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~ OIPT

® Uma das primeiras instituicoes
de P&D&I aplicados no Brasil

® Sociedade Anb6nima, cujo socio
controlador é o Governo do
Estado de Sao Paulo, por meio
da Secretaria da Fazenda




~ NuUmeros 2015

s Orcamento anual: RS 175,8 milhGes
Recursos Humanos em dez. 2015

35% 65% Pesquisadores 381
Governo do Contratos de
Estado de P&D&l e Técnicos 196
Sao Paulo Servicos

Apoio administrativo 250

Estagiarios 80

Indicadores de Produg¢ao Técnica
Total

- Documentos técnicos: 22.661 relatdrios técnicos

Empresas atendidas: 3794 CNPJs diferentes

Projetos em andamento: 145

Patentes e softwares: 10

Publicacbes de artigos: 302 e
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~ Estrutura Fisica

s Unidades em
s« Sao Paulo

e Franca

(EPIs, couros e calgcados)

= S3o José dos Campos

(materiais compdsitos)

s 12 unidades de negocio
s 36 laboratdrios e secoes




Centros Técnicos

@ CiGeo

Tecnologias
Geoambientais

CETAC
Tecnologia do
Ambiente
Construido

CT-Obras
Tecnologia de Obras
de Infra-estrutura

NT — MPE
Suporte as PMEs

@ CT-Floresta

Tecnologia de Recursos
Florestais

CQuiM
Centro de Quimica e
Manufaturados

CIAM
Tecnologia da

Informacao, Automacao e
Mobilidade

NT BIONANO
Bionanomanufatura

CTMM
Centro de Tecnologia em
Metalurgia e Materiais

CTMetro

Centro de Metrologia
Mecanica, Elétrica e de
Fluidos

CTMNE

Centro de Tecnologia
Mecanica, Naval e
Elétrica

LEL
Laboratdrio de Estruturas
Leves
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http://www.dersa.sp.gov.br/

Silicio

s Material abundante:

s ~ 25% da crosta terrestre (silicatos, silica)

s Material Versatil - Aplicacdes:
» Metalurgia (Ligas de Al e Siderurgia)
s Quimica (Silicones)
» Energia (células fotovoltaicas)
s Eletrénica (Chips)

Pureza
Silicio Grau Metalurgico

Silicio Grau Quimico
Silicio Grau Solar
Silicio Grau Eletronico
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Mercado de Si

Tipos Preco (USS/kg) Nivel impurezas (ppm)
Metaldrgico (SiGM) 1,5 10.000
Quimico
Solar (SiGS) 16-25 0,5-1

Obj: boa eficiéncia
Eletrénico (SiGE) 45-55 0,0001
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Mercado de Si

Producao mundial de silicio metdlico em 2013 = 7700 mil toneladas

Outros
10,6%

Africa do Sul

J%
Franca i

2,2%
Noruega
2,3%

Brasil
3.0%

EUA
4.7%

Rissia China
9.1% 66,4%

Si metdlico e Si contido em FeSi
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Silicio Grau Metalurgico - Aplicacoes

s« Ligas de Al (leves e resistentes)

» Exemplo: Pistdes, cabecotes para motores de automoveis e
componentes avioes

» Silicio € usado em teores de até 12 ou 13 %

« A presenca de silicio promove o0 aumento da resisténcia ao desgaste
destas ligas

» O Siaumenta a fluidez da liga (prenchimento de moldes complexos),
melhora soldabilidade, reduz porosidade

» Qdo tratada termicamente (com Mg) favorece propriedades mecanicas

« Fabricacéo de acos e ferros fundidos - Ferro ligas de Silicio (FeSi e FeSiMn)
» Desoxidantes e elementos de liga de acos e Fofos
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Silicio Grau Metalurgico - Producao

RAN MATERIAL
CONSUMABLE CLEANED GAS

C SI0; ELECTRODES

ELECTRIC ENERGY
FILTER

SILICA

Figure 1.1
A typical plant for the pro-
duction of silicon metal.
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- Silicio Grau Metalurgico - Producao

Diagrama de Ellingham

= ~1600 °C
. Si0,+2C=Si+2CO
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Si0,+3C=SiC+2CO

Si0, + C = SiO (g) + CO

SiC + SiO(g) = 2Si(l) + CO — T> 1819 °C
Resultado = 11-13 MWh/t Si

188 ¢




Silicio Grau Metalurgico - Refino

Injecao de O, ou ar enriquecido em O,

Oxidacao parcial de:
Ca+' O,=Ca0O
2Al + 3/2 O, = Al,O4
Mg + %2 O, = MgO
Si+ 0O, =SIO,

Refino com escoria — remocao de Al, Ca e outros

Fe, Ni, Cr, V, Ti, etc nao podem ser removidos por oxidagcao
(SiO, mais estavel que os oxidos destes elementos) — controle
materia prima

Produto:
SIGM Alta Pureza (HP)
Silicio Grau Quimico - controle de impurezas e resfriamento



Silicio Grau Quimico - Aplicacoes

s Fabricacao de Silicones

» Aplicacao em diversas areas:
* Tintas
e Graxas lubrificantes
* Recobrimentos Agui tem Silicio!
* Cosméticos
* Biomateriais e Farmacéutica

= Outra importante aplicacao




- Silicio Grau Solar - Aplicacao

s Fabricacao de Células solares fotovoltaicas
» Geracao de energia

e Satélites
* |rrigacao
* Telefonia em locais isolados

Importante diferenciar o
coletor térmico de painéis
solares fotovoltaicos

s

1pt




Silicio Grau Solar — Célula Solar

Funcionamento da Célula Solar:

s Si &€ um semicondutor: 4 elétrons em sua ultima camada compartilhados por ligacoes
covalentes sem liberdade de movimentacao. Si nao € um bom condutor de eletricidade.

= Quando o Si é dopado com P (grupo V da tabela periddica), por exemplo, que tem 5 elétrons
na ultima camada, restara um elétron livre (ndo compartilhado). Uma pequena energia é
capaz de movimentar este elétron. Este tipo de Si dopado com P é chamado tipo N (N de
carga negativa)

s Quando o Si é dopado com B (grupo lll da tabela periddica), que tem 3 elétrons na ultima
camada, restara uma lacuna auséncia elétrons) para ser ocupada por um elétron. Constitui-se
um Si tipo P (positivo).

= Na juncdo P/N ocorre um desequilibrio de cargas (campo elétrico formado) — formado um

diodo
tipon i @ ]

Tl L o L O S S e L S O S OO e e

tipd

1pt

FIG 2.1.1: Esquema do equilibrio alcancado na conexdo tipo p — n.



 Silicio Grau Solar — Painel Solar

s Painel 36 células de 125 mm (redondas) — pot
max 70 W (painel 1242 x 487 mm). Rend ~16%
sob radiacao solar 1000w/m?2.
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~ Silicio Grau Solar — Energia Solar

Solar PV Total Global Capacity, 2004-2013 Cumulative capacity in Gigawatt (GW) by end of 2014

(added in 2014)
Gigawatts World Total
150 139 Gigawatts Germany 38 (2)
M China 28 (11)
125 —
100 100 L]
58 Japan 23
75 = 10 g
(19 worldwide
* 40 =i 178 GW ltaly 19 (0.4)
40
25 ” 23 a = (40)
- a1 5 9 India 3 (1)
0
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
USA 18 (7)
REN21E==5
REN21. 2014. Renewables 2014 Global Status Report (Paris: REN21 Secretariat). EREmE0

Other nations 17 (5) Rest of Europe 32 (5)

Source: SolarPower Europe

Para comparacao: poténcia instalada de Itaipu = 14 GW



Solar radiation map

15

Brazil (red and orange) — 2 to 2.4 MWh/m?/year

Solar (PV) energy in Brazil

Only 35 MW installed - most as
isolated systems (not grid
connected)

Definition of regulatory aspects for
PV implementation in Brazil by
Brazilian Electricity Regulatory
Agency

e Micro systems (up to 100 kW)
 Minisystems (up to 1 MW)
 (Can be connected to the grid

Government energy auction in
2015:

* A capacity of 1 GW for
photovoltaic was contracted
 Two new auctions are planned

for 2016.



~ Rota de Producao do Modulo Solar

Raw material (Silicon) Ingot




Metallurgical route
- to produce solar grade silicon

Project for development of a process to produce solar grade silicon by refining of MG-Si.

. . Metallic
Raw Materials MG-Si
. . Phosphorous elements and
Selection production
carbon

Main focus:
Refining treatments

Technical partners and funding

1 Dt’ s Ovmasucas @3 BNDES

TECNOLOGICAS
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Raw Materials MG-Si
Selection production

Reducing agent

MG-Si with controlled
impurities

1pt



Boron

Boron removal by injection of humidified gases

H, /H,0 / Ar 100 L - H, — 5%vol H,0
l 100 g —Si (10 ppmw B)
-05 . . . .
100 |
o o
o o =067
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o o
o o
o ° BH(9)
-08 . . . .
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T(°C)
Safarian et. al. - 2014
B +H + H,0(g) =HBO(g) + H,

,
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M (9)

Boron

(1) B+ H +H,0(g) = HBO(g) + H,
(2) si+ H,0(g) =SiO(g) + H,
(3) Si+2 H,0(g) =SiO,(s) + 2H,

100 g —Si (10 ppmw B)

1450 1500 1550 1600 1650 1700
T(C)

(a)

M (g)

30

20 -

10

100 L—H, + H,0

100 g — Si (10
1550°C

ppmw B)

SiO(g)

1]

0.03 005 0.0
H

011 013 016 018 0.21
/H2 (vol/ivol)

(b)
H, =92,6 % vol
H,O0 =7,4% vol

s
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H,0/ H, = 0.05 ICP-OES
l 5
£
Q.
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o o . .
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® : ’é‘ 0,8 -
o
g 0,6 -
Induction furnace @ 54 -
Graphite crucible c
3 kg of Si it 02 -
1550°C
0,0 -

Silicon samples after B removal 1 pt



Phosphorous

3 Electron Beam furnace
Vacuum Induction furnace Refrigerated Copper crucible

Graphite crucible *
1pt




Phosphorous removal by evaporation

Thermodynamics:

2 (M, )2
1827/0°;)Io° Si
Si i

Phosphorous in Si:
B = 485 (>> 1) = thermodynamically
possible to remove by evaporation

Phosphorous

Kinetics
3 step model

p; Condensation surface

Gas phase Step 3

Step 2

Liquid boundary

layer Step 1

liquid
vaporization



Kinetics
3 step model

P; Condensation surface

Gas phase Step 3

Step 2

Liquid boundary

layer Step 1

Bulk liquid

1

_|_
o K . Ky
liquid J l I_' gas

vaporization

Phosphorous

Temperature (K)
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Phosphorous

Vacuum induction furnace

40
40
- AN Exper.  Model [ AN Exper.  Model
35 37.7m! A
T DEml @  mmmm 3 377m! A —
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k, — total mass transfer coefficient (m/s)

Temperature 1650°C 1750°C Safarian and Tangstad, 2012
Experimental 7.0-10° 4.0-10°® kp=4.9:10°(1600°C and 0.5 Pa)
Model 1.3-10° 2.8-10”

0 2000 4000 6000 8000 10000 12000
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Electron Beam furnace

P [ppm]

~ % of the time required in the
induction furnace:

Higher temperatures
Lower pressures

Phosphorous

20000

e : ICP-OES ~==®-=~ 504 kW/m2
16 '!‘ """"""""" —r— 505 kW/m2 .
14
12 4
10
6 +\-—-
4 -\ e — -
2 N\
D N

0 5000 10000 15000

t [s]

- |
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Metallic
elements and
carbon

Carbon in Si is mostly presented as SiC particles

Problems related with carbon in SoG-Si:
» Shunts in p-n junction = SiC
» Wire breakage during wafering = SiC

Removal of C = removal of SiC particles

Alternatives: Settling and directional solidification

Setlling Directional solidification
Results showed low efficiency S/L interface may push ahead SiC
particles by controlling velocity
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Removal of C(SiC) by directional solidification

SiC macrosegregation:
* Quartz crucible - Si;N, coating

» Extraction velocities: 5 to 80 um/s

* Initial C=1200 ppmw

Metallic

elements and
carbon

Hot Zone

OCOOO00OOOO0O0

Cold Zone

OOOO0O0OOOO0000O



10°¢

—
fun]
s

Carbon concentration (ppmw)
S, 2,

10°

. PV Limit |

v <20 um/s: (4 pom)

C< 30 ppmw ]

o 072 0;3 OTB 0.8 | 1
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410%
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Metallic
elements and
carbon
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5 um/s

Metallic
elements and

carbon




Metallic

elements and
carbon

s Metallic elements segregate during solidification of Si

Element Fe Al Ti Vv Mn B P
ko 810°% 2:10% 3.6-10® 4-10® 1-10° 0.7-0.8 0.35
ko - Equilibrium partition coefficient = Cs/Cl

s By controlling solidification conditions it is possible to
macrosegregate impurities.

» Directional solidification with planar S/L interface is
required

» Criteria for planar interface: %;3 _ ["”“C;“A_ k[],-}]
- i K0i

s High thermal gradients (G) and low interface velocities (v)
- planar S/L interface 1Dt'



elements and

Metallic

carbon

Element

Fe

Al Ti Vv Mn

B

P

kg

8-10°

2-103 3.6-10° 4.10°% 1.10°

0.7-0.8

0.35

ko - Equilibrium partition coefficient = Cs/Cl

Temperature °C

Weight Percent Silicon

0 10 20 30 40 50 80 7% B0 90 100
1700 -
1538°C
1500 15 -
1394 1410°C 1414°C
1300 -
198RS o
(yFe) 1212/ j205% 1212°% Bt 1207°C
8 i +—8 50.8
1100 1o ¢, :
| 1060°C
(aFe) 2 ‘.\ 965°C 9a2°C
2821 77 "ty 70 937°C
900 Joy2%c 705 :
: 825°C
1 0
720‘(‘ a, —c -o-(" (S,)—.'
700 4 Hognel'i\c" -
Trans.
boo ] L LJ ~ I e |- ' - J J \J 1
0 10 20 30 40 80 60 70 80 90 100
Fe Atomic Percent Silicon Si
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Metallic

elements and
carbon

Metallic elements removal by directional solidification

Metallic elements macrosegregation

* Graphite crucible on top of Cu refrigerated
base (high G)

e Static mold

Hot Zone
OI0I0]0]00I0]000I0]0

* Controlled cooling from 1500°C to 1000°C at
0,5°C/min (low v)

OOOO0O0OOOO0000O

MG-Si Fe Al Ti Mn

Initial content (ppmw) 1363 445 117 216

Cold Zone

s

| $RHBHS 1Dt




Metallic

— elements and
carbon

Metallic elements removal by directional solidification
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0.01
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I I I I I
0.00 0.20 0.40 0.60 0.80 1.00
Relative position in ingot - h/H
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Raw Materials MG-Si Nitsizlle
— . . Boron Phosphorous elements and
Selection production carbon

Combination of refining treatments into a process

= Main challenge = contamination
# To avoid contamination with impurities already removed
s Sources of contamination: Crucibles, refractories, sensors, lances, etc.

s SoG-Si produced at Lab Scale in IPT

= GDMS analysis showed that metallic elements contents are lower than 0.1
ppmMw

B P Fe Al Ni Cu Ti Co
0.62| 0.49| 0.28| 0.27| 0.12| <0.1| <0.1| <0.1
Cr Mn | Zn Mg Ba Zr V | Total

<0.1| <0.1|<0.1|<0.1|<01|<01(<0.1|<2

ICP-OES — Values in ppmw

1pt



