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2.1 Vat liéu ban dan

Control of Conductivity is the Key to
Modern Electronic Devices

Conductivity, o, is the ease with which a given
material conducts electricity.
Ohms Law: V=IR or J=cE where J is current density
and E is electric field.

Metals: High conductivity

Insulators: Low Conductivity

Semiconductors: Conductivity can be varied by several

orders of magnitude.
It is the ability to control conductivity that make
semiconductors useful as “current/voltage control
elements”. “Current/\VVoltage control” is the key to
switches (digital logic including microprocessors
etc...), amplifiers, LEDs, LASERSs, photodetectors,
etc...




Classifications of Electronic Materials

o Electrical/Computer engineers like to classify
materials based on electrical behavior (insulating,
semi-insulating, and metals).

0 Materials Engineers/Scientists classify materials
based on bond type (covalent, ionic, metallic, or van
der Waals), or structure (crystalline, polycrystalline,
amorphous, etc...).

O In 20-50 years, EE’s may not be using
semiconductors at all!! Polymers or bio-electronics
may replace them! However the materials science
will be the same!

Material Classifications based on Bonding Method

o0 Bonds can be classified as metallic, lonic,
Covalent, and van der Waals.
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Ionic Bonding: One atom acquires and holds Covalent Bonding: Atoms share electrons with the
the electron(s) of an adjacent atom. Bonding surrounding atoms. Bonding is moderately weak.
is coulombic and strong.




Material Classifications based on Bonding Method
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Metallic Bonding: Atoms give up electrons to the surrounding Van der Waals Bonding: Neutrally charged molecules form
regions, forming an “electron cloud”. B ing is coulombic dipoles which are attracted to other dipoles. Bonding is

but weak due to screening of charge. extremely weak, but long chains can form.
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Material Classifications based on Crystal Structure

o Amorphous Materials

No discernible long range atomic order (no detectable crystal structure).
Examples are silicon dioxide (SiO2), amorphous-Si, silicon nitride
(Si3N4), and others. Though usually thought of as less perfect than
crystalline materials, this class of materials is extremely useful.

o Polycrystalline Materials
Material consisting of several “domains” of crystalline material. Each
domain can be oriented differently than other domains. However, within a
single domain, the material is crystalline. The size of the domains may
range from cubic nanometers to several cubic centimeters. Many
semiconductors are polycrystalline as are most metals.

o Crystalline Materials
Crystalline materials are characterized by an atomic symmetry that repeats
spatially. The shape of the unit cell depends on the bonding of the
material. The most common unit cell structures are diamond, zincblende
(a derivative of the diamond structure), hexagonal, and rock salt (simple ¢
cubic).




Material Classifications based on Crystal Structure

{a) Amorphous

No recognizable
long-range order

(b} Polycrystalline

Completely ordered
in segments

{c) Crystalline

General classification of solids based on the degree of atomic order: (a) amorphous,

(b) polycrystalline, and {c) erystalline.

Entire solid is made up «f
atoms in an orderly array
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Conductivities for insulators,
semiconductors, and conductors.
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Element Semiconductors
(Céc chat ban din nguyén td)

Bang phan loai tuian hoan ciia vt liéu ban dén

Period Column II I1I v A% VI
2 B C N (0]
Boron Carbon Nitrogen Oxygen
3 Mg Al P S
Magnesium Aluminum Phosphorus Sulfur
4 In Ga M As Se
Zinc Gallium Germanium Arsenic Selenium
5 Cd In Sn Sb Te
Cadmium Indium Tin Antimony Tellurium
6 He Ph
Mercury Lead
11
Compound Semiconductors
V4 ;( 7 X X
(Céac chat ban dan hon hop)
o Nhirng ndm gan day nguoi ta st dung nhicu cac chat

O

ban dan hdn hop trong nhiéu loai dung cu ban dan.
C6 cac chat ban dan hdn hop tir 2 nguyén té (nhi
hop), 3 nguyén to (tam hop) va 4 nguyén to (ta hop).
Nhiéu chit ban dan c6 céc tinh chit dién va quang
khac véi Silicon. Bac biét 1a GaAs dugc dung lam
vat liéu chinh dé ché tao cac dung cu trong cac tng
dung quang dién tr va chuyén mach toc do cao
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Cac chat ban dan nguyén t6 va hén hep

TABLE2 Semiconductor Materials?

General Semiconductor
Classification Symbal Name
Element Si Silicon
Ge Germanium
Binary compound
IVEIV = s mims s ess m s e s SiC Silicon carbide
B e T AlP Aluminum phosphide
AlAs Aluminum arsenide
AlSh Aluminum antimonide
GaN Gallium nitride
Gal Gallium phosphide
GaAs Gallium areside
Gasb Gallium antimonide
InF Indium phosphide
InAs Indium arsenide
Indium antimonide

InSh

—_ L.
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Cac chat ban dian nguyén t6 va hén hep (tt)

Ternary compound

Quaternary compound

Zn0

ZnS

ZnSe

ZnTe

Cds

Cdse

CdTe

Hgs

PbS

PbSe

PbTe
ALGay As
A]r[nl.-xAS
CaAs,_P,
Ga,In,_As
Ga,In,_P

Al Ga,_As,Shy
Ga,Iny As, P,

Zinc oxide

Zine sulfide

Zinc selenide

Zine telluride

Cadmium sulfide

Cadmium selenide

Cadmium telluride

Mercury sulfide

Lead sulfide

Lead selenide

Lead telluride

Aluminum gallium arsenide
Aluminum indium arsenide
Gallium arsenic phosphide
Gallium indium arsenide

Gallium indium phosphide
Aluminum gallium arsenic antimonide
Gallium indium arsenic phosphide
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2.2 Cau tric tinh thé co ban

15

Khéai niém mang va té bao don vi

O Tasé nghlen cuu vat liéu ban dan don tinh
the ma trong do cac nguyen tr duoc sap xep
tuan hoan trong khong gian.Sy sap Xep tuan
hoan cuiia cac nguyén tir trong tinh thé duoc
goi la mang (lattice).

o Trong tinh thé, nguyen tir s€ dao dong (do
nhiét) quanh 1 vi tri co dinh.

o Vi ban dan cho trudc, cd té bao don vi (unit
cell) dai dién cho toan bo mang [tinh the]
bang cach 1ap lai té bao don vi trong tinh thé
ta c6 toan bo mang tinh thé.
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Té bao don vi

O Té bao don vi c6 thé duoc dic trung bang vector R
(duoc tao thanh tir c4c vector a, b, ¢ [cac vector nay
khong nhat thiet phai vudng goc véi nhau va chiéu
dai cua chung cé thé bang hay khong bang nhau] va
cac so nguyén m, n va p)

R=ma+nb+pc

o Cac vector a, b, va ¢ duoc goi la cac hang so mang

(lattice constants).

17
Fig. 2 A generalized primitive unit cell.

M@t so té bao don vi tinh thé lap phwong co ban

o Cacté bao don vi khac nhau dya trén cac té bao don vi lap
phuong: t€ bao don vi 14p phuong don gian (SC), t€ bao don vi
1ap phuong tép trung bén trong (BCC), va t€ bao don vi 1ap
phuong tap trung bé mat (FCC)

(c)

Fig.3 Three cubic-crystal unit cells. (2) Simple cubic. (b) Body-centered cubic. (c) Face-
centered cubic.
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Cau tric mang tinh thé kim cwong

Silicon va germanium c6 mot cau tric tinh thé kim
cuong.

Cau truc silicon thugc vé 16p nhitng té bao don vi lap
phuong tap trung bé mat. T€ bao don vi silicon gom co
tdm nguyén tur silicon.

Cau tryuc c6 thé dugc nhin thay nhu hai mang tinh thé
con (b€ mat) tham nhip nhau vé1 mot mang con dugc
doi cho bd1 mot mang con khac bang 4 khoang cach
doc theo duong chéo bén trong khoi 1ap phuong

Hau hét nhimng chét ban dan I1I/V ting trusng theo
mang tinh thé zincblende, ma dong nhat v&é1 mot mang
tinh thé kim cuong chi c6 di€u mot trong so nhiing
mang tinh thé con t€ bao 1ap phuong tap trung bé mat
c6 nguyén tur gallium (Ga) va nhitng nguyén tur arsenic
(As) khéc. 19

Cau tric mang tinh thé kim cwong (tt)

(a) (b)
Fig.4 (a) Diamond lattice. (b) Zincblende lattice.

20
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Cac mat phang tinh thé va chi s6 Miller

O Céc tinh chat tinh thé theo nhiing mat phang khac
nhau thi khac nhau va nhiing tinh chit dién, nhiét, va
co o the phu thudc vao huong tinh thé.

o Cac chi so i [Miller] dung dé dinh nghia nhitng mat
phang trong tinh thé.
O Thi du: Xac dinh mat phang tinh thé

Mit phang giao véi cac truc toa do tai a, 3a, va 2a.
Liy nghich dao cua cac toa d6 nay ta du0’c 1,1/3 va
1/2. Ba s0 nguyén nho nhat ¢ cac ti s6 6, 2 va 3.
Nhu vay mat phang nay co6 thé duoc xem nhu mit
phang (623). ‘

21

Cac mit phang tinh thé va chi s6 Miller (tt)
Céc qui u6c dinh nghia chi s6 Miller:
o (hkl) : mot mit phang
m| [hkl] hudng tinh thé 1a diém trong mang tinh thé gan
gdc toa d6 nhét theo hudng mong mudn.
o {hkl} : ho cic mit phang twong dwong ddi xtng

2

/—[D(ll}

(100) (1) (111)

: D R ; . 22
Fig.6 Miller indices of some important planes in a cubic crystal.
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Cac mit phang tinh thé va chi s6 Miller (tt)
o Khi c6 toa do am thi ghi s6 duong twong g va co
duong gach trén con s0, thi du hudng tinh thé c6 toa
do -1,-1,1 thi nguoi taghila [1111]

(100) (110) (111

, (a)
Céc chi so Miller thuong gap:
(a) cac mat phang tinh the, va (b) cac vector hudng

23

Cac mit phang tinh thé va chi s6 Miller (tt)
Trong cic mang tinh thé 1ap phuong, hudng [hkl] vuéng goc
v61 mat phang (hkl).
Thi du: ho mat phang {100} la:
{100} = (100),  (010), (001), (100), (010), (0O1)
0O Thi du mot s6 hudng tinh thé

. [010]

24
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2.3 Céc lién két hoa tri
(Valence bonds)

25

Lién két dong hda tri va lién két ion
Trong cé4c dung cu ban dan cé thé gap cac lién
két sau:

Lién két dong hoa tri (covalent bonding)
Lién két ion (ionic bonding)

Trong ban dan nguyén té dung céc lién két ddng hda
tri; cOn trong ban dan hdn hop thi sir dung ca lién két

ddng hoa tri va lién két ion.

26
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The periodic table

1A 2A 8A

3A°  4A 5A 6A T7A H!

. F———
[ [

Groups 3B,4B,5B,6B
7B,8B,1B lie in here

A section of the periodic table

Lién két ion (lonic bonding)

Lién két ion do lwc hit #inh dién giira céc ion tich dign dwong
va am (gitra 1A va 7A).

Qua trinh nay dan dén chuyén dién tir va tao thanh cac ion c6 tich
dién; ion tich dién duong do nguyén tir mat dién tir va ion tich
dién &m do nguyén tir ¢ thém dién tir.

Tat ca cac hdn hop ion la chat ran don tinh thé & nhiét o phong.
NaCl va CsCl 1a cac thi du tiéu biéu cho lién két ion.
Céc tinh thé ion thi c6 diém ndng chay cao, ran don va cd thé hoa

tan duoc trong cac chat 1ong thong thuong.
28
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lonic bonding

The metallic elements have only up to the valence electrons
in their outer shell will lose their electrons and become positive
ions, whereas electronegative elements tend to acquire
additional electrons to complete their octed and become
negative ions, or anions.

Na Cl
29

lonic bonding

This typical curve has a

minimum at equilibrium V(R GEECEEEO RS
distance R, ®) & @ &< > @
R>R,; ey
the potential increases Replisie
gradually, approaching 0 .
as R EE et
: ‘ N

the force is attractive

R<Ry;

m the potential increases
very rapidly, approaching
oo at small radius.

m the force is repulsive

30
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Lién két dong hoa tri
(Covalent bonding)

« Ca4c chat ban dan nguyén té6 Si, Ge va kim
cwong duwoc lién két bang co ché nay va chung
thuan dong hoa tri.

« Lién két nay la do dung chung céac dién td.(mbi
cap dién tr tao nén lién két dong hoa tri)

« C4c chét ran c6 lién két déng hda tri thi co diém
néng chay cao, ran va khéng hoa tan trong cac
chat 16ng théng thudng.

e CAc ban dan hén hop st dung cd cac lién két
dong hoa tri va lién két ion. 31

Comparison of lonic and Covalent Bonding

atoms atoms
- e @ - @
® )
\\____/ — T
SHARING OF TRANSFER OF
LECTHONS ELECTRON
o
ey

molecule positi
ion

wvalent bond ionic bond

22
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Thi du lién két dong hoa tri véi cac
chat co 4 dién ti héa tri

.00

£
KJ'»—'

(a) (b)

Fig. 11 ({a) A telrahedron bond. (b) Schematic two-dimensional representation of a letrahedron
bond.

33

- O nhiét d6 thép cac dién tir dugc rang budc theo mang
tinh thé tr dién twong tmg.

- Khi nhi€t d0 cao hon thi cac dao dong nhi¢t s€ lam
gay cac lién két dong hoa tri.

Conduction
electrun

{a) (h)
Fig.12 The basic bond representation of intrinsic silicon, (a) A broken bond at pusition A, 4
resulting in a conduction electron and a hole. (b) A broken bond at pesition B.
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2.4 Cac dai nang lwong
(Energy bands)

35

Nhirng mirc nang luwgng cua 1
nguyén tir dugce cach ly

D¢ hiéu nhing tinh chat ctia nhitng chat ban dan, ta can phai hiéu
nhiing tinh chat ctia nhitng nguyén tir tao thanh chung.

Theo m hinh ctia Bohr thi nguyén tir gom c6 mét 16, ma vé co
ban chira toan bo khdi lwong ciia nguyén tir. Vo gan nhu khong co
khéi lwgng. Hau nhur moi khéi lwong duoc tap trung trong 15i co
duong kinh nho 105 m , khi d6 so sanh v&i duong kinh vo 1010 m
=0.1 nm = 1A(Angstrom).

L5i gom c6 nhitng neutron va nhitng proton. Li mang dién tich
duong. V6 (vo dién tir) mang dién tich am vi ¢6 nhiing di¢n tir trén
cac quy dao trong vé. Nhung toan bd nguyén tu thi khong co dién
tich hay trung hoa dién.

Nhiing dién tir nhu nhitng v€ tinh. Chuing quay xung quanh 16i trén
quy dao nhét dinh. Nhirng dién tir dugc 1am on dinh trén nhimng
quy dao ciia ching do sy can bang cua nhing lyc ly tim va
Coulomb. 36
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Nguyén tir Hydrogen

O Do sy can bang gitra luc ly tam va luc ~  Seninfiga
tinh di€n, ton tai mot lién hé van téc dién
tor va ban kinh cua 101. Vén toc cua moi _
dién tir lién hé vdi ban kinh quy dao voi e
tam ¢ 101. Vi mot dién tir 6 theé ¢ nhiing
nang lugng khac nhau, nd cg thé co
nhitng ban kinh khic nhau dén 161 cua
nguyen tu. Tuy nhién, mo6 hinh ¢6 nhiing
van dé sau:

Theo dién dong hoc b dién, hat c6 tich dién
trén quy dao dan dén tao thanh mot ludng cuc
tor ma brc xa ndng luong. Do mat mat nang _
lugng, hat s€ bi hiit nhiéu hon vao 161, ma dan
dén duong di nhu hinh xoan 6c. Cudi cung
hat s€ roi vao 101 ciia nguyén tir.

37

Nguyén tir Hydrogen (tt)

o Dé giai quyét van dé nay, ong Bohr dd dé nghi tién dé sau: cac
murc nang lugng cua nguyén tir va ban kinh quy dao dugc
lugng tir hdéa. Cac mure nang lugng dugc cho phép cuia nguyén
tor Hydrogen dugc cho béi:

E, =—— n=123,...

voi Eg 13 ning lwong Bohr va n 1 sé lugng tir nguyén tic
(principle quantum number). Nang luong Bohr dugc cho boi:

2
E;=—12
8reyay
v0i ag la ban kinh Bohr, q la dién tich dién tir (12 dién tich co
ban) va g, la hang s6 dién moi chan khong. Nhitng nang
lugng dién tir gitra nhitng mirc nang luong E, khong dugc cho
phép. 38




Nguyén tir Hydrogen (tt)

Khi nhitng nang luong dién tur dugce lugng tu hda va nhitng ban
kinh ctia nhitng muc ning lugng (energy levels) cting dugc lugng
tur hoa.

Nhitng mtc ning lrong ctia mot nguyén t6 1a duy nhat.

Su tao thanh hay tach ra cia nhitng mirc nang lugng nay cho phép
tao thanh nhitng ddi ndng luwgng (enery bands).

Nhiing ning lugng, ma ¢ gitta nhitng nang lugng da dugc dinh
nghia, dugc goi la nhitng dai nang lugng cam (forbidden energy
bands) hay nhiing ddi cam.

Nguoi ta thuong dung don vi cua nang lugng 1a eV (electronvolt).
Dai luong eV la don vi ndng lugng tuong Umg dién tir cd dugc khi
thé cua nd tang thém 1V (1leV=1.6 x 10°AVs=1.6 x 1019)).

Béan kinh Bohr duoc cho boi:

gh’
ay=—"—
T-myq
v6i h 1a hang so Planck va m, 1a khoi lugng cua dién tur. 39

Nguyén tir Hydrogen (tt)
O Mo hinh nguyén tir cia Bohr 6 thé két hop véi Iy thuyét
quang tu (photon) cta Einstein. Hi¢u s0 ndng luong gitra 2

muc nang lugng n va m (ndng lugng photon) dugc cho béi:

B —E k. "=

E, g v61 mirc nang lugng cao hon.

] Chuyép tiép tir mirc ning luong cao hon xudng thap hon din
dén mat nang lugng. Nang luong dugc gidi phong dudi dang
photon, véi f 1a tan so cta anh sang dugc phat xa. Tan so f va
bude song A tuong tng ctia anh sang dugc cho boi:

4
f gm, |1 1
Jnm 2,2 > 2
8eyh™ |m~ n
c
iﬂ,”’l = ~
](I’I,Iﬂ 40
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~ 20 -/
Nhirng dai nang lugng
2 ® I4 s

O Tachuyén viéc khao sat tir nguyén tir don sang khéo sat chat ran.

O  Va&i mot nguyén tur cach ly, cac dién tir c6 cac mire nang luong roi rac,
Khi s0 p cac nguyén tir cach ly dugc gom lai voi nhau de tao thanh chat
ran, quy dao cua céc di¢n tur ngoai cung phu lap nhau va tuong tac voi
nhau. Sy tuong tac nay bao gobm nhirng luc hut va day gilra cac nguyén tu.
Nhiing lyc hut gitra cac nguyén tir gdy ra su dich cac mtc nang luong.
Thay vi tao thanh nhitng mirc don, nhu trong trudng hgp don nguyén tir, p
muc nang lugng dugc tao thanh. Nhitng murc nang luong & gan nhau. Khi
p lon, nhiing mare ndng luong khac nhau tao thanh mét dai lién tuc.
Nhitng mtrc va do d6 nhitng dai c6 the mo rong 1én nhicu eV tuy theo
khoéng cach gilra cac nguyén tir va phan tir.

So dd minh hoa viée
tach cac trang thai suy
bién thanh dai lién tue
cia cac trang thai
[duoc] cho phep.

Electron energy

[~ Y -

Interatomic distance ——

Cau truc dai nang luwgng cia ban dan

O Bay gio ching ta chuyén tir mo ta tong quat cau trac dai
ning lwong trong chit ran sang truong hop cu thé hon cua
silicon. Mot nguyén tu silicon cach ly ¢6 14 dién ti. Trong
14 dién tir, c6 10 dién tir chiém nhimg muc ning lwong siu
hon. Do dd, ban kinh quy dao nho hon luc tach gitta nhiing
phén tir trong tinh thé. 10 dién tir bi lién két chat voi cac
nguyén tur.

o Bdn dién tur dai hoa tri con lai o lién két yéu voi 161 va co
thé tham gia vao cac phan tmg héa hoc. Do d6, chung ta co
thé tap trung vao 16p vo ngoai cling (mirc n=3). Mirc n=3
gdm céc 16p vo con 3s (n=3 va I=0) va 3p (n=3 va I=1). Lép
vO con 3s €O 2 mirc trang thai cho phép trén 1 nguyén tir va
ca hai trang thai dugc lip boi 1 dién tir (6 00K). Lop vo con
3p c0 6 trang thai cho phép va 2 trong cac tran thai nay dugc
ldp boi nhitng dién tir con lai. 42
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Biéu dién so’ do ciia nguyén tir silicon cach ly

N
N \\
MR
\
Six allowed levels
at same energy
Two allowed levels
at same energy
s P
n=2 n=3
2 electrons 8 electrons 4 electrons

43

Swu tao thanh nhirng dai ning lwgng trong silicon theo ham
khoang cach giira cac nguyén tir trong mang tinh the.

Electron
energy

4N states
0 electrons

band

E, 4 N states
4 N electrons
.
Valence
band

543 A Lattice spacing 44
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Khe nang lwgng (bandgap)

o Day cta dai dan duge g01 la E; va dinh cua dai hoa tri
duogc goi 1a E,,. Hi€u s0 nang lugng giita day dai dan va
dinh dai hoa tri dugc goi 1a khe nang luong Eg.

O Khe nang lugng Eg =E. - Eg ¢ gura day dai dan va
dinh dai hoa tri bang bé rong dai cAm. Eg la nang luong
can dé pha vo lién két trong ban dan dé cho mot dién tir
trong dai dan va dé mot 16 tréng trong dai hoa tri.

o Su thleu hut mot dién tr trong dai hoa tri dugc coi la mot
16 [trong ty do]. Su thiéu hut trong dai hoa tri co thé
dugc lap bang dién tir 1an cin, ma dan dén su dich
chuyén vi tri thiéu hut, xem nhu 16 di chuyen Ld co dién
tich dwong. Ca hai dién tir va 15 gop phan vao tao nén
dong dién.

45

Gian do ning hrgng-momentum

o Néu 1 dién tir duoc kich thich vao dai dan, no ¢ thé di
chuyén tu do trong tinh thé, tir d6 dién tur c6 thé duogc
xem nhu mdt hat trong khong gian tu do. Su truyén lan
cua dién tu ty do c6 thé dugc md ta bang ham song, 1a
loi giai cua phuong trinh Schrédinger. Ham song cho
dién tir tu do duoc cho boi

w = A explikx)+ B, exp(—ikx)

véi k 1a vector song cé phuong trinh sau:

h=——
hi2x
p la momentum (m6-man) cua dién tir.

O Do bi€u thirc nay, nang lugng dién tur c6 thé duoc cho
trude theo ham cua vector song. Ta ndi veé bicu dien
khong gian k. Cac dai nang lugng lic nay c6 thé dugc
xac dinh theo ham cua vector k. 46
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Gian d6 ning lrong-momentum (tt)

Ta xét dién tr trong khong gian tu do, khi d6 dién t@ ¢6 nang lugng E va

momentum p nhuw sau:

p=my

5
} my-
LH = >
2 %
L. ya
T d6 ta c6 the biéu dien E, theo p nhu sau:
2 2
po_my P
.= =
2 2m,

vd1  E, :nang lugng cia dién ti ty do

m,: kho1 luong cua dién tir

V : vén toc cua dién t

0

P

Energy momentum diagram for a

free electron

47

TD vé gian d0 ning lwong - momentum

Eleetron
!‘.'I'Il".T{-_D'

Hole
EneLgy

4

—

Conduction band
(my, = 0.25 my)

Valence band

{ e y
[, =my)

Fig. 17 A schematic energy-momentum diagram for a special semiconductor with m,, = 0.25 m;,

andmp = 1My
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Giin d6 ning lwgng-momentum [cgl giin dd dai ning lwong] cia
(a) ban din gian tiép (Td: Si) va (b) ban din truec tiép (Td: GaAs)

— Conduction Conduction
Silicon band GaAs band
5
2
= =
G ; 2
B o1 b &
2 E I &
= f | [S4]
I
0 t
|
|
-1 :
Valence ! Valence
band : band
-2
[111] 0 [too] Pe [111] 0 [100]
Momentum p Momentum p
(@) (b)
Indirect semiconductor Direct semiconductor

* GaAs dugc goi 12 bdn dén trwc tiép vi nd khong can sy thay d6i momentum dé chuyén

dién tir tir dai hoa tri sang dai dan.

« Si dugc goi 1a bdn déin gidn tiép vi n6 can sy thay d6i momentum dé chuyén dién tir tir 49
dai hoa tri sang dai dan.

Sw dan dién trong kim loai, ban din
va chat cach dién

50
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Schematic energy band representations of
conductor, semiconductor, and insulator.

Metals

(a)

valence band

Semiconductors

(b)

le, adivision o f

Filled

valence band

(c)

Empty
conduction band
Partiall.y filled Conduction band
conduction band PR
E,~1eV E,~9eV
Conduction band 20080
J Valence band
} Filled
_J valence band
Valence band
51
Partially or Empty Empty
fully filled, conduction conduction
overlapping band band
conduction
band
Filled E;uptodeV E,>4eV
valence band
Filled

Schematic of band structures for (a) metals, (b)
semiconductors, and (c) dielectrics or insulators. (Temperature

isOK.)

52

26



Nguoi ta phan loai vt liéu theo:
o Tinh din dién thong qua dién din suit o [S/m hay
S/cm] cua nd
Chay:
o Do dan dién cua ban dan & gitta cach dién va dan dién.
o Dién dan suit ciia ban dan c6 thé thay d6i do n6 phu thudc vao: nhiét
do, cau tric, do thuan khiét, anh sang. ..
O Mién (dai) nang luwgng thi phan chia vat liéu sé chinh
xac hon cach trén.

TD:
M(}t s6 ban dan co ban: Si, Ge,... (thudoc nhém I'V) dung dé
ché tao diode, transistor va IC.
Mot s6 ban din phic hopz GaAs, ZnS (thudce nhém II-V va
I1-VI tuong tng) dung dé ché tao cac dung cu toc dd cao, cam

bién burc xa,.. 53

Ly thuyét mién nang luong (hay dai ning
lvong) [ Energy band theory]

O MO hinh nguyén tir Bohr.

O Cac dién tur hoa tri la cac dién tir ¢ 16p ngoai cung
cua nguyén tu va n6 tham gia lién két hoa tri voi cac
nguyén tir 1an cdn trong mang tinh the.

O Céc dién tu trong mot nguyén tir ¢ nhitng mirc nang
luong o1 rac.

o Trong mang tinh thé cac nguyén tir gan nhau tao
thanh céac dai nang lugng, & gitta nhitng dai nang
lugng c6 dién tir (dai cho phép) 1a nhing dai nang
luong khong co dién tir (dai cam).
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Thi du vé mé hinh dii ning lwong

Lmpty
o ” upper bands

#
Lowest empty band
23 N ( conduction band)

Highest hlled band
(valence band)

W }\ Filled lower bands
A s

L2 ]

(a) |:b)

Hinh 5.2 Thi du vé 6 hinh dii ndng lugng: (o) Cée mre ning lugng cia nguyén i i, (b)
dai nang hireng cua tinh thé Si.

Ngudi ta chi quan tam dén 2 dai nang lwgng trén cting la dii dan (conduction band) va
dai hoa tri (valence band). Dai dan khéng ¢6 cac dién ti¥ va dai hoa tri cé day céac dién tir
hoa tr1 véi chat ban dan khi & 0°K.

/Electrons
35 —oo0— — oco— 2N electrons
—_——
2 —_——-—
P oo 0 6N electrons
—O-0—
R e S—
2§ ——o-0— 2N electrons
—_——
ls —o-0— 2N electrons
1 atom 2 atoms N atoms

le, adivision

The energy levels broaden into bands as the number of
electrons grouped together increases.
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Inc. ThomsonLearning

Electron energy

The simplified band
structure for sodium.
The energy levels
broaden into bands.
The 3s band, which is
only half filled with
electrons, is
responsible for

|
> : 2p% conduction in sodium.
— 25
} : 152
|
Equilibrium Distance
spacing between atoms
57
(a) At absolute zero, all of the electrons in the outer energy
level have the lowest possible energy. (b) When the
temperature is increased, some electrons are excited into
unfilled levels. Note that the Fermi energy is unchanged.
58
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nse.

under lice

isatrademarkusedherein

\ Conduction
band (empty)
\ o it o5

P
The band structure
Eg~ 35eV of carbon in the
\/ 252 diamond form.

The 2s and 2p

\ levels combine_ to
\ / Valence band (full) form two hybrid
NG
o

vision of Thomson Learning, Inc. Thomson Learning.

Electron energy

bands separated
by an energy gap,
E

©2003Br00ks/Cole, adi

g-

152

Equilibrium Distance
spacing between atoms

59

Gidn db dai ndng livong (Energy band diagram)

T Conduction band L

A °

Band gap
E,

8

T g

Valence band
Hinh 5.4 Gian db dai nang hrong
e Gian do déi nang lwong cho thay day dai dan la Ec va dinh dai hoa tr) la Ev.
e O giira da1 dan va dai hoa tri la dai cam va c6 d6 rong 1a khe ning lvong La:
Ec=Ec¢ Ev

60
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Phdn loai vit liéu theo khe nang luwong

P E=11ev
¥

S1. Semiconductor

E;

E,

E=9¢V

E.

Si0 g insularor

N
1

Top of

conduction band

.......

-------

Conductor

Hinh 5.5 Phién low \’Ei[ Liéu theo khie ning luong

Thi dux Tig ctia mét s& vat liéu ban dan (6 T=300"K):

Semiconductor

I'ble

Ge

51

(aAs

Diamond

Eg(eV)

0.31

0.67

1.12

1.42

6.0

61

Mt s6 thuit ngir thwong dung trong
ly thuyét dai nang luwgng:

Mot s6 thuat ngit thuong ding trong 1y thuét dai ning luong:

o Ny: mat d9 trang thai hi¢u dung ciia dai héa tri, ddy 1a s6 15 i da trén 1
don vi the tich ma ta c6 thé tim thay trong toan bo viung hoa tri.

0 Nc: méat d§ trang thai hiéu dung cia dai din, day 1a s6 dién tir toi da trén
1 don vi thé tich ma ta c6 thé tim thay trong toan bo dai dan.

O n:nong d9 dién tir (electron concentration) 14 sd dién tir trén 1 don vi thé

tich trong dai dan.

O p:ndng dd 16 (hole concentration) 1a s 16 trong trén 1 don vi thé tich trong

dai hoa tri.

Chua y: nva p con dugc goi la cac néng do dat dan (carrier concentration) vi
ching 1a nhiing hat mang dién tich tu do va chuyén dong theo dién truong
de tao thanh dong dién.
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2.5 Nong d6 hat dan noi tai
(Intrinsic concentrations)

63

Cac tinh chat vat liéu va hat dan

O Bdn din thudn va bin dén cé pha tap chit (Intrinsic and extrinsic

Semiconductors)

Vit ligu dugc xem 12 bén din thuén (con goi 12 ban dan ndi tai hay tinh khiét)

néu vat liéu chira mot lugng tap chat twong doi nho.

Vat liéu dugc xem la bdn dén co pha tap chét (con goi 14 ban din ngoai lai)

néu vat liéu chira mot lugng tap chat twong doi 16n.
Bdn dén ¢ can bang nhiét
Ta gia sir dang xét ban dan thuan va bo qua cac anh hudng cia tap
chit v6i ban dan. Ngoai ra ta gia sir ban din ¢ cAn bang nhiét, nghia
1a ban dan khong bi tac dong bdi cac kich thich bén ngoai nhur 4nh
sang, ap suét hay dién truong. Ban dan duoc giit & nhiét d6 khong
d6i trén toan bo mau thir (nghia 1a khong c6 gradient nhiét do trong
chét ban dan).

64
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Nong do hat din trong ban din

Sau day ta s& tinh nong d¢ hat dan trong dai din va dai hoa tri. Nong do hat dan
duoce cho bot:

fop
E C

= j'N (E)-F.(E)E (ndng do dién tir)

bot
Ee

p= [N,(E)-F,(EXE

£l (ndng dd 18 [tréng])

v6in va p 1a nong do dién tir va 16 (sb dién tir va 16 trén 1 dvtt [1/em’]); N(E) va Ny(E)
12 mat d¢ trang thai ctia dién tir va 16 (nhitng trang thai nang hrong cho phép trén 1 dai
ning lugng va trén 1 dvtt). F.(E) va Fy(E) la nhitng phin b6 Fermi-Dirac cho dién tir va
15. Phan bé Fermi-Dirac 13 ham xac sudt ma cho biét 1 trang thai duge chiém bai 1 dién
fir hay 15

65
~ X N\
/ 4 A A ? A < oA
Ban dan thuan 0 can bang nhié¢t
E
Conduction
band
EC L Ld
ES’
Ey o o
Valence
band
0 05 1.0
N (E) F (E) n (E) and p (E)
Schematic Density of Fermi-Dirac Electron and
Band Diagram States Distribution hole Density
66
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Mat do trang thai

Ta co thé tinh cac mat do trang thai bang phuong trinh
Schrédinger. Tuy nhién ta s& khong ban vé viéc suy ra ham mat do
trang thai. SV ¢o thé doc thém trong phu luc H cta sach
“Semiconductor Devices”, tac gia M.S Sze.

No(E)= "5 2mi(E - E.)

Y —
Ny(E)= j—ﬂ \2m; (£ — E)
3 v

v6i N¢ 1a mat do trang thai dién tir va Ny, 1a Mat d6 trang thai 16
Mat d¢ trang thai dugc xac dinh bdi mot tham s6 vat liéu, do la
khoi lugng hi¢u dung cua dién tir (m,) hay 10 (my,). Do do, mat do
trang thai cta dién tur va 16 thuong khac nhau.

67

Mikc (hay nang lwgng) Fermi E- va nong
do hat din can bing

68
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Thong ké Fermi-Dirac véi anh
hwong cua nhiét do

1.0 )

T R . SAN——
<9
\ 500 K
|
k: Boltzmann constant, : 300K
T: temperature in Kelvin, ‘ 100K
Eq: Fermi energy |
0 r(d 1 1 1 1 I ‘|
0 01 02 03

-05 -04 -03 -02 -0.
E-E, (V)

69

Fermi Dirac Distribution F(E)

Phén b6 Fermi-Dirac ciia dién tir
F.(E) va 16 F, (E).

1
r(r)= :
A2) 1+exp(E — £, /kT)

Fermi energy for electrons

0
-05-04-03-02-01 0 01 02 03

RIS
~ 1
1+exp(E, — E/kT)

Energy E—EF [eV]

Cin biang nhigt

Fermi energy for holes

Chét ban din & can bang nhiét, néu nhiét d6 & mdi vi tri ctia tinh thé 1 nhu
nhau, dong dién tong cong qua vat lidu bang 0, va chit rén khong bi chiéu
sang. Ngoai ra ta con gia st ring khong c6 phan g hoa hoc tham dy. Do
d6 nang luong Fermi trén toan vat li¢u la nhu nhau:

Er = Ex(X, Y, ) = const
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Nang lwgng Fermi trong chat rian

E A E A E A

N Ao
E, -WA EV-WA E; -WA

Conductor Semiconductor Insulator

71

Phéan bo Boltzmann

Dé tinh néng dé hat dan cho dién tir va 16 (n va p), ta can giai tich phan Fermi.
n=N¢-3y, (_ (Ec" - EF)/kT)
p=Ny-3)(-(Ex - E, )/kT)

Tuy nhién ta khong thé giai tich phin Fermi bang giai tich. Do d6 nguoi ta ding xép xi
dé xac dinh mat d6 hat dan. Xap xi nay dwoc goi la phan bd Boltzmann.

n= N exp(—(Ec — Ep )/kT) for Eq—Ep>2kT

Electron concentration, Boltzmann distribution

p~N, -exp(-(E; — E,)/kT) s b=

Hole concentration, Boltzmann distribution
Chu y: Cac phuong trinh trén chi 4p dung cho ban dan & diéu kién can bang (dkcb).
72
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X ~
A A X A o
- Nong do hat dan noi tai
Trong ban din thuan ta thiy ndng do dién trn va nﬁéng d6 16 p bing nhau. Ngudi
ta goi gia tri bang nhau cia n va p la néng d¢ hat din ngi tai n; (intrinsic carrier

concentration).

in:ni ==

Intrinsic carrier
¢ 7?3 =n, concentration

N(E)

n(E) and p(E)

Hinh 4.18 NE")ng do dién tir n, 116ng do 18 p va 116ng d6 hat dan néi tai n;.
Dua vao nong d6 hat dan ndi tai, ta cé thé xac dinh nang hrong ndi tai. Vi ban
dan thuan ¢ can bang nhiét, nang lwong noi tai E; bang voi nang hrong Fermi Ex

Er(n=p=n)=E;

biéu thirc cta nang luong ndi tai E;:

e

1 2 2 . 73
I‘\ A R A e °
Nong do hat dan noi tai n;
I, ° ° ° °
(3 nhiét d6 phong, dai lwong thir hai

nho hon nhiéu dai lugng thu nhit. Do dé _ T(°C) 5

. T T L1000 500 200 100 27 0 50
nang lwong ndi tai rat gan vo1 vi tri gitta khe 101 T T T
nang lwong (Ec-Ev)/2=Ey2. Vi Silicon, 108 4
ning leong ndi tai 1éch so véi gitta khe niang 1 \\
lrong 14 E-(Ec+Ev)2 = —kT/2 = —13meV. 10
Nang lwong nd1 tai bi dich vé phia dai héa =+ 10% \
tr1. Véi treong hop GaAs thi nguoc lai, nang 'g 1035 b
lvong néi tai dich vé phia dai dan E;- e al
(Ec+Ey)/2 = 3kT/2 =39 meV. Z 10

Dua vao quan hé n=p =n; ta c6 thé £ 100
biéu dién niang lugng ndi tai theo mat do 5 107
trang thai hat dAn cua dién tir va 16. Tir 2 % S I N W W
phuong trinh sau: 2 o |- -
(E -— L ) g \
N, =n, -exp| —— =08 - a—
kT 108 \ LN
7 -
N, =n, -exp(%] 18‘5 B
v 05 10 1.5 20 25 3.0 35 40 45
Ta tim dugce nang lugng ndi tai 1000/ T (K™Y
E Intrinsic carrier concentration
n, = NcNy, 'exp[— Z;T) 74

for silicon and GaAs.
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Biéu dién n & p qua n,

n=N_.-exp(-(E.—E,)/kT)  for E.-Ep>2kT

E. —F
N.=n, -exp(;J

kT
[ 5= E,) Electron concentration
n=n,-exp| ——=
kT
E - Ep :
P =n;-exp T Hole concentration

75

r
A

TD céc gia tri N, Ny, va n; caa 1 so6
ban dan théng dung (¢ 300°K)

CONDUCTION BAND VALENCE BAND INTRINSIC CARRIER
MATERIAL | EFFECTIVE DENSITY (N,) | EFFECTIVE DENSITY (V,) | CONCENTRATION (11; = p;)

Si (300 K) 2.78 x 1019 ¢m2 9.84 x 1018 ¢m—2 1.5 x 1019 ¢m-3
Ge (300 K) 1.04 x 1019 ¢m—3 6.0 x 1018 ¢m—3 2.33x 1013 ¢m—3
GaAs (300 K)| 445x10!7 cm2 7.72 x 1018 ¢m3 1.84 x 106 cm=>
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2.6 Chat Donor va chat Acceptor
Ban dan c6 pha tap chat
B4n dan loai P va ban dan loai N

77

[m}

Chat cho dién tir (donor) va chat nhan

oA ?
dién tw (acceptor)
Khi ban dan bi pha tap chat (voi 1 lugng 16n tap chat) thi ngudi ta goi nd
la ban dan ngoai lai hay ban dan c6 pha tap chat. Trong phan nay ta s€ xét
anh hudng cua céc acceptor va donor lén céc tinh chat cua vat li¢u. Ta s&
tap trung xét pha tap chat cho silicon.

'« «] - Conduetion
~.! electron
PP

() (b)
(a) Mang tinh thé Si loai N véi pha tap chit bang cic nguyén tir donor As
hay P (arsenic hay phosphorus).
(b) Mang tinh the Si loai P véi pha tap chat bang cac nguyén tu acceptor 78
B (boron).
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Donors

o When a semiconductor is @ . I:*/\)

doped with impurities

= Extrinsic semiconductor :‘@:1“5 : *_4 3
= The impurity energy level are ~ — 0 =8548~
introduced o R =
o N-type Si with donor _Q
= Arsenic atom with five valence fan)  fes) fas)
electron

o Covalent bonds with its four neighboring Si atoms
o Thefifth electron
= Relatively small bonding energy to its host arsenic atom
= Be “ionized” to become a conduction electron
o Thearsenicatom is called a donor
= Silicon become n-type
o Because the addition of the negative charge carrier

79
Acceptors
O P-type Si with acceptor
= Boron atom with three valence electron
= An additional electron is foe
“accepted” to form four 2
covalent bonds around @ .ﬁ * ’
the boron e "ol (o]
= A positive charged @ , +3i;‘.‘
“hole” is created in Si =
the valence band foo (oo “;;'; .
= Boron is an acceptor @ @ “
Si
80
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Gian d6 dai ning lwong ciia ban dan loai N
va ban dan loai P

A
e, T e
3 [T E 7 Dororlovele B
5 Ep Donor levels =
(i G | G fozporloves
EV EV
Distance Distance

(a) Gian dé dai nang luong clia ban dan loai N (b) Gian dd dai nang lwong ctia ban dan loai P
Hinh 4.20 Gian do dai nang luong cia ban dan loai N va ban dan loai P.

Khi ta tang nong d6 donor thi mie Fermi s& dich gan hon t6i day cta dai dan. Do
d6, hiéu s6 ning lwong gitta mitc Fermi va dai dan (Ec — Eg) s& nho hon khi ting nong
d6 donor.
Tuong tw nhw vay véi ban dan ¢6 pha acceptor: khi ndng d6 acceptor cang cao thi
mttc Fermi s& chuyén dén cang gin dai hoa tri. G nhiét d6 phong, kich thich nhiét du
cao dé kich hoat dién tir tir dai hoa tri sang dai dan. Két qua Ia ta ¢6 dwoe cac ion cht
nhéan dién tir mang dién tich am (do diéq jaid }fip vao) va hinh thanh cac 10 trong dai hoa 81
tri Mhte nino hrono ena accentor (F L) rat oan vdi dai hda tri (hinh 4 20k

Niing lwgng ion héa ciia cac tap chat trong Si

Sh ) Ti G Pt Au 0
g 0039 004551 021 025 035 016
.38
=3 5l
054 051
Lig == S — i o mmmis i L 5ar
034 035 036 -
06 D 33p %
0.045 0.067 0072 - D

S Se Sn Te Si C 0
0.006 0.006 0.006 Go7 0.0058 0.006
GaAs :
04
0.63
42 L 067—~-4 —
044 D
0.24
0.028 0.028 0.031 0.035 0.035 (og 0.14
Be Mg Zn Cd Si C Cu Cr

Fig. 24 Measured ionization energies (in eV) for various impurities in Si and GaAs. The levels
below the gap center are measured from the top of the valence band and are acceptor levels
unless indicated by D for donor level. The levels above the gap center are measured from the
bottom of the conduction band and are donor levels unless indicated by A for acceptor level ®
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2.7 Nong do hat din trong ban
danloai Nva P

83

=i
NI(E) ! n (E) and p (E)
a) (b} (d)

Fig. 26 n-Type semiconductor. (2) Schematic band diagram. (b) Density of states. (¢} Fermi
distribution function. (d) Carrier concentration, Note that np = nt,

84
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Quan h¢ giira nong do dién tir n va nong
do 10 trong ban dan

V6i ban din ndi tai & cin biang nhiét ta ¢ cac cong thire sau:

p=n=n, v p-n=n,

v véi ban din cé pha tap chit & cin bing nhiét:

pP#ER,PEN,NER, Vi p-nznz

n+N,=p+N,

Néu ta gia st ring vt liéu chi dwge pha v6i donor, khi d6 N,=0 va ta con phuong trinh:
n=p + Np. Do d6 ban dan la ban dan loai N. Nong do 16 bay gio ¢6 thé dugc tinh theo
cong thite sau (v6i chi s6 n dé chi dang xét voi ban dan loai N):

_ 2
pn_ni/nn

Suy ra 113)11g do dién tir cia ban dan loai N:

n, =%(ND N +4nf) 85

Nong @6 hat din trong ban dan N

If both donor and acceptor impurities are present simultaneously, the impurity that
is present in a greater concentration determines the type of conductivity in the semi-
conductor. The Fermi level must adjust itself to preserve charge neutrality, that is, the
total negative charges (electrons and ionized acceptors) must equal the total positive charges
(holes and ionized donors). Under complete ionization condition, we have

n+ N, =p + Ny, (30)

Solving Egs. 20 and 30 yields the equilibrium electron and hole concentrations in an
n-type semiconductor:

“=}£[Nn-Na+'JI(ND—NA>9+4R?}, (31)

p.=ni/n,. (32)
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Nong d¢ hat dan trong ban dan P
(Na>Np)

7 [ ar 2 2
pP=% I\‘A—ATD'F-\.(I\I'U_.NIA)_""LTQI- N (33)
n, = nlp, (34)

The subscript p refers to the p-type semiconductor.

87

Ban din c6 bé chinh (Compensated Semiconductor)

2

n;
Np>N, 1 [ i] P= i
o 7 ) 1 = :
Assumption: n, = P Np + \/ND +4n; = : [Nu + VWJ
(n‘ty.pe N <N .,
semiconductor) p>>n=n, = Np Np>>n= p,~n’/N,

Majority carriers Minority carriers
(n-type semiconductor) (n-type semiconductor)
NA s ]\/YD 1 I ——— I’lp =
Py =5 [Nty N +an N, +VN2+4n J
Assumption:
(p-type N, >>n=p ~N,
semiconductor) - 17 Py A Ny>n=n,~ ’11- /NA
Majority carriers Minority carriers
(p-type semiconductor) (p-type semiconductor)
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Anh hwéng cia nhiét do dén nong do hat
dan (Td: Siloai N, Xétn.) w2 o o0 o w

Si
L Np=10%cm™

o At low temperature

Thermal energy not sufficient to ionize all
donor impurities

Some electron are “frozen” at the donor
level

Electron density less than the donor
concentration

o Asthe temperature increased

The condition of complete ionization is
reached

n,=Np

o Asthe temperature is further increased
Electron concentration the same over a wide temperature range
Extrinsic region

o Asthe temperature is increased even further
The intrinsic carrier concentration becomes comparable to the donor concentration
The semiconductor become intrinsic
This temperature depend on Np and E

Electron density n (cm™)

89

Ban dén suy bién va khéng suy bién

Phan 16n céc dung cu dién tir, ndng d6 dién tir va 16 nho hon nhiéu mat do trang thai
hiéu dung trong dai din hay dai héa tri. Mtte Fermi t5i thiéu cao hon dai héa tri 3kT hay
thip hon dai din 3KT. Trong trwong hop nay ta goi bdn ddn khéng suy bién (non-
degenerated semiconductor).

Khi pha rat nhiéu tap chat, cic nong do tap chat cao hon cac mat do trang thai hiéu dung
trong dai hoéa tri va dai din. Trong truong hop nhw vay ta ¢6 bdn din suy bién
(degenerated semiconductor) va cac mtre Fermi dich vao dai dan hay dai héa tri. Dud1
nhimg diéu kién nhv vay ta khong thé dp dung cac phwong trinh di dwoce suy ¢ phan
trede.

Tuy nhién, viéc ché tao ban din suy bién ciing can thiét. Thi du ché tao cac diode
LASER can dio nguoc mét d6, ma 6 thé chi dat dwoc néu ban dan 1a loai suy bién.
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