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Resistivity & Electrical Conductivity

Current [A]
V= IR
Voltage[V] Resistance [Q)]

Ohm’s Law



Resistivity & Electrical Conductivity

L
* Resistivity R=p "
+ Electrical Conductivity 5 _ L
P,
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Current density
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Resistivity & Electrical Conductivity

Conductivity o

Conductors Silver 6.8 x 107
Copper 6.0 x 107
Iron 1.0 x 107

Semiconductors  Silicon 40 x 104
Germanium 20 x10°
GaAs 1.0 x10-6

Insulators Soda-lime glass 1.0 x 10-1°
Concrete 1.0 x10-2
Aluminum oxide 1.0 x10-13
Polystyrene 1.0 x10-14
Polyethylene 10-15~10-17

Unit: [Q:m]1



Energy Band structure

Energy levels Energy bands

Electron
Energy




Energy Band structure

e Conduction band

Electrons in valance band can jump up when excited
Fermi Distribution Function

« Valence band f(E)
The highest band where electrons occupy in ground state T-0
1 ]
* Fermi Energy (E) L Ts0
The highest energy level that an electron can occupy at OK 0 S
E E
F
Conduction i_ T
band E}I
[ >
i >
L
Valence
band
Interatomic —

Equilibrium separation
interatomic
spacing

Adapted from Fig. 18.3, Callister 7e.



Energy Band structure

° Conductors f (E) Fermi Distribution Function
Already have free electrons over OK 1 _ /T/: 0
High conductivity Y
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Energy Band structure

« Semiconductors * Insulators
Small band gap (<2 eV) Large band gap (>2 eV)
N2 L= dX g5 A e Jbs M & E7ts, Very high resistivity
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Resistance-Temperature Relation
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Resistance-Temperature Relation
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Charge Carriers

Conductivity of Semiconductors

* Electron
Conduction
band «—0 <o (-) Charge Carrier
Er
* Hole
Valence .
(+) Chage Carrier

* Conductivity

Valence electrons O = ne:ue
 Mobility
Vg = UekE

Silicon nucleus
Adapted from Fig. 18.6 (b), Callister 7e.



Charge Carriers

o valence

electron

o0 L 1 ] o0 o0
no applied
electric field

Si atom

electron ¢ hole e
pair creation

o0 o0 [ 1 ] o0
applied
electric field

« Conductivity of semiconductor

electron mobility

$:8

electron ¢ hole ®

pair migration
o0 00 00 oo
®

>

+

L 1 ] L ] ] o0 o0
applied
electric field

Adapted from Fig. 18.11, Callister 7e.



Intrinsic & Extrinsic semiconductor

* Intrinsic Semiconductor:

mot M=o TR 0] Qo BHeM| S5 M= 87
X = = §&2 == (n=p)

o) Si, Ge, GaAs =

o Extrinsic Semiconductor:

L W5 extra 7H2| O] (TIAF EE= )

N-type:n >>p

mujru

50f

P-type: p >> n



Intrinsic & Extrinsic semiconductor

* n-type (n >> p)

@ Phosphorus atom

e 00 o0 oo
4+ 94+34+ Q4+ 3
00 ,00 00 o0
34 3Plaray
o0 00 00 oo
4+ 94+94+ 94+ 9
o0 00 00 oo

no applied
electric field

o ~ney,

e Hole

e (Conduction
electron

® \/alence

electron

* p-type (p>>n)

@ Boron atom

o0 00 o0 oo
$4+344 3453443
o0 00 o0 oo
$4+0P34+34+8
o0 00 00 oo
433453443443
o0 00 00 oo
no applied
electric field

0~ Peuy,

Adapted from Figs. 18.12(a) & 18.14(a), Callister 7e.



Intrinsic & Extrinsic semiconductor

* n-type
Donor State — Conduction Band
e |
S S
g Valence banc g
* p-type
Valence Band — Acceptor State
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Ohmic Contact

* Ohmic Contact

o>

Ohmic Contact

Non-Ohmic contact



MOSFET

Metal Oxide Semiconductor Field Effect Transistor

S Gate D

Metal
Electrode
AA ) Si02
care@ | o ORA Insulator
v ) Si
= Semiconductor
OFcliatse (ate p-type Substrate
S = il ),
) 4 A
Vgate>0

p-type Substrate

ON state



OfEH XA TEE UE + YAST

https://www.youtube.com/watch?v=AcDn4bvW5IU

=X : SKBFO| H A sK hynix


https://www.youtube.com/watch?v=AcDn4bvW5IU

Oxide Semiconductor Gas Sensor
Mechanism

® Sn0, for sensing Reducing gas

NO, exposure — Space charge layer expands — Resistance increases



IDE (Interdigitated electrode)

Fabricated by Sputter & Photolithography

Si02 Wafer



IDE (Interdigitated electrode)

Si02 Wafer
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= Dispersion

K=Xo] |

o

b |

= Airbrush

M=

X

|

-

sartorius

k|
k:

Hotplate: 105°C,
40~50min

——

/w EtOH 1mg/ml




Metal Oxide Semiconductor Gas Sensor
Mechanism

® Sn0, for sensing Reducing gas

NO, exposure — Space charge layer expands — Resistance increases



SnO-based gas sensor
Resuilts (4% H2, 50ppm NO2)
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Mask | Mask [ Mask

* Photoresist (PR) s ot tl®

S oE el 2o o5 ; -!
Ao'i xEI Ol E'é‘l_% %XEI L Ephulorc\h\{

Substrate

(3) Apply developer

Positive Photoresist Negative Photoresist
' I‘holurw\m{ J
Substrate ‘ Substrate

- Positive PR
Ho| &= F20]
= Mask= H0 510

- Negative PR
HIO| ===l 2 20| 3tet™ 0l Aot o 2 9I5| peveloperd %74 LE7HX| 45
=, Mask= HO| 80| EX| =2 F220| &5 =Y.



* Photolithography  Photomask
(Lift-off Process)

PR
Si substrate Photoresistive coating

‘g

W W W W Wmask

Exposure

Development

Sputtering

Au deposition

Lift-off




Etch-back Process Lift-off Process

i P [ P

Developer
<8

metal deposition lithography

Developer
o

lithography metal deposition
metal etch - P Acetone
through resist as resist removal
processing mask | (stripping)
incl. lift-off
of “excess"” metal

Acetone

resist removal

(stripping) | S| 2k
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Sputtering

O] 22} &l 7%* A At(Plasma) & B2 T 7| Y S Soll Bt (Metal) Ol S = A7

7120 =5 9e s ddote Vs,

ground
Substrate i
SUBSTRATE @
o ® 4 \
Sputter .“ ~ % & FILM
+ 4 ) > GROWTH
Gas inlet T SPUTTERING %
GAS \ 8 &
. @t ° .
® A ‘ .‘ ®
Targe 9 g g
get ;/ \ 2
CATHODE SPUTTERING TARGET ©
U
High voltage -

Target: Au, Ag, Pd, Pt, Cr...



Deposition

|

PVD

Thermal
| Evaporation

E-beam

) Evaporation

Sputtering

‘ cvD

|

APCVD ‘ LPCVD ‘ PECVD HDPCVD ALCVD

« Sputter= PVD (Physical Vapor Deposition)2| &= 0| C}.
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M (O]HF B) - MM AX 1HE

1. Photolithography (SB331)

@ Si 7| Zt 2|0 Photo Resist & &= T XSt

@ IDE ZEOIAT S 0[-850f UV exposure £
3 Developerg &3l UV ==&l PR | A

@ oMo = BhE

2. Sputter & PR Removal (B £t X| 5} 25 214)
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-
-

ot

Or =X
S)

=
=0 SEt=0H2HE 28 2 au HE SH
=

=]
= = AcetoneOf| &7t &= PRS2 K| A THLY,




3 YONSEI
& ¢ UNIVERSITY

XA T
S~

\
P

&y
jVox™

5 Y

M=ol M7




