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SPECIAL TOPICS IN ELECTRONIC
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Electrical Properties-Part 1




7

' .TAIPEI
Outline ZTAIPEI

2]
o Electrical Conduction
o Mobility Concept
o Electrical Properties of Conductor
o Electrical Properties of Semiconductor
o Temperature Dependence of Electrical Conductivity
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Introduction Z-"TECH

SN 1
o Electrical conductivity and resistivity are:

v'material parameters
v’ geometry independent

o Electrical resistance Is:
v Geometry and material dependent parameter

o Conductors, semiconductors, and insulators...
v Differ in accessibility of energy states for electrons conduction (EQ)

0 How electrons move Iin materials: electrical conduction

o How many moveable electrons are there in a material
(carrier density), how easily do they move (mobility)



Ohm’s Law

N
0 Ohm’s law:

V=1I1.R

Variable resistor

V = voltage (V)
|=current (A) Ammeter @ I

T

TAIPEI
TECH
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— Battery
R=resistance (Q) S
C .. _ £) \
- RGS'Sthlty, p Crnss—sectianalﬂ V “%\Specimen
; A (1
0 Resistance, R: )
Voltmeter
pL . .
R= — Schematic diagram for measuring
A electrical resistivity

p . Q.m

Adapted from Callister 7e



How Sizes Affect Resistance =ci;

_ pL

R= "%
Resistance IS
determined by

length, area, and the
resistivity of the
material.

Low Resistance High Resistance

o)
—
T

il
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Sheet Resistance Measurement TAIPEL

o To measure the sheet resistance & resistivity, four-point probe
IS applied. A current is passed through the outer probes and
Induces a voltage in the inner probes.

when L=W, R= ,0£ _

L

=2@

t.w
Sheet resistance = R Sh—% Q/))

OL

contact resistance

Top view
| 3w | : 5
¥ l+ ||||||| !
i !:}::::::::IZ-“
: :H:; T iy 2
T |74 vV YV iwwwwwwwww
P = ( ) 45231:( ) Cross Section
n(2) I } 0
Only valid for wafer thickness less than half \it-Si P 3 J? T
xj dx x

the probe spacing (t < s/2)
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Resistance Calculation ~TAIPEI

S
0 Please calculate the resistance of the following test
structure. With L=90um, W=10um, sheet resistance=1
KQ/[], and contact resistance (Rc)=0.6 KQ.

0.6 KQ
3W & L
S — (o R= RanXyy) + 2R
A EREREEER

= -«
— l
<

=(1KQ/0x9) +2x0.6
WWWWWWWWW :102 I{Q
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Electrical Conductivity ~TAIPEI

0 Electrical conductivity, 6:  Three major group classifications

1 according to electrical conductivity:
g=— v Conductors (metals)
P v" Semiconductors
v" Insulators
o. (Q-m)?
N pl pl
o Electric field, E: R=—" | po V=l
V
E= L p=15
o Current density, J: vl .
I — = ) | E =
— 6F | |Ao o
J=3=° J = oE
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Current Density ZTAIPEI

9

J =0 E | <= another way to state Ohm'’s law

. current [
J=currentdensity = = like a flux

surface area

E = electric field potential = VIi¢ or (AVIA?)

J=c (AVIAL)

/NN

Electron flux conductivity voltage gradient
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Resistivity of interconnect L

o7
0 Resistivity of interconnect

I|,.~

Material 0 (Q-m)
Silver (Ag) 1.6 x 10°%
Copper (Cu) 1.7 % 107%

Gold (Au) 2.2x 1078

Aluminum (Al) 2.7 %1078
Tungsten (W) 5.5%10°°




Flow of Free Electrons in C()ppeLT‘“‘T'g’CEHI

Copper (Cu) atom

One electron in the valence shell

Maximum #| Actual #

Shell # | e per shell | e per shell O
K 2 2 //// Q/@—Q\Q\\\\
L 8 8 / Q/ /@’/—_\\@\ \@ \\\
M 18 18 // / /// ///// AN \\ \\

~ T2 oS! /g
|
)

Total # 60 29 ! ,?) ,’/ \\\ o
o | @ 9
\ \ \ \ / | |
\\ \ @ \ / @

A good conductor generally has ' @ = e g re
few valance electrons in valance . © - e/

\ N ©\~L__/@/ //
shell that are loosely bound and N 0. o s

easily given up by the atom. S OMOT T~
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24
(a) Compute the electrical conductivity of a 7.0-mm diameter
cylindrical silicon specimen 57 mm long in which a current of 0.25 A

passes in an axial direction. A voltage of 24 V is measured across two
probes that are separated by 45 mm.

Substitute (0,25 A forf, 45x107 m forf, 24 V forJ/ and 7x107° m ford

o= 0.25x45x107"
_L=££ de(ix(?xlﬂ'])j
4

=122(Q-m)"

(b) Compute the resistance over the entire 57 mm of the specimen.
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4
Question: An aluminum (Al) wire 10 m long must
experience a voltage drop of less than 1.0 V when a
current of 5 A passes through it. Compute the minimum
diameter of the wire. (Al o = 3.8 x 107 (Q2-m)1)

< 10m »
g —>» |:5A +

Al wire -

AV

L IL

g —

1
p RA VA
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Example 2 TAIPEI

o An aluminum (Al) wire 10 m long must experience a voltage
drop of less than 1.0 V when a current of 5 A passes through it.

Compute the minimum diameter of the wire. (Al: o = 3.8 x 10’
(©-m))

“(EJ ~ Vo 4= 2L
Vo

_ (4)5 A)(10 m)
(7)(1 V}EB.B x 107 (Q —m)—"]

3

=13x10"m=1.3 mm



o In Integrated circuits (I1Cs),
Interconnects are formed during
the back-end-of-line (BEOL) after
the fabrication of the transistors

on the substrate
https:/ /www.youtube.com/watch?v=dISWNILZvA8g

Cu Bump

Polymer ILD

Metal 9

1PO9M

From :Intel
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TSMC vs. Samsung 10nm InterconnectsAIPES

o The metal thickness from M1 to M11 for A1l and

Exynos8895 iIs 2.88 um and 3.21 um, respectively.
(a) i8 — A11 Bionic ! (b) S8 — Exynos8895
O

2]
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Cross-section SEM images of IC chips.
http:/ /www.msscorps.com/archive/10%20nm%20technology%20node%20public(2).pdf
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Integrated Circuit TAIPES

vy
o Scanning electron microscope (SEM) images of an IC

I|,.~

Microprocessing chip Testing Pad

Adapted from Callister 7e
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RC Time Delay TAIPEI

= TECH

0 RC delay, hinders the further increasing of speed In
microelectronic integrated circuits. When the feature size
becomes smaller and smaller to increase the clock speed,
the RC delay plays an increasingly important role

Metallization

Interconnect M+l ] fﬁ levels:
mterconnects
H IIIJ'III L CV
x 7} x / T
/
/
ANELN — ’ G L
. H ¢ H | Dielectric T 4
Dielectric |
/
Current flow M-1 /
Eo&rTL Eo&r WL _
Cy = 4 Cy = 4 Cerf = 2(Cy + CV) =2 eoerL(— _)
)i H

R=prr RC = Ceffo—Zec)erp( )(



Example TAIPEN
-~ TECH

2

MULTILEVEL INTERCONNECT RC TIME CONSTANT 1In a particular high-transistor-density IC
where copper is used as the interconnect, one level of the multilevel interconnects has the fol-

lowing characteristics: pitch P = 0.45 um, T = 0.36 um, A = 1.6, H = X, and ¢, = 3.6.

Find the effective capacitance per millimeter of interconnect length, and the RC' delay time per

L? as ps/mm? (as normally used in industry).

I|,.~

SOLUTION

Since Ag =T/W, W=T/Agr =0.36/1.6 = 0.225 um. Further, from Figure 2.37b,
P=W+X,sothat X=P—-—W=045—-0.225=0.225pum. H = X = 0.225 pm.
Thus, Equation 2.61 for L = 1 mm = 1073 m gives

|14

T io ,.[036  0.225
Cer = 26,6, L{ 5 + 77 | = 2(8.85 x 107%)(3.6)(107)

0.225 B 0.225

which is about 0.2 pF per millimeter of interconnect. The RC time constant per L? is

RC 5 ( 1 )(T + W) 5 ( 1 i 1 )
— = 2E,&, p—— ~ - | = 2E,&, p— p—
L2 P T™W X H P WX TH

= 2(8.85 x 107'%)(3.6)(17 x 107?)

1 1
+
|:(0.225 x 1076)(0.225 x 107%) = (0.36 x 1079)(0.225 x 10‘6)]

=34x10"7sm™? or 34 ps mm ™’
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Reduction in RC Delay TAIPEL

o Copper(Cu) Is the ideal interconnect metal to replace of Al:

1.
2.

3.

Hillocks short-circuit two metal lines 7

Reduction in resistivity by 40% (Cu:1.68 vs. Al:2.65 uQ-cm)
Reduction in power consumption: P=1°R

Cu has superior resistance to electromigration: the gradual
movement of Al atoms due to the momentum transfer from
the electrons, causing voids, thinning of metal line, open
circuit, and hillocks.

Void
and
failure

AN
PININNYSINNLSINA LI |
RN X7

Void in metal line




Reduction in RC Delay by Low-K  a1pEs
Dielectric Material '

'

I|,.

=~ TECH
S
0 Parallel-plate capacitor:
€r€o
TOX

€y permittivity of free space~8.85x1012 |
(F/m); g.: dielectric constant of material (k)

C= A

Metal 2
Dielectric
—T Metal 1
Capacitor
> Low-k dielectric reduces

capacitance between metal layers.
» RC time delay can be reduced. From ntel



Reduction in RC Delay

N —
o Parallel-plate capacitor:
0 g IS permittivity of free space~8.85 x 1012 (F/m); &, is dielectric

constant of material ().

TOX

o “Air” Is the reference with “x=1". SIO, k Is 3.9.

xylylene)

. Dielectric q Cure
Pote_ntlal IC.JW i< Constant e Temp. Remarks
Dielectric (K) (um) °C)
FSG (silicon FSG has almost the same k-value as SiO; and
oxyfluoride, SixOF,) 34-41 <0.35 No issue reliability concern that fluorine will attack and
Yy X, corrode tantalum barrier metal.

Silicon-based resin polymer available in
solution as Fox (Flowable Oxide) for spin-on

glss(e?s (z)i/c?;ggs)n 29 <0.10 350 — 450 | coating application. May require surface

q passivation to reduce moisture absorption.
Cure is done in nitrogen.
Inorganic material with tunable dielectric
constant that relies on pore density. Increased
- B porosity reduces mechanical integrity —

Nanoporous silica 13-25 <0.25 400 porous material must withstand polishing,
etching and heat treatments without
degradation.

Poly(arylene) ether Spin-on aromatic polymer with excellent

(PAE) 26-28 | <0.15 | 375-425 | j4hesion and ability to be polished with CMP.

. Leading candidate for CVVD deposition with

o (ﬂ'é’fsr 'foﬁgn or 2.8 <018 | 250350 | Mgh density plasma CVD (HDPCVD) to

FLACp)l ) ) produce film with good thermal stability and
adhesion.

. . CVD film that meets adhesion and via
Parylene AF4 (aliphatic . - ; S
tetrafluorinated poly-p- 25 <018 420 — 450 resistance requirements with need to maintain

gas delivery system at 200°C to control
parylene precursor flow rate.

silsesquioxane (SSQ)



» A Dbarrier metal Is a thin layer metal that prevents
Intermixing of the materials above and below the barrier.
» Cu barrier layer must function as an adhesion promoter

and effective diffusion barrier.
Barrier metal: Ta/TalN

/— Copper
ANZARANNNAANNTH
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Requirements for Copper Barrier Metal TAIPEL

= TECH

]

ok Wik

Prevent copper diffusion.

Low film resistivity.

Good adhesion to both dielectric material and copper.
Compatible with chemical-mechanical polish (CMP).

Metal layer is continuous and conformal with good
step coverage and deposition in high aspect ratio gaps.

Minimal thickness to allow the copper to occupy the
maximum cross-sectional area.
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o Electrical Conduction
o Mobility Concept
o Electrical Properties of Conductor
o Electrical Properties of Semiconductor
o Temperature Dependence of Electrical Conductivity



Charge Carriers _TAIPEL

o Two charge carrying mechanisms:
v"Electron — negative charge
v"Hole — equal & opposite positive charge

o Net electron motion created in opposite direction to the
electric field

v"Electronic current, | = (i—f ), flow of charge



TAIPEI

Current Density TECh

h
I Ili
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o Metals and Conduction by Electrons

Net amount of charge flowing across an unit area per unit time

o Average velocity of electrons in the x direction at time t:

de(t)
v"Known as the drift velocity
v Instantaneous velocity averaged over many e-
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Current Density Cag) _TAIPEN

AAL = TECH

o Now, suppose that n Is the number of e- per unit volume
In a conductor (n = N/V)

o In a given amount of time, At, electrons can move a
certain distance, AX: -

Ex
- Adr ' A i
Vv @
i dx e
] e &
G e ~

o All e- within the distance Ax pass through A; thus n(A Ax) Is
the total number of e- crossing A in time At

Ax = vy, At

o The total charge Aq crossing the area A is: en A AX



TAIPEI

Current Density TECh

h
I Ili
'l

o Drift of electrons in a conductor in the presence of an
applied electric field. Electrons drift with an average
velocity vy, In the x-direction. (E, is the electric field.)

&q enAvg, Af
 AAr A AL

Jx

— E€NVygy
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Definition of Drift Velocity — _TAIPEI

B I
Average velocity of e- in the x direction at time, t:

1
vdx — ]_V[vxl +vx2 +vx3 + .“_I_va]

I|,.~

vy, = drift velocity in x direction, N = number of conduction electrons,
v,; = X direction velocity of ith electron

V4« the instantaneous velocity in the x direction averaged over many electrons

Current Density and Drift Velocity

J . =env, =ck

J, = current density In the x direction, e = electronic charge, n =
electron concentration, vy, = drift velocity
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Electron Movement L,

I|,.~

o When an electric field (E) is applied, free electrons
accelerate in the opposite direction to the electric
field.




PEI

Scattering of Electrons L

I|,.~

|||
,
-]

o Frictional forces counter
this acceleration, which
are a result of scattering : oy Scatenng events

v" Electron loses Kkinetic
energy

v" Electron changes
direction of motion

‘/ RESIStanCe tO passage Met electron motion
of electric current

Adapted from Callister 7e
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Scattering of Electrons TAIPES

N
0 Scattering electrons by Imperfections In the
crystal lattice including:

v’ Impurity atoms

I|,.~

v Interstitial atoms
v"Vacancies
v'Dislocations
v'Grain boundaries
v Thermal vibrations



Phonon Scattering e
L attice scatterin & TECH

o These scattering events constitute a “frictional force” that causes
the velocity to maintain a constant mean value V,,.

o Phonons are lattice vibrations (atoms randomly vibrate about their

position @ T>0K). Charged carriers collide with vibrating atoms
and are scattered.

1-D eTe-en-ern-e—N-e— 1 —e— 1" —e-N-e- 1@ Ne-101e®

o Mobility due to lattice scattering (as temp increases vibration of
atoms also increases):

[y, o T—3/2
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Impurity Scattering _TAIPEI

= TECH

o Scattering due to coulomb interaction between electrons/holes

and ionized impurities.

S/

Low electron velocities

e/y$

High electron velocities

o T increases =» thermal velocity vy, increases, so less time spent

for scattering.

o N, Increases the scattering chance increases.

- T3/2

X
M1 N

N[:NJ—I-NG_
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Temp. Dependence of Mobility ~_TAIPEI

236y
o (a) Electron and (b) Hole mobility in Si vs. T at different doping

concentrations. (Inserts show dependence for almost intrinsic Si)

5000 1000
4000 N
NN
NN _ 1nl4
2000 \\ T SNq i\iA 10
N\ Mn \“ r N y ~.. N /’NA = 1016
2000 (RN 1000 e e TR
N NN
NI LY T '."'ﬁ:"h
NN [V = 101 C T aath N
\\~::~~I: 500 N, = 10" em? N T SNaSNy
= el g »
Np =10 ‘\:::\ 100 200 500 1000 Ny =10 TR
PN N el TN
1000 g N i) ST
ey ol ™ T~
i ML ] ~h~
— 1071 N =10!8 L
'u,n ND — 10 Py S8 - [.Lp NA 10 —-..__----
500 SEaNSs
e v-s) 2 T O e e e o T | T TN ] (cm?/ V-s)
N, = 10"
1000
Np = 10" - Y
. . 500 \{+
Impurity Scattering N ]
Np = 10" Fp \[
D™ N
200
100 N, = 10 o™
100 | |1
100 200 500 1000
50 10 i
-50 0 50 100 150 200 —50 0 50 100 150 200

T(°C) T (°C)
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Mobility vs. Impurity Concentration-TAIPEI

Mobility (em?/V -s)

- TECH

T o High doping is required to

achieve the target

s threshold voltage (V,) even

= though it reduces mobility.

Doping level in modern planar devices

o Electron mobility IS

Hl always larger than hole

mobility.

1{]‘4 —_— F==== #;= E =
— ,!.11.” i
j S—1
N Ge ™ |
== === EF"? =
102
104 3 T
n
i
Hy ]
)
1’ 1NN h =
i ii
10 T~ TN
10" e i =
— -
F'LH'— =
'.F
1{]3 Gi{ﬁ:& B
i, f
I-....._-.
10° -
lﬂ_]il 1[}15 lDlG lﬂl? lﬂls

Impurity concentration (cm —3 3

1019



Mobility Effects _TAIPEI

= TECH

o Total number of collisions In dt:

d I d [ [ d f " /
= 1 Y )
T TI IL {TJEEI * ()32
€T,
l‘in = iﬂ H

m.ﬂ

| _ 1 1 Impurity Lattice

L JL; g scattering scattering

T

T,: average time between two collisions with dopant atoms
T, . average time between two collisions with “vibrating" lattice



S1 MOSFET Universal Mobility -T TAIPEI

TECH

|

MOBILITY

Roughness ~0.1 nm

Coulomb
scattering

.........
-
-
-

Phoncn
scatiering

High
Temperature

------ Total Mobility

Surface

roughness
acattaring

EFFECTIVE FIELD Eeff

IEEE Trans. Electron Devices 41 (12), 2357-2362 (1
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Types of Solids ~T.A/""E'

TECH

-4
Amorphous Sillcon Poly-silicon Single Crystal Sillcon

Ll .k b L
~S1-S1-81-S1-51~

L
p - 1 1 I 1 1

/ 6 ‘-.51,-”"\5.1'"\,81 -

i T 3 e ~S1-S1-{S1<81+S1~
51‘—0 Q , d P P > i i A A
(S8 Y- m a0 —~S1<S1+{S1~S1~S1~
__.'31-/‘-_81,}——6’ "\31 \{S1)— sy R lj-I/ pr ¢ . Al
T & 8 TV T ~SIHSIHSIHEISI-
D ASH—_ &3 ‘ L L L L T
Y %) P
- o .
Crystal

Mobility: Low Mobility: Medium  Mobility: High
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Drift Velocity _TAIPEI

= TECH
ey
0 These scattering events constitute a “frictional force”

that causes the velocity to maintain a constant mean
value V-

o Drift velocity:

v Average electron velocity in the opposite direction of the
electric field

Va = UcE

v U, . electron mobility (m2/V-s)
v" E : electric field (V/m)
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Velocity Saturation £-"TECH

-4
o At high electric fields, the average velocity of carriers Is
NOT proportional to the field; it saturates at ~10’ cm/s for
both electrons and holes.

10°
- GaAs (electrons)
L] L
- AT N, N
< 107 4 v, for Si
} i
L a —
Ud IE % — Ge = T |TH — #r
é HE | :.EJ 4
g A1, V}i T=300K
g 10 < — S Electrons
E — # -=- Holes
O 7
.4 4
Vs )i
- ’
’
10° 7, |
10 10° 10* 10° 10°

Electric field (V/em) Modern processors
(90nm,1.2V)



Thermal Velocity w/o E-field _TAIPEI

o Random thermal velocity, V

th-
/‘ ’ ‘\\.\ v The average velocity between
Aj the collisions

1« )

’ y a“ > m Vi, =%KT= 6.2245x1072'J
0o o
/ Typical value of v, ~ 107 cm/s

Vibrating Cu' ions

&

o A conduction electron in the electron gas moves about
randomly in a metal being frequently and randomly scattered
by thermal vibrations of the atoms. In the absence of an
applied field there Is no net drift (displacement) In any

direction.



h
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Drift Velocity in E-field TA‘I!EPCEI-‘

/A/’ L

*—m—» At

V

o In an applied field, E,, there Is a net drift along the x-
direction, which is superimposed on the random motion of
one electron. After many scattering events the electron has
been displaced by a net distance, Ax, from its initial position
toward the positive terminal
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Drift Velocity in E-field

o

Velocity gained along x Present {i X
resent time Ve = Uy + —— (1 — 1;)

;- A
Yx17x1 \ n,

Last collision

Immediately after a collision at time t;, e-
drifts again for a time t =2 (i-t;) where the
>time ©- can accelerate in this time interval

Electron 1

! Free time t

ST U, velocity of e- in the x direction just
after collision

ek, |
Floctron 2 P acceleration of the electron
= > time e

! !

2

A However, this is for just one e-. We need
x5 average velocity for all electrons in the x
direction

T=(t—-t;)

>time The average free time for N electrons
Iy ! between collisions known as the mean

\elocity gainea In tne x airecuon at ume 1t free time
from the electric field for three electrons.

Electron 3




Drift Mobility TAIPEN

= TECH

Ux:.f = U X1 I eg}f (t — t.{) plug in: t= (t_ti)

oy E E
€Ly €Ly
de_N(le + Uyp ooe e +UxN) :m_e(t_tl) =m—e’l,'
Vix = :udEx
Drift Mobility and Mean Free Time
(A « Relaxation time, 7, is directly related to

lu — " scattering of electrons: lattice vibrations,

d m crystal imperfections, impurities, etc.

e

e = electronic charge, 7= mean scattering time (mean time between collisions)
= relaxation time= mean free time, m", =effective mass of an electron
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o Electrical Conduction
o Mobility Concept
o Electrical Properties of Conductor
o Electrical Properties of Semiconductor
o Temperature Dependence of Electrical Conductivity



Definition of Bands ZTAIPEL
Cas |

Conduction Band

>,
56
S
D)
5
E
g El---- ‘e \__ © Fermi energy (Ep) :
o s — g energy of the highest
9 filled state at 0 K

Valance Band

o Valence band (filled): highest occupied energy levels, E,
o Conduction band (empty):lowest unoccupied energy levels, E.



The Fermi Energy _TAIPEI

o 4 ...
0 Remember “Pauli  Exclusion Principle” that only two

electrons (spin up, spin down) can occupy a given “state”
defined by quantum numbers n, I, m, and m..

o At 0 K, electrons pack into the lowest energy states and build
up a "Fermi sea" of electron energy states. The Fermi energy
IS the surface of that sea at absolute zero where no electrons
have enough energy to rise above the surface.

o At 0 K, all electron states below Fermi energy (Eg ) are filled,
and all electron states above Eg are vacant.
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Conduction TAIPEI

s
o Only electrons with energy greater than Ex can conduct
current:

v"Electrons need to scatter into empty energy states above the
Fermi energy

v" These electrons participating in the conduction are called free
electrons.
o When an electron Is promoted above the Ec it leaves
behind a hole (empty electron state)

v" A hole can also move and thus conduct current: it acts as a
“positive” electron (+1.6 x 10-° C)

v"Holes can and do exist in metals, but are more important in
semiconductors and insulators



Conduction In Metals

S
o If a band is partially full or bands overlap =» Metal

o Electrons are excited into one of the empty and
available energy states above E;

o Fermi energy (E;) : energy of the highest filled state

at 0 K.

Empty
band

Band gap

Metal

Empty states

Fillad states

Empty
band

Filled
band

Energy

Empty states <

Filled states 4

N

pogeeoeteoebed || TITITITITIT]

7
_TAIPEI
£~ TECH

Adapted from Callister 7e
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Conduction in Metals ~TAIPEI

24
o There are vacant energy states adjacent to the highest

filled state at E;. Thus, very little energy Is required to
promote electrons to empty states

v Electric field (E) provides sufficient energy

Empty states <

N

Eg

——— Electran
axcitation

Energy

Filled states 4

IS
| ¢¢¢¢¢¢¢¢¢¢¢¢?4’+| NNNRRARRRE

9090000900009e | [ || [[ITITIT]]]

~ Adapted from Callister 7e




7
_TAIPEI
£~ TECH

o 4
o Electrical conductivity depends on how many free
electrons there are and how easily they move.
v" dependence on electron concentration and mobility

Conductivity: Conductors (Metals)

o The conductivity expressed as:

1

0'=p=n.q.ye

o n is the number of free electrons per unit volume (e.g., per cubic
meter)

o q is the charge (1.6 x 10-° C)



Conductivity Comparison TAIPEI

|

I|,.~

|||
,
-]

(m) = Metal Mobility (RT) | Carrier Density

(s) = Semicon u (m-V3ist N, (m™)
Na (m) 0.0053 2.6 x 107
Ag 0.0057 5.0 x mfﬂ
Al 0.0013 1.8 + 10~

Si (n)1.5 x 10" " cm”
GaAs (n)1.8 x 10° cm3
InSh

oO=—=n4dq.HUu, Ometal »> Osemiconductor



= | TAIPEI
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s 3
o The electron drift mobility in silver has been measured to be 56
cm?V-istat 27 °C. The atomic mass and density of Ag are given
as 107.87 g/mol and 10.5 g/cm3, respectively. Assuming that each
Ag atom contributes one conduction electron, calculate the
resistivity of Ag at 27 °C.

0 ANswer:

Atomic concentration 7, 18«

L _dN, _ (10.50x10° kg m™)(6.022x10* mol ™
M (107.87x107 kg mol ™)

at

I|,.~

=5.862 x 108 m3.

If we assume there is one conduction electron per Ag atom, the concentration of conduction electrons
(n) 1s 5.862 x 1028 m3, and the conductivity is therefore:

o=engz = (1.602 x 1017 C) (5.862 x 102 m3)(56 x 10* m? V-1s1)=5259 x 107 1 m!
and the resistivity, p=1/6=19.0 nQ m-



Electrical Resistivity of Conductors _TAIPEL

sy
o Conductors (metals) have high conductivity =» contain
large numbers of free electrons that have been excited
Into empty states above the Fermi energy (E;)

o The resistivity of a conductor depends on:
v Temperature (T)
v Composition
v" Degree of cold work



. P
Matthiessen’s Rule TATIECEJ

| I

h
I|~
\

Temperature (°F)

_400 300 200 ~100 0 +s100 O Matthiessen,s RUIe

T | | | | |

1 S | Total resistivity of a metal Is
: the sum of the all factor
¢ " R contributions:
ST Ptotal = Pt t+ Pi TPd

T e t: thermal

P I: Impurity
© —2|50 -2|on:: -1|50 -100 —LLD tL +50 d: deformation

Temperature (°C)

Adapted from J. O. Linde, Ann. Physik, 5, 219 (1932); and C. A.Wert and R. M. Thomson, Physics of Solids, 2" edition, McGraw-Hill Book Company, New York, 1970



Temperatura (“F)

Electrical resistivity (102 Q0 —m)

Cu+ 3.22 at% Ni

oy

-100

Temperature (°C)

P = Poll + ag(T —Ty) |

o, : temperature coefficient of
resistivity, TCR (the change in
resistance as a function of the
temperature)

"PUre" copper




- Resistivity of Metals: 1

sasT ] n ]

0=;=n.q.ue

o But, why p Increases when T Increasing ??

e

DASTT, u

0 For metal, mo

\ 4

=» p Increases when T increasing

nility (u,) dominates when we consider the

temperature effect.



2. Influence of Impurities _TAIPEI

0y
0 Nordheim’s Rule for Solid Solutions
Additions of impurities that form a solid solution:

p; =AC;(1—C;) (increases p)

p; = resisitivity due to scattering of electrons from impurities

A: Nordheim coefficient, composition-independent constant, a
function of both the impurity and host metals

C;: impurity concentration in atomic fraction (at.%/100)



Nordheim Coefficient, C i;—;IAT'E"CE,}

T
Table 2.3 Nordheim coefficient C (at 20 “C) for dilute alloys obtained from
pr=CXand X < 1 at.%*

Solute in Solvent C Maximum Solubility at 25 °C
(element in matrix) (N2 m) (at.%)
Au in Cu matrix 5500 100
Mn in Cu matrix 2900 24
Ni in Cu matrix 1200 100
Sn in Cu matrix 2900 0.6
Zn in Cu matrix 300 30
Cu in Au matrix 450 100
Mn in Au matrix 2410 25
Ni in Au matrix 790 100
Sn in Au matrix 3360 5
Zn in Au matrix 950 15

*MOTE: For many isomorphous alloys © may be differant at higher concentrations; that is, it may
depend on the composition of the alloy.

SOURCES: D.G. Fink and D. Christiansen, eds., Elackronics Enginears’ Haondbook, 2nd ed.,

Mew York, McGrowHil, 1982, ). K. Stanley, Electrical and Magnetic Properties of Metals, Metals
Park, ©H, American Society for Metals, 1943, Solubility data from M. Hansen and K. Anderke,
Constitution of Binary Alloys, 2nd ed., New York, McGrawHill, 1985,
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SCu-Au allozsz ~ TECH

Resistivity (n€2 m)

160 7]
140 —
120 7
100 7]
80
60 —

40—

207 CuzAu CuAu
O T T T T T T T T T

Annealed

0 10 20 3040 50 60 70 80 90 100

Composition (at.% Au)

O The quenched sample is obtained

by quenching the liquid, and the
Cu and Au atoms are randomly
mixed. The resistivity obeys the
Nordheim’s rule.

Quench{-c’lx, ------ _

OWhen the quenched sample is

annealed or the liquid Is
slowly cooled, certain
compositions  (Cu;Au and

CuAu) result In an ordered
crystalline structure in which
the Cu and Au atoms are
positioned In an ordered
fashion in the crystal and the
scattering effect is reduced.
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3. Influence of Deformation _TAIFEl

S
o Cold working (CW) or deformation a metal results in higher

concentration of dislocations and therefore iIncrease the
residual resistivity.

I|,.~

o Cold-worked samples have a shift-up curve by p,., that
depends on the extent of cold working. Usually, its influence
IS much weaker than that of increasing temperature or the
presence of impurities. ..

NNV

-

~ i\ |

5 \

2 1

ES ‘\ —1°

\
\

o

3
3
| \
L
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o Electrical Conduction
o Mobility Concept
o Electrical Properties of Conductor
o Electrical Properties of Semiconductor
o Temperature Dependence of Electrical Conductivity
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Conduction In Semiconductors A

I|,.~

o No available empty state adjacent to filled valence band
v Thermal promotion of electrons across the band gap (EQ)

v'Eg > 3eV means the gap is practically insurmountable
and the material is an insulator.

Conduction Band

Electron energy
-
s| >
1
I
I
I
I
I
IS}
‘—.
&

Valance Band
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Conduction in Semiconductors _-TAIPEL

I
7 Number of excited electrons into the conduction band
depends on bandgap (Eg) and temperature (T)

o Atagiven T, as Eg increases, the ¢ decreases.

I|,.~

| Hole in
valence
band

band

= el o= —
= = 2 i
5 ¢ — == —
2.5 : e =
& — c =
O — 3 == | Free
— fh electron
T E%J £8
M g W & bo . ——1 Electron
@ excitation
Ll
S
O- B
b
or
-
<
-

$49999000
Valence
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Thermal Excitation ZTAIPEI

7
o Intrinsic carrier concentration, n, iIs the number of
electrons in the conduction band.

f—

o
—
[}

2T semiconductor

E, _
n=mn,exp| — nirinsic

—

o
—
N
|

Semiconductor

—
o
—
2
|

Intrinsic Concentration (cm-3)

> _

o0 i

=

Q 109 1.0x10¥ cm3

-

0 —

Q 106

8 2.1x106 ¢cm3

)

8 h ' GaAs
o 103\|||.|||||| | T ||||||||||
m 1 1.5 2 2.5 3 3.5 -

1000/T (1/K)
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Freeel&n:tn:un EleCtI‘OI’lS al’ld hOleS move
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@ ®fHo'e@ @ electric field (E)

®®®®
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B
o Two types of charge carriers:
v"Free electrons (n =» number of electrons/m3)

v Holes (p = number of holes/m3)
o Conductivity:

0 =n.q.U+p-q.-Up
0 For Intrinsic semiconductors, since the number of hole

IS the same as that of electron (n=p):

0 =n.q.(Uet lf‘p)
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0 Calculate the number of electrons and holes for an
Intrinsic silicon (Si) at room temperature?

o 16 3
n=p= =1.33x10"/m n =p. ~ 101 ¢cm3
1 1
elu, + 11,
Electrical
Band Gap Conductivity Electron Mobility Hole Mobility
Material (eV) [(-m)~ Y (m*/V-5) (m%/V-5)
Elemental
Si 1.11 4% 107° 0.14 0.05
Ge 0.67 22 (.38 0.18
II-V Compounds
GaP 2.25 — 0.03 0.015
GaAs 1.42 10°° (.85 0.04
InSh 0.17 2 % 10* 7.7 0.07
II-V1 Compounds
CdSs 2.40 — 0.03 —
ZnTe 2.26 — 0.03 0.01



It changes the conductivity depends on purpose.

o Number of silicon (Si) atoms is ~ 102 cm™.

o At room temperature, number of silicon (Si) Intrinsic
electrons/holes is ~ 101° cm-3

o In industry, we use extrinsic Si with doping group 1A
or group VA elements of the order of 1018 ~ 10°°cm-3
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-z 4
o Excess electrons locate in a donor state (Ep) close to
the top of the band gap.

0 Each excitation donates a electron to the conduction
band; This type of impurity is called a donor.

o Conductivity: ‘a =N.q.U.Tp.q.Up = N.q. U,

L=
'El' =
'cl E
~ Free electron in
conduction band

ol [T

T
E

Band gap

£

| £

a |
x

a
[
=
=]

o
==

PPFIPRIPY
PIPIRIDPY
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p-Type Semiconductor TAIPEI

= TECH

BEC 1
o Excess holes locate in a acceptor state (E,) close to the
bottom of the band gap. When an electron fills the

acceptor state, a hole is left in the valence band.

o Each excitation accept a electron to the conduction
band; This type of impurity is called a acceptor.

o Conductivity:

!
e

=1

&
=
m

0 =1N.q.Ue+ P-q-Pp = P-q- Py

o
3
=
c
=
o

]

alence

d

c
[}

b

Acceptor
state

Haole in

band

¢¢¢’¢¢¢¢?¥-+
i

PPPPPPFP
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o Electrical Conduction
o Mobility Concept
o Electrical Properties of Conductor
o Electrical Properties of Semiconductor
o Temperature Dependence of Electrical Conductivity
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o For intrinsic semiconductor, increasing in temperature

(thermal energy) or decreasing in bandgap (Eg) allow
more electrons excite to the conduction band=>» carrier

concentration Increases

- — 1028_|||||||||||||||||_
=] e -
e
3= —
53
: ——
S — | Free E

" Telectron g

= H E"’(p
e 2kT
2 ® . ————1 Electron
excitation

-
2 Hole |
2D S -] Heale in
23 o valence
= - band

- =

- 108 ||||||||||||||||

0 200 400 &00 800 1000 1200 1400 1600 1800

TK)
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Temperaure 0 ., For extrinsic semiconductor:

200 -100 0 100 200
3% 108 — | | | |

(n)

'

Temp. Dependence of Carrier Conc.

o Low Temperature (<100K):
v Extrinsic region: less dopant

Imtrinsic
T Si doped 10 cm> " ) .. :
= 21 -
g 2 phosphorus ,T lonized (Freeze-out region)
5 . / I o Medium Temp. (150~450K):
5 "region | , . _
s reeeme /1 VExtrinsic region: most dopant
: / ionized

. /
Pure Si , /

o High Temperature (>500K):
7 5w S ¥ Intrinsic region dominates

Temperature (K) (T)

.2 Examples of donor and acceplor ionization energies [eV) in Si E
/ Denors Acceptors =1 exp — g
P As Sb B Al Ga o 2WkT
0.045 0.054 0.039 0.045 0.057 0.072

From S. M. Sze, Semiconductor Devices, Physics and Technology.
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electrical conductivity, o
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o Intrinsic Si:

Carrier concentration

with temperature.

o Extrinsic Si:
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~ Carrier number Is constant.
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Temperature vs. Conductivity _-TAIPE
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A .. :
log(o) A , Schematic illustration of
£ Semiconductor
£ \_\ the temperature
2 \Intrinsic 7 dependence of electrical
v E x y \/I
3 [log(m) - conductivity for a doped
< : (n-type) semiconductor.
S
= : " A
s | Lattice gl Tonization
S | scattering o “, )
- \;.mc T 32 ucT 3 2)‘ )
lo g( 7)) Impurity ’
scattering

> 1/T
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B 1
o Carrier  mobility 1S maximum up to Impurity
concentrations of 1029 m-3

o Mobility decreases with increasing impurity.
o Electron maobility 1s always larger than hole mobility.

0.1 Table 5.1 Selected typical properties of Ge, Si, and GaAs at 300 K
Electrons
- Eg X N, N, n; He i
1 T —— (eV) (eV) (em™3) (em™) (em™)  (em? V-is™Y) (@em? v-ls Y | wmim, my/m, | e,
NE: Heles Ge 0.66 413 1.04x 10" 6.0 x 108 2.3 x 109 3900 1900 0.12a 023 16
E 0.56h 0.400
= Si 1.10 401 28x 10" 12x 10" 1.0x 10" 1350 450 ! b ]
s - —
= 0Mm . o
= M GaAs 142 407 47x107  7x10% 21 x10° 8500 400
= 0.50b
NOTE: Effective mass related to conductivity (labeled o is different than that for density of states (labeled b). In numerous textbooks, n; is
taken as 1.45 x 101° em=2 and is therefore the most widely used value of n; for Si, though the correct value is actually 1.0 x 1019 em=3.
(M. A. Green, J. Appl. Phys., 67,2944, 1990.)
0.001

1019 1020 1021 1022 1023 1024 1023

Impurity concentration (m2)
(N, or N)
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o Temperature  enhances 1

thermal scattering  of

carriers (0 {
1 Concentration < 1029m=3 ; % . \
Mobility is dependent on g \\
temperature. : — N
o Higher conc. > 10%m™: ” N

0.01 =702 2 .

Mobility is independent of
temperature.

Temperature (K)
(T)
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