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Capitulo 1: Diodos semicondutores
1. Caracteristicas dos diodos.

Projeto da

Circuitos

Eletramicos

DISPOSITIVOS
ELETRONICOS

e teoria de circuitos

8® Edicao

Robhert L. H:_'r}.'te stad
Louis Nashelsky

www.cefetsc.edu.br/~petry



Seqgiéncia de conteudos:
1. Introducéao;
2. Diodo ideal;
3. Materiais semicondutores;
4. Niveis de energia;
5. Materiais extrinsecos dos tipos N e P;
6. Diodo semicondutor.
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A importancia da eletronica:
Telecomunicacgoes e entretenimento;
Computadores e calculadoras;
Sistemas de controle automatico;
Instrumentacao;

EletrObnica automotiva,

Geracao e distribuicao de energia,
Radar;

Circuitos integrados;

Entre outros ....
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Eletronicos

CapitUlO 1 q .:; - Circuitos
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Projeto de circuitos eletronicos:

Um dispositivo eletrénico € um componente que utiliza alguma fonte
de energia, tal como tensao elétrica ou luz, para controlar o fluxo da
corrente eletronica.
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Breve histoéria dos semicondutores
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Motor elétrico por Thomas Alva Edigon

w1080

Eatudo de mitodos de retiflcagdo

1y | Mplemeantau o
transformader

Diode de selenium por C, T, Fritts

Efelto termiénloe

Motor de Induclo por Tesla

1891

Geragao hidrelétrica por Slemens

LAmpadas de vapor de marcirio por P. |

1601

Cooper-Hewitt

[ Explicagiio do efefte termiBnico per 0. |

W. Rlehard aon

Diede de tube de viouo

1903

[+ COMMDIAr O Fatmic Fae

marslirie por Coopar-Hewit

1904

J. & Fleming

Disponivel em:

www.cefetsc.edu.br/~petry
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Breve histoéria dos semicondutores
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1908

" Use dos fiboe de mercane par
rakH r Btalnmee

(ubs de vilaus Eermibnios de Fes

dlomentos por L. Deforast

Adendo do shioma olfernade whidsleo
s ELA
or par s TH
Alexand erssn
B0 B0 Em er ]
potincla de TO kW
Desemeolvimento dos tubos de viceo

Clrcultos passivos com diodos do vicUo

Iimplerncntanda Imvorsornss

Retifiond ar 5 aros som erosiro ole men b

por Langmuir ¢ Princa

Descnvelvimanto dos retifcadores

Década de 30

contreladaos a Illﬂ'ﬂ'qiﬂr

Fabricaciio de dicdos ds selenium. dxido

ge cobre entre ouiros materials
“Controte da grade dn divooy oF YRCUG ¢ |

merciifio ohjstvando inve rsones
Fielhedis nea amplliinaiems

nllnillnlpurFr-itI. I.nrn

Tubes de gis, lgnitrens ¢ tinsratrom




o
)

=]
~+
-5
o
C

Qe
o

|

Breve histoéria dos semicondutores

1831

Surgimento dos ololoconverseres

ignitran per Sleplan e Ludwig

1940

Diodes de junglo PN

" Desenvolvimento dos amplfficadores

magnéticos o slemenics saturdvels

1048

Translstor de contate por Barden,

Tiristores a controle de fase

Dsollador de EE. ﬂﬁlﬂllﬂ' do

inverser de onda gquacirada

1981

Trangietor e Jungio na Eell

Laboratories

1082

" Semicondutor de poténcia signiicants

per Hall

1964

dizponheel

1066

Invengdio do BCR pela Bell Laboratories
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Breve histoéria dos semicondutores
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1937

Fabricaghe do 3CR pela Qeneral Blactrie

1580 5 1081

Comarelalizagio do BCR

1058 2 10670

Diominio des bristares

TRIAS

1967

Fonte ©C Ensar

MOSFET de poténala

Téanloas de aantrole wotorial

RCT

Dxdmnela dbe T

Transistorss Darington

KRBT

1887

ar
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Simbolo do diodo

Vp
: b
e
Ip
Anodo Catodo
(A) (C ou K)

Curva Iy X Vp
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Diodo conduzindo \

2 Vp _ Y, Short circuit
o H O —— O . o 1,

—

I 5 (limited by circuit)
0 Vp

o Vo oT /Clpcn cireuit
o H 0 — 0 L —

—_—

Ip=0

™~~~

Diodo blogueado



Diodo ideal
_
Diodo conduzindo
#— *—
Ip Ip
Diodo blogueado
O H O —t— O—e ®
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Resistividade de um material

{=1em

1 cm?

A
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Valores tipicos de resistividade:
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a
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Condutor
p =107 Qcm (cobre)

Semicondutor
p=50Qcm (germanio)
p =50-10°Qcm (silicio)

Isolante

p =10*Qcm (mica)




& Crystal Viewer - Internet Explorer provided by Dell - =HECIAL X ]
@v ¥ |g http://jas.eng.buffalo.edu/education/solid/unitCell/home.htrl A ‘ ‘7| x ‘ ‘ Live Search P -
File Edit View Favorites Tools Help @y
e 4R | @ Crystal Viewer i~ B - ®h v | Page |} Tools d
Show Bonds You are viewing Si unit cell Si - . .
_ShowBonco | Properties of Si \ N
Atoms/cms 5.0E22
Atomic Weight 28.09
Breakdown field (V/cm) ~3E5
Crystal structure Diamond
ensity (g/em3) 2328
Dielectic Constant 119
Ne (em-3) 2.8E19
Nv (em-3) 1.04E19
Effective Mass, m*/m0
Electrons
m*] 0.98
m*] 0.19
Holes
m*ch 0.16
m*hh 0.49
To view in 3D: mouse drag on the unit cell. Electron affinity, x(V) 405
- Energy gap (eV) at 300K 112 -
Done & Intemet | Protected Mode: On H100% -
—

http://jas.enqg.buffalo.edu/education/solid/unitCell/home.html
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Camadss Ligacao covalente do atomo de silicio.
-~ Midcheo A r )
Elérons —q.- —"*“ = e
orbitando

nm[mm]h mento dl: elétroms

ZE_,_’ — - — Y - - ’11 -
Elétrons — —_
de valéncia
(4 para cada) ) 7 T
Eléirons de valénoa
_f.--"'

— - L — S8 -

Estrutura atbmica do germanio e do silicio. .7 - T—j . M - v

Materiais intrinsecos:

« Sao semicondutores cuidadosamente refinados para se
obter a reducdo de impurezas a um nivel muito baixo —
sao basicamente tado puros quanto permite a tecnologia
moderna.
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Niveis de energia:
 Quanto mais longe o elétron estiver do nucleo, maior sera
0 estado de energia, e qualquer elétron que tiver deixado

seu atomo de origem apresentara um estado de energia
maior do que qualquer outro na estrutura atbmica.

4 FEnergy

Valance Level (outermost shell)
Energy gap
Second Level (next inner shell)
Energy gap
Third Level (etc.)
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4 Energy

Conduction band

)

Electrons
"r]_-l:ch IU
establish

conduction -_|

i Energy

Conduction band

s
E,

L

E,>5eV
Valence
|~ electrons
® © o o | boundto
Valence band the atomic
slucture

Insulator

L [ ™Y ®
Valence band

Ee,=1.1eV (51)
Eq =0.67 eV (Ge)

E, = 1.41 eV (GaAs)

Semiconductor

A

} Energy

Conduction band

The bands

overlap—| @ @ @ @
Valence band
Conductor
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Materiais extrinsecos:
« Um material semicondutor submetido ao processo de
dopagem é chamado de material extrinseco.
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Antimonio (5 elétrons na camada de valéncia.)

Galio (3 elétrons na camada de valéncia.)
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Material do tipo N:
 E um material semicondutor dopado com impurezas com
cinco elétrons na camada de valéncia.

4 Energy

+nw
LTI

— N

D
-

Conduction band l

—1-E, =0.05eV (Si), 0.01 eV (Ge)
- -0 — O — @5

f Donor energy level |

® o o o I, TS SO N WG

Valence band - - — — -

E, as before—

Fifth valence

/ clectron
| of antimony

- S —- - S%- - S-
I ,fi.n[inmllly"{Sh) |
' |impurity | '
—gain— =5 — - —
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Material do tipo P:
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« E um material semicondutor dopado com impurezas
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3 elétrons na camada de valéncia.

Si

Si

Void

/

Boron fH'hl-'
Hmpurity

Si

Si

com
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Hole flow

P
Electron flow
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Materiais extrinsecos N e P

Portadores majoritarios e minoritarios:

« Em um material do tipo N, o eléetron &€ chamado de
portador majoritario, e a lacuna € chamada de portador
minoritario;

« Em um material do tipo P, a lacuna é o portador
majoritario, e o elétron é o portador minoritario.

fons doadores fons aceitadores
/ﬂ‘\ ; Portado | PN ,
ortadores ~ i
@ i @ i EE}'_ 1= majoritdrios 5 o T g 'r:__) 4
4 + e = (d |
@ @ : f;_/‘. + A T + !
&} ol B @ i + +‘u. {T:
S o, = - |
(_B EB ~__—Portador Pnrmdﬂrﬁs.aﬂ*—':—’ +{ﬁ ':_j + | :
B @ — Sk 1:—:1—:} minoritdrio majoritdrios ‘o FEC, o + '{:__,
o “\""-Pclrtadur

tipo n tipo p  minoritdrio
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[ ‘& Hexagonal Closed Packed Crystal Structure Applet - Internet Explorer provided by Dell |E|E‘i‘r
g § ks - |£; http://jas.eng.buffalo.edu/education/salid/hcp/cell.html < | *+ ‘ A | | Live Search P -]
File Edit View Favorites Tools Help "3'_1_.‘ o
O

& Hexagonal Closed Packed Crystal Structure Applet - El ~ o= ~ |-k Page = i} Tools v

hcp Crystal Unit Cell Applet é

QuickNote | Introduction | App.Tutorial | Quiz [References | Feedback | HowToPrint

Hide Bonds |  Hide Adis | [

m

Hide Index |  Hide Plane |

Hide Edges |  UnitCell |
Miller Indices for Lattice Plane
h |4 k |4 I 4 set

Lattice plane; 1121

Select Compound
s " Gan v SiC

“zng  CznSe [Other =]

Cal Plane Distance |

Done

@ Internet | Protected Mode: On H100% -

http://jas.enq.buffalo.edu/education/solid/hcp/cell.html
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| P-type =silicon 5] MNtype silicon

B Auminum

Silicon oxide

B Photoresist | MN+-type =silicon

ﬂrst] prewious] animate—neﬂi nex‘l| Iasti

A second lithography step, using the Photoresist metho =
is used to etch the aluminum. After annealing(baking) |g|
at 475 degrees Celsius to improve the aluminum conta —
with the silicon, the device is ready to be tested. i
1| 1 |

I

Done

Single Crystal Sillcon Ingot

S1 wafers sliced from ingot :

& PN Diode Applet - Internet Explorer provided by Dell E@ﬂ_hj
@@ v'|g, http://jas.eng.buffalo.edu/education/fab/pn/diodeframe. html j_“f-| A ‘ Live Search £ ~|
File Edit View Favorites Tools Help G___‘,
— — . b d
i:i' ke I@ PM Dicde Applet ] l @ ~ [l v o= v |-k Page v i} Tools =
The whole Silicon mgot : i
PNDIODE & 2
Metsl Cortact

b e

&) Internet | Protected Mode: On F100% -

http://jas.enq.buffalo.edu/education/fab/pn/diodeframe.html




Regiao ou camada de deplecao
= barreira de potencial
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Sem polarizagéo (V, =0 V):

Depletion region

+ = e
"'@(;' @+ ®
=+ @Jr - @ _ >_
+ +E~} S =
= + @ —
l [n=0mA In=0mA I

o+ V=0V -0

(no bias)



Sem polarizagéo (V, =0 V):

IDZOIT]A




Polarizacao reversa (Vp <0 V):

~¢——— [ Minority-carrier flow

Imiij(]l‘it‘r" =0
O + FEEERE®D @ U _
@ 909999

+ 009990 = }—

-\ o7 Cera -

+ + L @

p \. v J H
Depletion region




Polarizacao reversa (Vp <0 V):

O

+

(Opposite)
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/= Diode - Internet Explorer provided by Dell

e http:/fwww.st-andrews.ac.uk/~www_pa/Scots_Guide/info/comp/passive/diode/diode.htm A H Live Search P -

& v
l_l ﬁ % a H 'Iﬁpagev\g}Toolsv ”

File Edit View Favorites Tools Help
12? '{k [? Dicde

zone to form around thc _]unctlon (thc _]0111) bctwccn the two materials. Th.lS zone controls thc bchawour of thc chodc

May take a while to load...
Animation!

Characteristic curves

Graph showing how the current through a diode varies with the applied voltage .

m

Follow this link

to see in detail how a diode works.

The animation shows the general behaviour of a pn-junction.

Applying a potential difference across the junction,
to make the P side -ve & N side +ve, simply
increases the zone width & barrier height.

| @J. C.G. Lesurf Univ. 8t. Andrews |

When we apply a potential difference between the two wires in one direction we tend to pull the free electrons and holes away from the
junction. This makes it even harder for them to cross the depletion zone.

When we apply the voltage the other way around we push electrons and holes towards the junction, helping to give them extra energy
€ Internet | Protected Mode: On H100% ~

— N

http://www.st-andrews.ac.uk/~www pa/Scots Guide/info/comp/passive/diode/diode.htm
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[ @ nttp://jas.eng.buffalo.edufeducation/pn/BiasedPN/ - Intemet Explorer provided by Dell E=EEE™c=

- B T W N
@{\..J - |g, http://jas.eng.buffalo.edu/education/pn/BiasedPM/ - | *4 | X | | Live Search L '|

File Edit View Favorites Tools Help ﬁ b

W ke [@http:fr’jas.eng.buﬁalo.edu;’education!pnfBiasedP... l—l - v = v [k Page = {0} Tools » ”
L » L i

PN Junction Diode under Bias

v leakage v injection [ recombination v electron W haole

m

s Introduction
o Malb Analvsis
« App. Tutorial
+ Worksheet

e Quiz

L ]
L ]

SPICE/CAD
Beferences
Feedback

a Internet | Protected Mode: (In 4\ 100% -

http://jas.enqg.buffalo.edu/education/pn/BiasedPN/




Modelamento matematico:

K Vg
le™ -1

| , =corrente direta;
|, = corrente de saturagao reversa;

K =11600/ onde n=1para Ge e n=2 para SI;
T, =T. +273
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Eq. (14)
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Capitulo 1: Diodos semicondutores
1. Caracteristicas dos diodos.
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