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O que é nancteanologia?

Estruturas com dimensoes menores que 100nm

Estruturas com dimensoes tai's que suas
propriedades diferem das mesmas com
dimensdes malores.
Exemplo: nano-particulas [1 discretizacao das
bandas de energia [l altera propriedades.

Ha 2 seculos, Faraday ja atribuiu as diferencas de cor
entre amostras deouro coloidal adiferencano
tamanho das particulas.




Qual aareade aplicacéo de
nanoteaologia?
Nao tem resposta Unica
Elaé permeiatodas as areas (“Is pervasive’ ).

Va de medicing, roupa, eletronicaa
pavimentacao de estradas.

E uma convergéncia da fisica, quimica,
materials, engenharia, biologia, etc — trata de
atomos e moléculas.
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Richard Feynman, em 1959 disse corretamente:
“Thereis Plenty of Room at the Bottom e que um dia
seria possvel manipular atomos individua mente”.

olecule Design




Exemplo: logotipo IBM escrito pa AFM em 1990:
posicionamento de atomos de X e sobre superficie de Ni.

o (espaco ente &omos ~ 1 nm)

Eigler & Schwelzer, Nature 1990




Faz sentido criar um Unico centro
de nanoteaologia?

Possvelmente nao. Nanoteaologia nao cabe
sob um Unico teto. E muito amplo.

Faz sentido sim, centros de nanoteaologia
paraareas x ouy, (semiconduores,
nandabricacao, bio-nanqg por examplo).

Nanoteanologia esta em todas as areas, é
fundamental para cada uma.

Nanoteanologia é o futuro paratodas & areas,
é uma opartunidade para inovacéo.




Temas de pesquisaem N& N propaostos
no PPA 20042007—pelo GT do MCT:

Nanofabricacao
Nanometrologia

Materiais nanoestruturados
Nanoteaologia funcional

Energia

Nanoteaologia moleaular
Nanoagregados
Funcionalizagao de materials
Software.




Temologas de nanofabricacao

“Bottom-up” : sintese quimica e criacéo de
estrutura supramoleaulares. Inclui também a
manipulacao de atomos por AFM, FIB, etc.
“Top-down” . sequéncia de deposicéo de
filmes ou camadas seguido por piocessosde
litografia (por luz, feixes de el étrons ou ions
e nanamprinting).




Temas e Investimentos em Nanoteaaologias
doBMBF / Alemanha
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Mercados mais importantes em 2015 > 1 TUS$

Materiais

Eletronica
Farmaceuticos
Prod. quimicos
Aeroespacial
Instrumentacao

Saude

Outros

Fonte: National Science Foundation




Micro vs Nana (Esguecemicro e
vamos diretamente ao nano?

Tem limite difuso
Nano = evolucao de micro e do conhecimento e

dominio

Numano Lbre a natéria

Nanoreg

uer infraestrutura similar (refinada) e

faz uso de algumas técnicas e concatos
simil ares.
Nanonao pode presindir da kase tecnologica

domicro

. “Microtecnology is an Enabler”.

“Most nanosystems need to be embedded in a
semiconductor based microsystem” (Jacques

Schmitt)
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F1G. 1. fa) Schematic cross section of top gate CNFET showing the gate
and source and drain cleetrodes. {b} Ouwiput characteristic of a wop gate
p-type CNFLET with a Ti gate and a gate oxide thickness of 13 am. The gate
vollage values range from —0.1 to —1.1 V above the threshold voltage
which 1s —0.53 V. Inset: Transfer characteristic of the UNFET for ¥, =
-0.6 V.




* Lingua Eletronica(Embrapa)

 Microeletrodos e nanomembrana
seletiva

Exemplo 2:




Exemplo 3:
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Sensor quimico:
— Filtro seletivo de

dendrimeros.
—Alumina ()
nanopaosa rovomm "@z}%{\
_ Dispositivo e

SAW- detector
de massa. .




Centros de Nanofabricacao
Internaaonais

e Varios laboratorios de microedetronica

foram transformados em centros de
nanofabricacao.

e Exemplos. Cornell, Stanford, NCMC,
outros.




NNUN — National
Nanofabricailon Usars Network

Cornéll, Howard, Stanford, Penn State, UCSB
Financiamento — NSF

“NNUN has extensive experience in all phases of
nanaofabricaion and its use in fields ranging
from nanophysicsto biologyto eectronics’.

“Our tedndogies are largely based on the thin
film patterning techniques so succesgully
employed in the microelectronics industry”.




Portanto, técnicas de micro &
nano-fabricacao:

o Sao fundamentais para parte significaivado
universo da nanoteaologa

 Devem ser estimulas e apoiados.

* (pelo menos e assmno resto do nundd)




2. Evolucao dos Semicondutores

e A) Dispositivos
em Estado Solido

— Transistor
Bipolar

— Dez 194/.




B) Processo
Planar -
1958

— 71
07

(e) Remove resist--pattern
transferred to S5i0,




rimeiro Cl, 1961- Fairchild




1971 - M Icroprocessador 4004, Intel




2001 - 256Mbit DRAM (TOSHIBA)
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Areade chip




ENSOES MINIMA

TRANSISTORES /AREA de OIM

Eficiéncia de Empaaotamento — Inovagao
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NUmero dispasitivospor chip - Lei Moore
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16 nm Gate Length Transistor

STMicrodledron CS, Semiconductor International de Nov/200L.




| TRS2001 — dimensdes em nm
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18

6

Transistor
PMOS
L =6nm

(1BM-2004) g5

Vgs=-1.5V
step=0.1V

EOT=1.2nm
Lgate=6nm

Ts=4-8nm




. Strained Si

' Relaxed.

[Qraded: 5., B8,:| ¥
Si Substrate .
Fig. 7: Biaxial and uniaxial strained Si device cross-sections.
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Uso de SI tensionado — aumenta mobili dade (ex. Si/SiGe)

SPOI = strained sili con directly on insulator, por técnicade ransfeénci
(smart cut)

Desired Stress:
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T: Tensile stress
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Sérialimitacéo: R
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» Prioridade: reduzir Rgy; ndo adiantamelhorar achave MOS (CNT ?)




INTRODUCTION TO

SYSTEMS

CARVER MEAD -~ LYNN CONWAY
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Qual é o limite Pratico para CMOS?

e 25 M (H. Iwal, IEEE, JSSC, Mar. 99)

Quanda? Entre 2020 e 2030 I 101%a 10%2tr./chip
[1 permite produtos ndo visualizave's hoje.

e Varios fatores apontam 10 nm de comprimento de porta
ser um limite pratico para o escdamento de CMQOS.
Como fatores li mitantes apontam:

 tunelamento pelo dielétrico de porta;

« Impossibilidade de escalar atensao de di mentacao

e questdes de ruido térmico e de bandbap;

* iImpados de tolerancia e margensdo numero de
atomos dopantes no dispositivo [Médliar-Smith and
Helmg].

e Transistores com L de 6 nm jaforam demonstrados
[I1BM, 2004]




Integrated Circuit
History

NTRS Roadmap

0.25um in 1997

Feature Size

1960) 1930 2000 2020 2040

(Plummer et a)




Qual o tempodevida mraCMOS?

* Pelo “roadmap” ainda ~ 15 anos de evolucéo.
e Porém, seu uso, provawelmente > 50 anos!

* Prevé-se aadicao denovosdispasitivosnano
co-integrados com CMOS, baseados na
plataforma da temologia CMOS.




Apoés Limite de Escdamento CMOS?

* Novos Concatos de Dispositivos e
Circuitos:

—a) dispositivos de blogueio Coulombiano,
entre outros dispositivos de um unico
elétron;

—b) estruturas de nano-tubos de carbono
—C) transistor molecular

— ) dispositivos quanticos, onde se controla
0 estado do elétron = spintronica.




Single Electron Tunneling Device - SET

(a) Coulomb Blockade (b) Single Electron Tunnelling
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A.... Carbon Nanotube

CNT isatubdar form of cabon with diameter as andl as 1 nm.
Length: few nm to microns.

CNT is configurationaly equivalent to atwo d mensional graphene
sheet rolled into a tube,

= STRIP OF A GRAPHENE SHEET ROLLED INTO A TUBE

n0) / ZIG ZAG

CNT exhibits extraordinary mechanical
properties. Y oung' s moduus over

1 TeraPascd, as fiff as diamond, and tensile
strength ~ 200 GPa.

CNT can be metalli ¢ or semi condicting,
depending on chirdity.
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Gt i i ot s i)

Nantero (Wobun, Mas.,)
introdwziu CNT nafabrica

Usa CNT como chave detro-
meanica, controlado pa campd

w elétrico.
Vgt Z LY O CNT ficasuspenso sobre uma
A0 :1;;. | Vas =08V trincheira, podendo mover-se.
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F1G. 1. (u} Schematic cross section of top gate CNFET showing the gate
and source and drain clectrodes. {b) Ouiput characteristic of a wop gate
p-type CNFET with a Ti gate and a gate oxide thickness of 13 am. The gate
voltage values range from —0.1 to —1.1 V above the threshold voltage
which is —0.5 V. Inset: Transfer characteristic of the {NFET for Vi =
-6 V.







Transistor Moleaular

a GATE [META L)

Pesqui sas em andamento:
Ugm *HP crossbar molecular
swithes memory device
Molecular gates, by IBM.
*Biomolecular templatesto
[— use DNA-like materials, at
Albany NanoTech. -

i
SUBSTRATE CURREHT FLOWY

CONVENTIONAL MICROTRANSISTOR (=) haz three terminals,
known az the source, gate and drain. A postive voltage applied o
the gate draws electrons to the insulater (b), enabling current te

tlowe frerm the source to the drain. A melecule based on three
benzene ringz (o) was alzo uzed to awitch an electric current.

The center ring had asyrmmetric fragmentz, enabling it to be twizted
by an electrical field (). With 2 apecific veltage applied, the electrical
fiek! twizted the melecule and permitted current to flow.



3) Processo Planar — Outras Aplicacoes

o Optoeletronica
Fotonica

Microssstemas= MEMS ou MOEMS
— Microssensores
— Microatuadores

NEMS, NOEMS
Micro/Nano-estruturas para biologa
elC.




Exempl os.

o Lab-on-a-Chip:
—Analise de DNA
— Anali se de fermentacao de arveja (Siemens)
—Drug delivery (Silicon probes with
microfluidic chanrels)
e Automohilistica:
—AcderOmetro: 1 airbag
—Pressao: 1 ABS, pneu, motor, etc.




Exemplos. mecnica
e SufaceMicromachining:

"gap left by sacrificia

silicon

Guitarra om flosde SI com
largura de 100 atomos.




Exemplo: bio-sensores

e Deteccao eletroquimicadeNO § T BN

ENDOTHELIAL CELLS

— neurotransmissor
— relaxagcao muscular
— memoriade longo prazo

MNEUROTRANSMITTER
ACETYLCHOLINE

BLOOD VESSEL

Pimm250kV 150E2 91586-02 LSI-USP




4. Atividades nano no CCS/UNICAMP

A) Research on advanced processmodues

1. New gate dielectric material
2. Poly-crystalline SIGe layers

3. Shall ow junctions

4. Plasma etching processe

5. S Nano-clusters
6. CarbonNanotubes




A.1 New gate dieledric materials

SIO,N, by N,* I/l + thermal oxidation
SIO,N, by remote plasma oxidation

TI,SIO, N, by remote plasma oxidation + Ti
diffusion

AIN,O, by AIN, readive sputtering +

thermal oxidation




* 1/l + thermal oxidation

SILICON OXYNITRIDE FORMATION > GATEnMOSFETS

Doses of 104/cm?2

and 101%cm?2 EEE—

To obtain oxynitrides
with [N] < 4%

Radiation Hardening experiments

H* BOMBARDMENT
E =170 keV
d=1E12, 1E13 and 1E14 cm™2

Neny

b .-’|:'|_

5keV N 2+kl on implantation

N incorporation

\ARAAA]
_ a interface
Si-p
A
Oxidation
CTOor RTO .
inhibition
. sioxny —EOT<10nm
Si-p
l =
) —
£ o . Vo = 0.1V /V, = 0V
Qo NMOSFET
S 014 L=10um/W =100um
3 — = CORTO
e ON14RTO
o A ON15RTO
, —v---COCTO
o ON14CTO
tor + 0.17MeV proton energy o+ ON15CTO
. JI-(IJIZ IJI-C;SLS I I I I o Ilc;lél

proton fluence [cm 7]



SIO,N, by N,* I/l + thermal oxidation

Mobility x SIMS results i Optimunm [N] can be adjusted
T _® field effect mobility The mohility
600 - Polynomial FIT d adati ith th
A — egradation with the
T oo """ A high ntrogen
2 / ON14RTO. concentration
e ] e
O, *%7 JontacTio
" ,,
3 ‘m
450/ control n ON15RTO
| COCT10 "
4004 o control
I C:()'R-I-gl ! I ! I ! - I
0 2 4 6 8

[SiN]/[SiO]

Correlation between the maximum nitrogen concentrations at oxynitride/sili con
structures, obtained from the [SIN]/[SIO] ratio profile pegks and the NMOSHET
field effea mohili ty



Thin Didlectrics — Remote Plasma

N20 or N2O/N2 REMOTE PLASMA OXIDATION
S N . | 7| Ultrathin
S SIOXNYy films

Transmission Eleadron M icroscopj

Image of SIQ,/SIO,N,/Si structur e of ON1P1 samples
with a mgnification of 200K x



Normalized Capacitance

Counts(a.u.)

| SION made by 5mTorr
O2:N2:Ar flow ratios of
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A.2 Poly-crystalline SIGe layers

Lower thermal budget
o[ ower sheet resistance

*Allow workfunction engineering
No channel implantation required

*Etches In Hydrogen peroxide and Is
resistant to HF etch.
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Poly-SiGe Tedndogy

5(‘ ‘

SEM and AFM

Grain size
50 Nnm

Roughness
between 6 and 17 nm




A.3 Shallow junctions: I/l of F+ B

~ -3
concentracao de Boro (cm )

como-implantado
RTP 960°C/30s

1OI'I'I'I'I'I'I'II'I'I'I'I'I'I'I
0O 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350
profundidade (nm) profundidade (nm)
a)l/l diretadeB*em Si b)I/I de B* em S pré-amorfizado
com F*

|| [0 defed engineaing p/ reduzir profundidade dajuncéo (uphill diffusion)




A.4 Plasma Etching for CMOS & MEMS

* RIE (three systems)
ECR
| CP — In construction

Gases: SF;, CF,, CHF;, Cl,, HBr, SCl,,
CH, O,, H,, N,, Ar

Materials: S, Poly-SI, SIO,, SI;N,, BCB,
W, Pt, 1l -V




RIE: SR/CRJ/OJ/Ar,  «Bosch” (SF¢/CHF,) RIE

Si-pdi ~0,25um 0.7u/min, A ~0.95 convencional ~ 100um




o Fabrication d submicron structures (e-beamn @ LSI/USP

Py e B
. .;*b-v_-q{-':{:“\:\-_ _

Lines - 0,25um

1 sm299 kU SOOEZ 9441-02 LSI-USP

Isolated lines - 200nm

Pilars of 0,5um

1 ym30B kKU 28BE4 7692-82 LSI-USP —

1um299kU 4880E4 77B82-82 LSI-USP




Poly-Si Plasma Etch

250nm ]‘

SFK/CF,/CHF; = 3/10/10 sccm w LI Ea TR g
S0W, 80 mTorr, 190V. y o, i e

& 8 ?‘f‘“’
. 38
&

JEOL SET  2.88kN x=31.423m WD Gmm




Plasma Etching Processesfor CMOS
1. SINX

Gas mixtures

Power,
presaire

Etch rate,
nm/min

Seledivity
SINX/SIO2

Seledivity
SINX/S

SSF6/20CH4/

A0\

50W,
150mTorr

47

5,8

0,07

SSF6/20CH4/
20N2/902

50W,
150mTorr

AS

4,1

2,7

5SF6/5002/

10N2,

N+ NO, - N1 +

O

S

750W
(ECR),

OW (RF),
50 mTorr,

17

>17
(~ 30-50)

2,1




Plasma Etching Proceseesfor CMOS
2. 5102

Readaor

Gas mixtures

Power,
presaire

Etch rate,
nm/min

Seledivity
S02/S

15SF6/30AT

80W,
50mTorr

57

0,3

15CF4/6H2/5Ar

75W,
40 mTorr

30

>30




Plasma Etching Processesfor CMOS
3. Si-poli

Reador
(mechanism)

Gas mixture

Power,
presaire

Etch rate,
nm/min

Seledivity
SI/S 02

Anisotropy
Fador

RIE
(thinning/
controlled

lateral etch)

15SiCl4/
10CF4

S0W,

150
mTorr

30

~0,9

=
(inhibition of
lateral etch)

3SF6/10CF4/
10CHF3




LAM RESEARCH Reactor,
being re-enginea ed to | CP-P

Entrada de
gas

—

Bobina em espiral
Placa de quartzo

Camada de

/
= &
E/) interag&o

N
S

I

\ “N Eletrodo
Amostra

Bombeamento

Prototype (Ar plasma):

n.~10%2?cm=3, T, ~2eV




A.5 & A.6 Other Nano-structures

» 3.5 Nano-clustersof Si in SO, films:
— “Flash” Memory
— Light Emission

e 3.6 CarbonNanotubes:

— Transistors
— Sensors




1.0

PL Intensity (a. u.)
=
n

0.0

A)5x10" em™”

(A)

(B) 1x10" em™
X cm’

(€) 5x10" em ™

(D) 8x10"" em™

500 B0

700 500 500 1000
Wavelength, X (nm



A.6CNT’'s

 PECVD — microwave 650 W; 1 Torr; C,H,/N,; 500 - 700C.
« APCVD -CH,H,, CH,/N, or CH,/NH, ; 700- 950C.
o Catalyst —Ni, Co, Cu, Fe (1 a60 nm) + agglomeration at




Preparing the catalyst

- Ni thin film (1 to 6 nm thick): by e-beam evaporation
- Fethinfilm (5 nm thick): by sputtering;

- Fe or Co nano particles (~ 8 nm de diametro) in suspension:

by spin-coating.

Thermal treatment of thin films; formation of nano-idands:

700 °C / 30 min . e tann,t
n a .n‘
Annealing
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B. Research on Microsystems

. Pressure sensor

. Gasflow sensor

. Bolometer

. Surface micromadine structures




2
F
D
0
d
ol
=
m




Sensor de presséo

Tubo de ar

Presaire sensor test set-up

PT100

/ 4 fios

Multiplexador

Saida sensor

I

Camara de
presséo

v
i 7

Alimentagao

Tubo de ar

/

-
B
. . }
Calibrador de presséo
A ) ___l'.__.l' FF I L e
;._z z..;_.f Ty e K_,;__- ’;f,-' il

Fonte de alimentacdo

ZIHF

GPIB

Controle

Mesa de deslocamento linear

Alimentagéo e controle

I ENEERN] ﬁ
wlh
Computador

Driver

B

LI 2

O O o

O




Characterization of a
commercial sensor —
NPC-100 Nova Sensor

¢ \Voutsensor

A Nao linearidade
- 0,1

—=— Polinémio (Nao linearidade)

Linear (Vout sensor) - 0.C

0,C

-0,C

\ y =1,30139E-03x + 4,70722E-05

-0,C

-0,C

Sensor de pressao (V)

A
A > [0
~ y =0,0351x2 - 0,1857x +0,1734

A A
0,0E+00 T T T T T -0,




B.2 Gas Fl OW Sensor

N %A, »

.!| !_. ..Ea ! !.

'“-'/"_/:# A o e T

B-doped S

e Y Yo

/

P-doped poly-

e Microheater : p type geter
poly-si;
« 0.5x20 x 20Qum; = For T= 27°C:
o Gasflux w/ controlleg e R =401.920
temperature S . TCR = 1.50

e Circuits: interfaceant
conditioning. T e

ppm/°C




B.3 Bolometer sensor

+ radiating

Silicon Substrate HZ58 188mm le 23 SEI

o . |
1 - s

" black gold | . -

Fe

poly-Si RN b
CXRERARRARAARE

Ll

FiE Y3F Yo Yo Yy v W W e e W v

Z5kL =S, BEga . 12 25 SEI




Photon coll edor

Cold source (200, 400, -7
800 GH2) £33 47 47 &y

absorber for mm-wave

Bolometer

Fast Response

Measurement
with LN

Tohuman | . To heated
heat o source

(~300°C)




New structures, diff erent shapes, in progress

- Z3kU gl | llElEle:i' 13 33 BES 25 kU W 18 14 55 EBES
: |

Array of sensors — paly-Si resistor lines of 5 um wide

1

Resistor line N
25 um long
S5umwide




B.4 Surfacemicromaadine structures:
comb drive and others

Fabricaionin progress

Structures/Devices:

Structure for stress
measur ements

Comb drive with resonant |
device
Switches

Cantilevers

| nductor

Structures for process
characterization




e Fabricaion Detall s

e Micromedanical resonator

MEMS level
3
Polyl

onto

mono-Si




e Complete comb-drive structure

Resonant
structure

Fingers

i =t

Pads and supporting
anchors structures




Thesis and Dissrtations, 1999- 2004




Publicaions, 1998- 2004

| nternational Journal

34

Nationa Journals

07

nternational Conferences — Full paper

31

nternational Conferences - Abstracts

20

National Conferences— Full paper

85

Nationa Conferences— Abstrads

25

http://www.ccs.unicamp.br




4. Conslderacoes Finais
Problema: diferentes culturas

e A) Culturados especialistas em micro- e nano-

fabricacao [1 Conheamento limitado em aplicacoes em
outras areas.

B) Cultura de posdveis usuarios, especialistas em

biologia, medicina, agricultura, quimica, outros [
Conhecimento limitado em teaologias de micro- e
nano-fabricacao.

[1 Existe umaenorme cemanda latente [
Neaessitamos despertéd-lal] eliminar limites entre
areas, enfatizar formacao basicae mais ampla.




Some historical curiositi es:

 Whowasthefirst to fly?
— Brothers Wright? No!
— Santos Dumont (Braalian, demonstration in Paris)

 Today Braal isan important payer in small
and medium aircraft manufaduring - Embraer.




* Who invented wirelesstelegraph and radio?
— Marconi? No!
— Pe. Roberto Landell de Moura (Brazil)

*Pe. Roberto Landell de Moura:
Lab. in Campinas, SP, 1892 - 1900
eDemonstration d wireless communication—8 km, 18HA4.
3 patents in USA —filed in 1901, approved 1904.

*Marconi:
*Basic experiments— 1895
1st radiogram — 1900.

Up to now: no large e ectronics company in Brazil
*Future ??? Time to do something!
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