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Zuokeveg oto Mupltio

» JUOKEUEG
MOS tpaviiotop
MaPOAGCLTIKEG CUCKEUEC
AioSol
MapacttikéG XwPNTIKOTNTES, OVTLOTACELS SLUCUVSECEWY
MNapaottika tpaviiotop (SumoAkd)

» JuoKeun - Zupnepldopad - Movtélo

» ATAG HOVTEAO yLO TIPWTOYEVH avaAuon
AlooOntikn avaivon
EAGyLotn akpiBela

» Movtéla SPICE

Mpocopoiwaon Tou KUKAWHOTOC BACH LOVTEAOU KATAOKEUNG
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Yvokeun Planar FET

Introduced in 1960s

Polysilicon Al

Si0,

(a) Planar-FET

p-substrate

(100)/<100>
or (100)/<110>

(Face)/<FIN direct>
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Alodog Ztepeag Katdotaong

Introduced in 1906
Semiconductor Diode Construction

Anode Cathode

T— Depletion Region

Anode Cathode
(+) B I =)
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Alodog Ztepeag Kataotaong

Introduced in 1906
Semiconductor Diode Construction

TeAka Tt eival ta P kat N?

T— Depletion Region

Anode Cathode
(+) (=)
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AlQdo¢ Ztepeag Katdotaong

Introduces

DISCLAIMER: Arto ebw kal
TEPQL EKTOC UANG
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Atopo - Movtédo tov Bohr — HAektpoviakég
ZTIadeg

»  Ta NAEKTPOVLA KIVOUVTOL OE GUYKEKPLUEVEG
N shell TPOXLEG (oTLBAdEC) yUpw amd Tov upHvaL
Mshell ), Mnropouv va petanndrioouv and Tpoxld oe
L shell TPOoXLA anoppodwvtag Kat armoBdarlovtag

\ K shell evépyela avtiotoa (my. dwodopLopog)
e |l Positively » Movtépveg Bewpieg tng kBavropnxavikig
/ charged (atom orbitals etc) anotehovv e€elbikeuon
K nucleus , s
L ouTtoU ToU HOVTEAOU
M » To povtého sival akplBeg umo

N npoUmobéoeLg (T.x. TaxVuTnTa cwHaTSiwy
<< TaxVuTNTA TOU PWTOC K.0L.)

- N W B

» KdaBe ot fada pmopei va mepLexeL
GUYKEKPLUEVO aplBUO NAEKTpOVIWY
K:2,L:8,M:18,N:32,...,2n?
» H evépyela Twv nAektpoviwv SladEpet
avaloya e Tn otolBada Kot tov aplbuod
Toug ava oTpasda
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Atopo (N TpAYHATIKOTNTH)

.

Electron cloud

Nucleus

» Ta nAektpovia dev mepidépovtal yUpw Ao ToV MUPHVA OE
TipokaBoplopéveg TPOXLEG aAAG n BEon Toug TieplypadeTal
oo plo pabnuatikn mbavotiky cuvaptnon mou e€nyel
1600 TN B£€0N TOUG GO0 KAl TNV KUUOTOELSH) cupmepldopd
ToUg
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Hydrogen Wave li‘unction

ity density plots.
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Mopia - OpoloToAlKOG Aeo oG

@ covalent bond

» O opolomoAikog Seopdg (covalent bond) oxnpatiletal
METOEY OTOUWY TIOU «UoLpdlovTal» nAeKTpovia

» OUGCLOOTIKA Ta NAEKTPOVLOL «KAELSWVOVTAL» OF
OUYKEKPLUEVEC TPOXLEG YUPW QIO TOUG TIUPAVEC TWV ATOUWY
TIOU CGUUETEXOUV OTOV 60O

» loopportia EAKTIKWY KAl AMWOTIKWY SUVAUEWY
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Mopla - EtepomoAikog (Iovikog) Asouog

lonic bonds

@ie}-®{e;

» O etepomnoAkog Seopog (ionic bond) oxnuoatiletal petady
LOvVTwv (8nA. dopTIoPEVWY ATOUWY), OTIOU TO €Va ATOWO
POodEPEL NAEKTPOVLA (KATLOV +) Ko To AANO ATouo Ta
Séxetal (aviov -)

» MeyahUtepn Sladopd peTafl oTNV NAEKTPOAPVNTIKOTATA
TOU QVLOVTOG KOl 0TNV NAEKTPOBETIKOTNTA TOU KATLOVTOG
CGUVETIAYETAL TILO LOXUPK ETEPOTIOALKNA £vwan
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Aot Seopol

» MeTaAAKOG AEGUOG '9 :3 9’
MeTtafl atOUwV LETAAAKWY KPUOTAAAWY — e ®
Mpokumrtouv AOyw Twv eAeVBOepwWV .Q 0} 3
nAektpoviwv cBévoug ) y 9 0‘
YTapxouv popLa HETAAAWY; S e

» Aeopoi Van Der Waals
Agopol petagy poplwv yla to

i i L, 5 Homonuclear molecules,
OXNHUATLOLO TNG OTEPEQCG, LYPNG N aEPLAG such as iodine, develop
l'J}\r]Q O@ temporary dipoles due to
S+ natural fluctuations of electron
> AEO'lJ.C')C Y6poy6vou density within the molecule

XoapnAoU evSladEpovtog yla to Hadnua, 5+ 5—4
U LoTou evblad£povtog ylo BLOAOYLKEG Q O Q
20 L

Sladikaoieg, mxy DNA 0TI 6TpodEG TG I H
€Akag
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Xnuiko Z0evog (Valence)

» Ikavotnta KABe otolxeiou va SnpLoupyel OpOLOTIOALKOUG SECHOUG

» E€aptdral amo tov aplBud nhektpoviwv tng e€wteptkng otolBadag
Kd&Be nAekTtpOVLIO TIOU UIMOPEL VO oxXNUATIoEL XNULKO §E0UO OVOpATeTaL NAEKTPOVLIO
o0Bévoug (valence electron)
Av n gfwteptkn otiBada elval KAeloTr, SnA. TEPLEXEL TOV PEYLOTO SuvaTo apldud
NAEKTPOVIWY, TO OTOLKELD elval XNUIKA adpaveg

My. euyevr) aépla
» ITO XNULKA oTolXela Tou pag evdladEpouv (ota mAaioa tng StaAeéng)
UTIAPXoUV To TTOAU 8 nAekTpovia aBEvoug

» Avaloya e Tov aplBpo toug ta otolxeia Stakpivovtal oe:
Aywyoug — Alyotepa amnd 4 nAekTpovia 68€voug
Hutaywyoug — 4 nAektpovia cB£voug
Movwtég — Mavw amo 4 nAektpovia cB£voug
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Xnuwko Z0évog (Valence)

4
14

IkavoTnTa KABe oTolxelou va SnpLoupyel opoLomoAlkoUG SecpoUC
E€aptatal and tov aplBpd nAektpoviwv ¢ eEWTePLKN G oToLBadag

K&Be nAeKkTpOVLO TTOU UITOPEL v oXNUATLO
0Bévouc (valence electron)

K4 5010 ovopaleTal NAEKTPOVLO

Av n gfwteptkn otada &j ” . . otd aplOpo
NAeKTpOViwy, To oToWKE(Q Tionuaola €xouv OAa autd
oto VLSI?

x. evyevn agpla
JTO XNULKA OTOLXEL TTOU Ol
UTIAPXOUV TO TIOAU 8 nAej

G 6LaAegng)

Avdloya pe tov aplBuo Toug Ta otolxeia Stakpivovtal oe:
Aywyouc — Ayotepa amnd 4 nAektpovia 08€voug
Hutaywyolg — 4 nAektpovia c0£voug
Movwtég — Mavw oo 4 nAektpovia c0£voug
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Evepyelakes Zwveg ZTEPEWV

4

Ta NAEKTPOVLO LEPOVWHEVWVY ATOUWV KaTaAappdavouv
OUYKEKPLUEVEC TPOXLEC
KaBe tpoxLd €XeL CUYKEKPLUEVO EVEPYELAKO ETIMESO
Ye avtiBeon e To mopanavw, otav dSnuoupyouvtal Seopol,
OL TPOXLEG TWV ETUUEPOUG ATOUWY EATTTOVTAL )
oAAnAerdpouv oxnuatilovtag vEEs UBPLOLIKES TPOXLES
Apa A€oV be HIAQUE VLo EVEPYELOKO ETTIMESO QAN YLO EVEPYELAKEG
{wveg
OL TtEPLOYEC EKTOC TWV EVEPYELAKWY {wVwV ovopalovtol
Xaopata (band gaps) kat ival «amayopeupeEVES» yLa Ta
NAEKTPOVLA TOU OTEPEOU
H evépyela tn¢ tedevtaiag kKatelAnupévng {wvng oTo OTEPED
Aéyetal evépyela Fermi Tou otepeol
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4 4 .
Oplopog: Enimedo Fermi

» Eminedo Fermi gival to Beppoduvapiiko £pyo mou amatteital yLa tThv
ELOOYWYN €VOG NAekTpoviou OTO OTEPED

» To Evepyelakod eninedo movu éxet mbavotnta kKatdAnyng 50% (oe
Bepuoduvauikn Loopporia)

p=0% Aywyiun
7'y {(er]
i E;
E,=~1.1eV
p =100% OupoloTToAI
K dwvn

» Avdhoya Ue To av n TeEAeuTala evepyELOKn {WVn TOUG elval MANPWG KATELANUUEVN R
MN TMARPWG, Ta UALKA SLOKPILVOVTAL OE HOVWTEG, aywyou (LETAANA) Kal
NHLaywyoug.
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Evepyelakes Zwveg ZTEPEWV

Ad X
adela 1 Giovn }

[[]]/\ia™" e )

OpoloTtioAl _
{ 2o E,=~1.1ev ] }
YEMATN N Meparn -
Zovn OMOIOTTOAIKA
Qwovn
(a) Aywyoi (Al) (B) Movwrég (Si0,) (y) Huiaywyoi (Si)
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KpvotaAAikn Aoun Si

» To mupltio €xeL KpuoTaAALKR doun kot oBEvog 4.
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KpuvotaAAikn Aoun Si
» To mupltio €xeL kpuoTaAALkr doun kot oBEvog 4.
Ve N
/ \
I \
I -
1 |
\ FAe06gpo
\ /HAgkTpOVIO
‘ IO
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Doping

» Aladikaoia eloaywyng mpoouiewy oTtoug NuLaywyolg yla TV puBuLon Tou
emunédou Fermi

PUBULON ayWYLHLWVY LBLOTATWY TOU UALKOU

Silicon Dopants

Acceptors, p-type

Boron (B) Phosphorus (P)
Aluminum (Al) Arsenic (As)
. Gallium (Ga) Antimony (Sb)
»  Indium (In) Bismuth (Bi)
° Lithium (Li)
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@Q@P@Q

[Tupitio TOTOL N KL P

» Mupiton

Kpuotal\ikn Soun mou eumepléxel (o) 5-00evég dtopo

(He_9¢He_9¢H

§©
o
EAe0Bepo
HAekTpovIO,
-e

OO0
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[Tupitio TOTTOL N KL P

» Mupiton
KpuotaAAikn Sopun mou epnepléxel (a) 5-00evég dtopo

Phosphorus
atom
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[Tupitio TOTOL N KL P

» Mupito p
Kpuotalhikn Soun mou eumeplexel (B) 3-00evég dtopo

(He_otHe 9

MNupitio p B, Boplo

OIIOIEIO)

EAeuBepn
ommn, +e
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[Tupitio TOTTOL N KL P

» Mupitio p
KpuotaAAikr Sopn mou epneplexel (B) 3-00evég dtopo
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Entineda Fermi oe n kot p upitio

Aywyipn Aywyipn
dovn dovn
_________ Ef
P-type Si N-type Si
_________ E;
OpoloTToAl OuoloTToAl
KA {ovn ki dwvn
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MovwTtiko SiO,

» To Sio€eibio tou mupttiou (SiO,) xpnowonoteitat og GAo tov
evOLAUEDO XWPO UETOED TWV LETAAAWY KOl TWV CUCKEUWV

» KpuotaAAikn doun:
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P
MovwTtiko SiO,
» To Sto€eibio tou mupttiov (SiO,) xpnowonoteitat og GAo tov
evOLAUEDO YWPO UETOED TWV HETAAAWYV KOL TWV CUCKEUWV
» KpuotaAAwkn doun:
Cry(satange) Si0, Am({)é?gsosl.;s Si0,
Bocd T
* o/ “ s
Sag? 8 e L
g/ K\ g . gee -r‘l. .'I.
) N Ly et
P T
=g/ 1\ f 2 e pas
\* T ("~= L !..:
Pt €Y & o
, . , So gtn_sd b8
» Xahaliog (Quartz) A yuahi R & o2
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Al sv&a(pspovra MUY WYL VALKA

|D|amond [Excellent thermal i Superior mechanical and optical properties. Extremely high ical resonator quality factor.
| [Used in early radar detection diodes and first transistors; requires lower purity than silicon. A substrate for high-efficiency multijunction photovoltaic
ermanium Ge cells.

[silicon carbide, 4H-SIC__|SiC [Used for high-voltage and high

[p-doping with Mg and annealing allowed first high-efficiency blue LEDs and blue lasers. Insensitive to ionizing radiation. GaN transistors can operate
[Gallium nitride GaN___[at higher voltages and higher temperatures than GaAs, used in microwave power amplifiers.
|Gallium phosphide IGaP Used in early low to medium brightness cheap LEDs.

second most common in use after silicon, commonly used as substrate for other semiconductors, e.g. InGaAs and GalnNAs. Lower hole mobility
[Gallium arsenide GaAs jthan Si, P-type CMOS transistors unfeasible. Used for near-IR LEDs, fast electronics, and high-efficiency solar cells.
[Gallium antimonide Gasb___[Used for infrared detectors and LEDs and ics. Doped n with Te, p with Zn.

[Commonly used as substrate for epitaxial InGaAs. Superior electron velocity, used in high-power and high-frequency applications. Used in
indium phosphide inP i

[Used for infrared detectors for 1-3.8 um, cooled or uncooled. High electron mobiliy. Strong photo-Dember emitter, used as a terahertz radiation
Indium arsenide lInAs Isource.

[Used in infrared detectors and thermal imaging sensors, used in military long-range thermal imager systems. Transistors can operate below 0.5V and
Indium antimonide InSb Jabove 200 GHz. Terahertz frequencies maybe achievable.

[Used in photoresistors and solar cells; CdS/Cu2S was the first efficient solar cell. Crystals can act as solid-state lasers. Electroluminescent. When
[Cadmium sulfide ICdS [doped, can act as a phosphor.
|Cadmium telluride [CdTe _|Used in solar cells with CdS. Used in thin film solar cells and other cadmium telluride ics. Fluorescent at 790 nm.
IZinc selenide ZnSe [Used for blue lasers and LEDs. Common optical material in infrared optics.

[Can be grown on AlSb, GaSb, InAs, and PbSe. Used in solar cells, components of microwave generators, blue LEDs and lasers. Used in electrooptics.
IZinc telluride [ZnTe [Together with lithium niobate used to generate terahertz radiation.
|Copper sulfide cu2s -type, Cu2S/CdS was the first efficient thin film solar cell
lLead selenide PbSe Used in infrared detectors for thermal imaging. Good high ol ic_ material.
Lead celluride PbTe [Low thermal ivity, good thermoelectric material at elevated temperature for ic_generators.
[Tin(ll) sulfide ISnS Has emerged as one of the simple, non-toxic and affordable material for thin films solar cells since a decade.
[Tin(V) sulfide Sns2 SnS2 is widely used in gas sensing

IPb | =xSnx

lLead tin telluride [Te Used in infrared detectors and for thermal imaging

[N-type intrinsic semiconductor. Very high electron mobility. Used in infrared detectors, photodetectors, dynamic thin-film pressure sensors, and
[Cadmium arsenide ICd3As2 \gr i 3
[Zinc antimonide [Zn35b2_|Used in infrared detectors and thermal imagers. transistors. and
|Copper()) oxide ICu20 __|One of the most studied Many applications and effects first with it. Formerly used in rectifier diodes, before silicon.

trontium titanate ISrTiO3 piezoelectric. Used in varistors. Conductive when niobium-doped.

Lithium niobate LiNbO3 ic, piezoelectric, shows Pockels effect. Wide uses in electrooptics and photonics.
Platinum silicide Pesi [Used in infrared detectors for |5 ym. Used in infrared astronomy. High stability, low drift, used for measurements. Low quantum efficiency.
[Thallium(l) bromide [TIBr [Used in some gamma-ray and x-ray detectors and imaging systems operating at room temperature. Used as a real-time x-ray image sensor.
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Alodog pn

30

Awatopn 810800 pn e dlepyacio KOTOUOKEVNG

4 Al
pzzzzzzzzzza

Movodidgtotn
QUTETKO

ynon Zopporo d1050v
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Alodog pn kat Xwpog Apalwong

ME amotéAeopa TNV Snutoupyla NAEKTPOOTATIKOU SUVALLKOU

E
_|_ -
I_‘ll__l
MNeutral n-region : : MNeutral p-region
& - & 9 o6 0,06+0
0 0 o0 S 2o
) _ © - ©i0 O o @,
O 5 -0 2 0
&) (SRE0] + e
O - O Toiow o' o
/ Dy |D \\
Ng (Donor) MNa {Acceptor)
D
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» Zt0 Oplo petaly p Kat n oL mAeLoboTeG hopeig ahhnlos§oubetepwvovtal,

31

Xwpog Apalwong pn - AvdAvon

hole diffusion
¢ Iezcmm difusidn

e ® &

— P [2) (<)
®@ &

hole drift

+ electron drift

Ch:

Derstty 42

Distance ™
_—

Electrical
Frel &

\%
Potential S
& Yo (d) Electrostatic
¥ X potential.
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(a) Current flow.

i X (b) Charge density.

- (c) Electric field.
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Emtimeda Fermi

otn Aiodo

AV
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Cool Topics
» Quantum Tunneling
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Cool Topics

» Quantum Tunneling
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Cool Topics
» Quantum Tunneling
» Why LEDs emit light?
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Cool Topics

» Quantum Tunneling

14
e oo b
o Pttt i
37 HY330 - AiGAegn 2n - Guoikr Zrepeds  10/6/2022
KatdoTtaong
37
Cool Topics
» Quantum Tunneling
(e e
el el
» Why are IC packages usually black?
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Cool Topics

» Quantum Tunneling

This simp iediustation of an LED demonstrates
o potors are rebsasendwhan shectrons cross the
o umetten 12 Bl Reles i ey Layes. The plastic
shell

ovaring the LED divectsthe photons st mared.

Sunlight

Ao

Hole
Fow
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