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MECANICA QUANTICA <-> MODELOS ATOMICOS
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Ondas estacionarias

-- Frequéncias discretas (harmonicos)

Waves traveling in

opposite directions
add to each other.




Natureza Ondulatéria
do elétron
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Elétron num atomo (Orbitais)

“Bordas”

Bordas FIXAS

Niveis
discretos
de energia

Potencial atrativo
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Nucleo



Elétron num atomo

Orbitais <-> ondas estacionarias em 3D
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Preenchimento dos niveis:FERMIONSs - Estatisticas d Fermi-Dirac

Fermions
Social distancing: M
Safe, e
Potential well |
Non-degenerate
o : Lei de Hund do 8- O
K preenchimento eletronico ~
. dos niveis atdmicos t(

no electron-electron repulsion electron-electron repulsion
equals lower energy equals higher energy

s p
»

1s | ‘ 1S p
correct N x k incorrect

v/
7



Poco-duplo K
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Molécula de hidrogénio H,
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Multiplos pocos (super-redes)
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Bandas de energias
Formam um continuo de energias permitidas

/

- Estados deslocalizados — “em todos os pog¢os”

https://www.falstad.com/gm1d/



https://www.falstad.com/qm1d/

Multiplos pocos

-redes)
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Rede cristalina (elétron num solido)

Exemplo unidimensional (1D) V(x + Ci') — V(X)




Rede cristalina 1D

Energia cinética




Rede cristalina 1D

Energia cinética

Abertura de
dubletos
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Rede cristalina 1D ECEIXIIX I I
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Estrutura de
bandas eletrbnicas do cristal

(energias nédo
permitidas)




Rede cristalina Estrutura de
bandas eletrénicas do cristal

Particula livre

92 E(k) _ h?

0k? m

massa efetiva -
9% E(k) _ h?

parabolica [HCIEH % dk? m




Rede cristalina

2D

Exemplo
Rede cubica

Rede cubica



Rede cristalina

2D

Exemplo Graphene
Rede HEXAGONAL
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Rede cristalina

3D
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Rede cristalina
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Rede cristalina

Exemplo "‘
3D Rede BCC [N

Bandas com os gaps
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Estatisticas de ocupacao de estados

Electron Configuration Chart T Y
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Estatisticas de ocupacao de estados

Fermions

Social distancing:
Safe,

Potential well

Bosons

| Not social distancing:
Unsafe,

Non-degenerate \_

|
Apenas 1 F— %
Férmion por &

estado quantico

FERMIONS -

particulas com spin semi-inteiro N/ 2
(p.ex. ¥, 3/2 ,5/2...)

Potential unwell,

A bunch of degenerates

N&o hé restricdo por
estado quantico

BOSONSs -
particulas com spin Inteiro N
(pex. 1,2,3...)



Elétrons - Féermions - Estatistica de Fermi-Dirac

Z=14

Silicio ETTE TN nicleo

Generalizando

20 Carbono [EEFEFNS

30 ,4Si silicio 152 252 2pS 352 3p? 4 elétrons na
camada de
valéncia

40 2Ge  Germanio 1s*2s? 2p° 3s? 3p° 4s” 4p?

50 509N Estanho 552 5p2

Poldnio

116

Uuh
Ununhéxio

ns2np2:néo
numero do
periodo

60 ¢Pb  Chumbo 6s? 6p?




Elétrons - Férmions

Vil Fuarcion (Posion |
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Atomic separation, x
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Elétrons - Férmions

Banda de conducao

Distancia
energética entre V algﬂt\t;B
BV e BC an

Banda de valéncia
Banda mais energética
ocupada

Diamond crystal

\ Band Structure
spacing

”2p+25” (8N states)

e 2p (6N states)

25 (2N states)

Atomic separation, x




Elétrons - Férmions

L
Conduction ~ § f=
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-_; band (CB)
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Valence V\ gq‘/ = 15 (2N states)
Carbon Semiconductor L
(diamond) Silicon

Ih= 0.17 nm Ih= 0.24 nm

B EGA ‘ ﬁli_‘}: 2p (6N states)
SCER B,

Periodic table
environment of
semiconductors
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Elétrons - Férmions oo

(diamond) Silicon
Periodic table =017 nm r,=0.24 nm
environment of o
semiconductors i Vacant

. 2(%;2 N - 2p 3p 4por Sp
Al | Si At [T\
Carbon (diamond) 3p° 110V gap: C Si Ge Sn
Insulator Silicon Ge [/
Semiconductor Sn : 25 3s 4s or 58

+
C""ﬂ'zda”tt, . Ge 0.7 eV gap D
(Conduction : l Sn 0.1 eV gap

after Sproull

band)

0.8

Band gap

region 1.16V gap :

Filled

0.24
Pb no gap, levels
overlap, making it a
metallic conductor

r(nm)




Elétrons - Férmions

Silicio

Carbon (diamond)

Insulator Silicon
+ Semiconductor

}
[Cvagantt- ; GE ﬂ? E‘Ur gﬂp
onducton
band) l Sn 0.1 eV gap I

Band gap

region 1.1eV gap :

padas

"

Filled

0.20 0.24
r (nm)

Pb no gap, levels
overlap, making it a
metallic conductor




Increasing energy

Metal

Semiconductor

L L L

Fermi energy

Insulator

Conduction

band

‘. bandgap

Valence
band

ISOLANTE
Gap grande > ~5 eV

Carbon (diamomny)
Insulator

o
o

Semiconductor

Vacant ' Ge 0.7 eV gap

(Conduction :

band) l Sn 0.1 eV gap

'

Band ga
region

0.24
Pb no gap, levels
overlap, making it a
metallic conductor

r(nm)



Increasing energy

Metal

Fermi energj

Semiconductor

Conduction

band

‘. bandgap

Valence
band

SEMICONDUTOR

Carbon (diamond)
Insulator
: Vacant
(Conduction
band)

Band gap
region

Gap médio ~1--5eV

+ Ge 0.7

l Sn Q4.1 eV gap

overlap, making it a
metallic conductor
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Isolantes

Banda vazias (BC)

Se o gap for grande (isolante) néao
Conduction conseguem “saltar” para os

Band estados vazios da BC -

Elétrons sao férmions Band gap

P T T I Y B '
R R R R R R R N&o conseguem ganhar energia

: 2 ° :
AT eI Er TSI LR E RS pois todos os estados estéao © ~ Svalence band

Valence

Band T A S A A A A
*+¢++¢+++*++f‘i++++*+++ OCUpadOSna BV

& & & & &

Insulator

Banda ocupadas (BV) Isolant
solante

N&o ha conducao
de corrente elétrica



Condutores

Valance

Banda vazias

Elétrons sao férmions

Conseguem ganhar energia
M ocupando estados +energéticos
LR X L . -
gue estao vazios na BC

Banda de conducao
Semi-ocupadas

Elétrons livres
ou
Elétrons de conducéo

Electron

Yalence hand

Conductor

Condutor
Ha conducéo de
corrente elétrica



Semicondutores

0 K (Mo electrons
in conduction band.)

Conduction Band

Fermi lavel 1.09 eV

Elétrons de conducéo

300 K
Excitac&o térmica

consegue
transferir elétrons
para a BC
(gap pequeno) - @ .
© ©valence hand
Semiconductor
Ause,anIa de SEMIcondutor
“eletrons” Ha conducéo de
buracos

corrente elétrica
Se comportam por POUCOS

como particula elétrons/buracos
de carga positiva



Nivel de Fermi
Energia de Fermi

The large energy gap

Energy Of | between the valence
e |E' ctrons and conduction bands

in an insulator says

that at ordinary
Conduction Band temperatures, no

electrons can reach
the conduction band.

Fermi level in gap.

a. Insulator

W
;onduction Band A level
r'4 N

| Conduction Band
Overlap

b. Semiconductor

In semiconductors, the band

gap is small enough that thermal
energy can bridge the gap for a
small fraction of the electrons. In
conductors, there is no band gap
since the valence band overlaps
the conduction band.

c. Conductor

Fermions




Fermions

Nivel de Fermi
Energia de Fermi

Semicondutores (Nivel de Fermi no meio do gap)
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Fermions

Nivel de Fermi
Energia de Fermi

v

Diamante (isolante ~semicondutor) (Nivel de Fermi no topo da BV)




Semicondutores

6 7 8
C N o)

Carbono Azoto Oxigénio
12,011 14,007 15,999
14 15 16
Si P S
Aluminio Silicio Fésforo  Enxofre
26,982 28,085 30,974 32,06

conduction band conduction band

* empty

. »
conduction band

T T small energy gap
large energy gap
very large energy gap

31 32 33 34
Ga Ge As Se

Galio Germanio Arsénio Selénio
69,723 72,630 74,922 78,971

valence band

49 50 51 52
In Sn Sb Te

Indio Estanho Antimdnio Teldrio

valence band 114,82 118,71 121,76 127,60

Conductors
Insulators

Conductivity

Menor condutividade
Menor densidade de elétrons livre
- aumenta com a temperatura

ODrude
Temperature




Semicondutores - Massa Efetiva

Rede cristalina

cristal

Particula livre

- k2

I2E(K) _ h?

ok?

massa efetiva” (+ / -

02 E(k) _ h?

parabolica [ACIRR SN  * akz _ m

. =9.1x1031kg



SEMICONDUTORES DoOPADOS

Proporciona portadores de carga = aumenta a densidade de carga condutora Oprude =

Acceptor
impurity

creates a R Donor impurity
’ * contributes
N &/ o free electrons

A VA VA

Antimony * Sl '
added as added as L

6072 7250 4ot impUrity impurity
49 50 ST
In Sn

114.82 118.69

@
o

. Extra
Conduction hole

enargy
levals,

LG GO 00 0.0, 0.0 0. . Farmi
leval

Conduction

energy
levels




DISPOSITIVOS SEMICONDUTORES

Conductivity of Metals and Semiconductors

Vantagens do Semicondutor

v sy
O : Semiconductor 2yt ne (M’
Mobilidade celeaiat R e -I_
baixa resisténcia (cristal perfeito)
Controle da dopagem —
i e — G T o T texr
Heterojuncoes

Crescimento controlado
Baixa dimensionalidade




Semicondutores - Propriedades Opticas

Forte acoplamento com a luz Fraco acoplamento com a luz




Semicondutores - Propriedades Opticas
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DispPOSITIVOS SEMICONDUTORES
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DIODOS SEMICONDUTORES

p-type n-type
semiconductor semiconductor
region region

s electron

The combining of nhme
electrons and holes ® o
depletes the holes . negative ion
in the p-region and from filled hole
the electrons in the L (¥) positive ion
n-region near the from removed
junction. —_— electron

depletion

region

M

n-type : G-:rncluctu_:- i I%iand_

silicon SO0000000S

p-n junction Energy bands at equilibrium



PN junction (diode)
P type N type

Depletion layer (stable ared)

Symbol

A (Anode) l: | K {Cathode)

F orward direction

DIODOS SEMICONDUTORES

Chave direcional
de
corrente elétrica

A

Forward voltage application
to diode




DIODOS SEMICONDUTORES

Diodo convencional LED - light emitting diode

Gap INDIRETO

LED diody

i Conduction Band
000000000 i ~— .
( Z R R RN DR R

A}

RECOMBI-,
NATION

FERMI LEVEL

Energy bands at equilibrium BAND GAP

VALENCE BAND




Schéma

LED - light emitting diode

Front polarizer

. .II!MI-.&.-.-..:’
W'wv - - Glass (

substrate
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(red, orange, yellow)

red, orange
blue
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Amplification action of transistor

B-E
current

Z-E current

Transitores

contra

Principais funcdes
- Chaveamento (on/off)
- Amplificacéo

& Bs 2

— . dl‘
-
% gd’@

<,

- s
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7 >

3 bgrri rgate 2




Moore’s Law: The number of tr umst()l s on microchips (1()11])1LS every L\\ 0 years [ONaWEIE
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles mw ximately every two years. in Data

This advancement is important for other aspects of technologic rogress in computing - such as processing speed e price o u] Iters

Tran5|stor count

L‘M‘\;\\

Y\ ar in which the microc hu) was first introduced




CRESCIMENTO POR CAMADAS

M BE — MOLECULAR BEAM EPITAXY

lon gauge
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Heater
stage

/ 7
, Molecular Beams

ﬁ Sfurate Wafer

MONOLAYER GROWTH ELECTRON BEAM
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A—=ti10)
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Effusion cell
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Heteroestruturas semicondutoras baixa dimensionalidade

Engenharia
de gap

Poco quantico (quantum well QW)



Heteroestruturas semicondutoras baixa dimensionalidade

Dopagem seletiva (fora do poco)
- maior mobilidade

Poco Quantico

Camada 2D de elétrons
Niveis discretos de energias

x = 0 at left wall of box.



Heteroestruturas semicondutoras baixa dimensionalidade

JCamada 2D de elétrons
(= 6timo condutor
—> Chips rapidos

Niveis discretos de energias

Absorcao/emisséao de luz
de freq. determinada

s - DETETORES / LASERs




Heteroestruturas semicondutoras baixa dimensionalidade

r
Top Metallic __Proton Bombarded LAS E ‘ ;S 1"0
uf

Contact N\ Semi-Insulating Barrier
. p+ GaAs ]

\Ex’""* p AlGaAs (a) Equilibrium bandstructure

1\
A ™ Active Region

N\ ' nAlGaAs
\ N-(GaAl)As

\

) n GaAs Substrate

'Bottom Contact

I
Emitting Region

(b) Forward biased

Efc



Laser de poco quantico

LED — juncao PN Emiss&o num pogo quantico

Conduction banc

Luz com frequéncia
muito bem definida
(laser)

e N‘u‘u’u‘u‘uﬁv%{h
‘ Energia alta — luz visivel

band gap
(forbidden band)

———— light tructure ——————— : :
(a) fghtguide siructure Wavelength (nanometers) ———

2 AlGaN - GaN with ——— AlGaN
- InGaN i p
quantum wells

=, b
"1 mm "1 mete

(b)

400 500
p AlGaN layer- Vicibhle
GaN+MaW Visible Reg

n AlGaN layer~

. GaNbutlor tayer Electromagnetic Spectrum
sapphire substate 0



Laser de poco quantico

Emissao INTERBanda

Alta energia
visivel

Emissao INTRABanda

Baixa energia
Infravermelho

Wavelength (nanometers)

10°

3 ®, ®
1 micron "1mm "1 meter

-~ . L 4 ' "
Gamma  X-rays - , Infrared Radio Wawves
rays

Red

r
Blue
¥

a_‘
400 500 00 700
Visible Region

Electromagnetic Spectrum



Espectroscopia no infravermelho ( IR)

Figure 1. Mid-infrared absorption spectra of selected molecules with their relative
intensities. Hy O: water; COs: carbon dioxide; CO: carbon monoxide; NO: nitric oxide; NO NO, gas molecules
o ; hitrogen dioxide; CH, : methane; Og: oxygen; NHs : ammonia. Source: HITRAN [10].

Sensores IR

o T Ll T o I T L T N
Environmental Industrial process Gas Inlet w=p : =) Gas Outlet
monitoring < control ’
3
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Laser Light Source Photodetector -
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Typical SPR

Wavelength (pm)

o & aromatics
$ b @ .‘ SF
$0, Cg . " g NH; 6  aromatics
g glucose 373"
NG ‘N02 H,S acetone é ff{(L
$0, oethanol
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3 1 1
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] 1 1
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Heteroestruturas semicondutoras baixa dimensionalidade

QCL Compared to Diode Lasers

Diode Laser Quantum Cascade Laser

injectar
active redgion




Heteroestruturas semicondutoras baixa dimensionalidade

Quantum Dots
(Pyramid & Drisk-like)

|

|

Pontos quanticos (quantum dots QD)

Hydrostatic Strain

& InAs Pyramid

Anisotropic Strain

virain Distribution in Self- organised Chuantum Diots

Atomos artificiais

GaAs Substrate

Niveis discretos de energias
Absorcao/emisséo de luz

De freq. determinada

- DETETORES / LASERSs



http://pages.unibas.ch/phys-meso/Pictures/Pictures_Images/cavity.gif

Heteroestruturas semicondutoras baixa dimensionalidade
Control

QD crystal

Absolute
positioning

Relative
positioning

QDs (Artifi-
Structural A cial atoms)

20 nm




Detetor Infravermelho

65

FOTOCORRENTE
i @)

<Campo elétrico

Pode ser também "
0 principio de
funcionamento
das células
fotovoltaicas




Tunelamento quantico

Classically
forbidden
region

particle energy

incoming particle !
wavefunction .

particle wavefunction
past the barrier

oy ",

\._‘_‘: o, " i J
otlen bososastlo Eig Bt 5 s ha st

Lpexit/-\/

Reduced probability,
but not reduced
energy!




Algumas aplicacdes do tunelamento quantico: Memoria Flash (SSD)

Barreira
isolante

Si Ssi0, Si

Direct tunneling

Flash Memory
m : _— i stored t‘
» ST |:l Electrons
Programmed
“o”

!

CONTROL GATE Insulating ‘
I—J/ Dielectric Floating _

SOURCE

‘ Channel
: 1 42

Vi)

p| preferentially when a voltage is applied



Algumas aplicacdes do tunelamento quantico: STM — Scanning Tunneling Microscopy

Vacuum

material STM tip

__‘ |__~1nm

material

Tunneling
Current Amplifier

b

e
T 85
R
-
85
RS
a.

Tunneling\\
Voltage

_ AL, |
[ g
Image originally created by IBM Cor 12.2 A

© 1BM Corporation. All rights reserved. This con i T I h L
from our Creative Commons license. For more ir 200 400 ;00 800 1000
: s x(A)




Algumas aplicacdes do tunelamento quantico:
SQUID (Superconducting Quantum Interference Device) — Mede campo magnético

Magnetic field

Threshold for SQUID: 104 T A

Magnetic field of heart: 10719 T

Magnetic field of brain: 10713 T Superconductor
Biasing Biasing
current current

Juncéao Josephson (S-N-S)

One period of

voltage variation S 2=
correspondsto .~ )
an increase of

one flux guantum




Algumas aplicacdes do tunelamento quantico:
SQUID (Superconducting Quantum Interference Device) — Mede campo magnético

(C) \ |

ML } | pm
:
Superconducting qubit Josephson tunnel . "_"

or SQUID sensor junction

\ 500 nm

/ Josephson
b (base) jungtion




Algumas aplicacdes do tunelamento quantico: Tunne| ﬁe|d-effect transistor

Steep-slope devices - Promising candidate for low power electronics MOSFET

Li.ate .
High mobility (Ill-V, SiGe) metalisation Oxide

layer
Drain Gate ;
I Source | Dielectric | Drain

' ; p-type / intrinsic n-type
h”l :‘; P-silicon -

semiconductor wafer

MuG

o
0o
o
"
c
s
-~
=
o
£
o
o

MOSFET TFET

ﬁ Thermionic
@ Emission

Band-to-band
& Tunneling

SOURCE Gate voltage, V,

n’ doped

———— e — e ———

n” poly-Si gate i-Si channel
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Tunelamento ressonante - Uso

electrons

o D.J, Paul 2002

Curva Corrente-Voltagem



Tunelamento ressonante - Uso

Regido de
“resisténcia
diferencial negativa”

V aumenta — | diminui

Lower
resistance

Higher Lei de Ohm — R=V/I

R . resistance
V aumenta — | Aumenta



Tunelamento ressonante - Uso

“diodo tunel” (ndo ressonante)

https://en.wikipedia.org/wiki/Tunnel diode

Tunelamento através do gap valéncia-conducao
V<0

Tunnel Diode


https://en.wikipedia.org/wiki/Tunnel_diode

Diodos Tunel (ressonante ou nao) em uso

Alimentacdo de um Oscilador LC
(tank circuit)

https://www.youtube.com/watch?v=PuG8CCUbg58

Tunnel Diode Oscillator

satellite
maritime radio, maritime radio, 2 adic shortwan communi-
navigation navigation gatic radio GPS, cations, Wi-Fi

Obs.: Diodo tuunel funciona em altissima frequéncia v i : e
( a_C|ma de GHZ ) 100 km 10 km 1 km 100 m 10m 10 cm 1 mm

«— increasing wavelength increasipf frequency —»

3 kHz 30 kHz 300 kHz 3 MHz 30 MHz 300 MHz 3 GHz 30 pAz 300 GHz


https://www.youtube.com/watch?v=PuG8CCUbg58

Computacao Quantica - Plataformas

Bit quantico
a Cavity quantum electrodynamics “qubit”

quantum

system
Ain hf 7N 1) ?
et NN Ge /

0)
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a Cavity-coupled double quantum dots
Coplanar waveguide cavity i i Equivalent circuit
A mm 0 00ooDoDoooooo
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C
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metal mmm dielectric

b Double quantum dot materials systems

GaAs 7 InAs ' Graphene Carbon nanotube p1 SI/SiGe

,W

a Spin-photon interface
Double dot in a magnetic field gradggﬁt

B1 P1B2 B3

P2 (To cavny)



Computac¢ao Quantica — Plataformas: QUBIT SUPERCONDUTOR

Juncao Josephson (S-N-S)

- :Cooper- {3
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Figure 2.4: Josephson junction and transmon charge qubit. a, A Josephson tunnel junction consisting of
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Figure 2.5: Energy level diagram of the Cooper pair box and the transmon. Calculated eigenenergies E; of
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gure 4.1: Exemplary measurement & control circuit (a) and cryogenic part of the setup (b). a, T



