the temperature at which the intrinsic carrier concentration in (i} Si
and (ii) GaAs are equal to the room temperature (300 K) intrinsic carrier concentration
of Ge.

(b) Semiconductor A has a band gap of 1 eV, while semiconductor B has a band gap
of 2 eV. What is the ratio of the intrinsic carner concentrations in the two materials

(m;,/n,5) at 300 K. Assume any differences in the carrier effective masses may be
neglected.
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2.16 Concentration questions with a twist

(a) A silicon wafer is uniformly doped p-type with N, = 10'5/cm3. At T =0 K, what are
the equilibrium hole and electron concentrations?

(b) A semiconductor is doped with an impurity concentration N such that N ® », and all
the impurities are ionized. Also, n = Nand p = nZ/N. Is the impurity 2 donor or an

acceptor? Explain.

(c) The eiectron concentration in a piece of Si maintained at 300 K under equilibrinum
conditions is 103 /cm3. What is the hole concentration?

(d) For a silicon sample maintained at T = 300 K, the Fermi level is located 0.259 eV
above the intrinsic Fermi level. What are the hole and electron concentrations?

(¢) In a nondegenerate germanium sample maintained under equilibrium conditions near
room temperature, it is known that n; = 10'3/cm?, n = 2p, and ¥, = 0. Determine n
and N,
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2.17 Determine the equilibrium electron and hole concentrations inside a uniformly doped
sample of Si under the following conditions:

(a) T=300K, N, €« Ny, Ny = 10'5/cm?.

(b T=300K, Ny = 10'S/fcm?3, Ny << N, _.

) T=300K,N, —9 x 10'5%/cm?, :h"’n = 1% fom 3.
(d)y T= 450K, N, = 0. Ny, = 10" /cm3.

{(e) = 650K, ¥V, =0, vy = 10*/cm3.

2.18 (atoe) For each of the conditions specified in Problem 2.17, determine the position
of £, compute Ep — E,, and draw a carefully dimensioned energy band diagram for the Si
sample. NOTE: Eg(Si) = 1.08 eV at 450 K and 1.015 eV a1 650 K.

2.20 According to the text, the maximum nondegenerate donor and acceptor doping con-
centrations in Si at room temperature are Ny, = 1.6 X 10'%/em? and N, =91 X 101/
cm *, respectively. Verify the text statement.
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1\@

Cnnstruct'a MATLAB (computer) program to calculate and plot E; — E in the material
as a function of temperature for 200 K = 7 =< 500 K. '

O

Run your part (b) program to determine what happens if N, is progressively in-
creased in decade steps from N, = 10'%/cm? to N, = 10"8/cm3. Summarize your
observations.
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