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OHIO

“This is a great day in Ohio history’

Factory employee will be $135,000

Ref.: The Plain Dealer, Newspaper 22Jan2022
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under left w

Passengers boarded airplane as the pilot and copilo’r loaded luggage
Before starting engines, the pilot opened his window to yell, “all clear!”

Continental airplane arrived at the Tri-City Airport in Michigan at 1 of 2 gates
(Midland, Saginaw, and Bay City area airport)

‘ HEML OCK
SEMICONDUCTOR

PHARo I




‘ HEML OCK
SEMICONDUCTOR




Arc

Silicon dioxlde .
[Silica or Sillca Sand) Electric e Chemical Applicatians
N
S

Electric Furnace

Carbon
Power ‘ e (EnF)
0

SOUMCE o

) Electric Arc FUrnqce (EAF) 5 (Metallurgical Grade Silicon)

H 51 013 Trichlorosilane

K PROCESS AREAS OF HSC MANUFACTURING

. Fluidized Bed Reactor (FBR)

Anhwydrous Hydrogen Chioride
H 51013 Trichlorosi lane
|Semiconductor Grade

1
2
3. Host Distillation wscsricione
yil

. Chemical Vapor Deposition
(CVD) Reactor e FCH

H2& 02 Dichlorosilane
(5emicon ductor Grade) Process

99 9FIFIIFII pure)

5 H 5i C13 Trichlorosilane " ’ - '\I ' | |
. CVD Recove ry Process [Semicanductor Grade] el || ol P*‘I‘f;ﬁ‘c:n'd“:;'ﬂ:f;':;“iﬂf

o o
WD Host Reactor VENT CWD Host Reactor FEED

Ref.:
https: / /www.hscpoly.com /polysilicon.html 2o )

Marrison Knudsen Corparation Hemiback Semicondudar Conporation Pharo ll Project
MEC HSC 1397 Midland, MI

) . — -
—— . 3 'fP’ =
3
z e
RSO T - mm
1{ e o ')!ut N

. —— -l e . e, e . ,— Ll ———tn- - ¢ ’- L - -2




%OCESS AREA # 1:

ELECTRIC ARC w0
l FURNACE (EAF) . e

SUBMERGED o N
O A

® EAF Reactants: C and SiO, (silicon dioxide,

quartz, silica, pure silica, and silica sand)
® EAF Products: Si and CO (with impurities)

® Electric Arc Furnace Reactions:

* Si0,+2C—>Si+2CO (1,780.°C or 3,236.°F )

* SiO,+ C —»SiIO+CO

* SIO + O,— — SiO, (Off Gas)

* Where the Siis a metallurgical grade silicon that is
collected as molten Si, cooled, and milled into granules

* With SIO, Off Gas filtered in a by-product Collector

Réf.: https: / /www.hscpoly.com /polysilicon.html
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PROCESS AREA # 2: FLUIDIZED BED REACTOR
(FBR)

®* FBR Reactants: Metallurgical Grade Si (s) and HCI (g, anhydrous)

® FBR Products: Trichlorosilane (TCS, HSiCl, ), Tetrachlorosilane (TET,
SiCl,), Hydrogen (H,), Boron Trichloride (BCl;), and Phosphate

PenTQChloride (PCI5) I:: Seed Metallurgical Exhaust Gas
Grade 5i (s) & ::g;ns+

®* FBR Events -". sicla
Dlsengag‘iment BCI3
* Solid Metallurgical Grade Si is fed into the reactor one N ?f'"- R
Reaction -_
* HCI (g, anhydrous) is fed through the bottom of the reactor zone
Heating
* HCI (g, anhydrous) reacts with Si to form silicon chlorides Zone

Resistive

® Vapor products are collected from the top of the reactor Hotar

®* Unreacted Si (s) removed through the bottom of the reactor

®* Fluidized Bed Reactor Reaction:

* HCI + Si — HSICl; + SiCl, + CO + H, + BCl; + PCl;

Fluidized Bed Reactor (FBR)

H2
Separation
Drum # 1

HSsiCl2
Sicl4
BCI3
pCls
H2
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PROCESS AREA # 3:

Dist. Column # 1 (16) 70’ Tall, 8’ D

Sieve Plate Tray Column Design, 24 Trays
Feed: TCS (HSiCl5), TET (SiCl,), BCl;, PCl;
Top Distillate (88.°F): Boron Trichloride, BCI,

Bottoms (109.°F): TCS (HSiCl5), TET (SiCl,), PCl,

Dist. Column # 2 (19) 70’ Tall, 8' D

Sieve Plate Tray Column Design, 24 Trays
Feed: TCS (HSiCl3), TET (SiCl,), PC;
Top Distillate (93.°F): TCS (HSiCl5), TET (SiCl,)

Bottoms (135.°F): Phosphate Pentachloride, PCl;

Dist. Column # 3 (3) 55’ Tall, 8’ D

Sieve Plate Tray Column Design, 20 Trays
Feed: TCS (HSiCl5), TET (SiCl,)

Top Distillate (90.°F): TCS (HSiCl5)
Bottoms (135.°F) : TET (SiCl,)

Hydrolysis Reactor

Packed Bed Design
Reactants: Water (H,0), TET (SiCl,)
Hydrolysis Reaction (2012.°F) :

* SiCl, +2H,0 — SiO, + 4 HCI

* SiCl, + HCl — SiO, + HSiClg3 + SiCl,
Products: SiO, , HCI, TET (SiCl,), TCS (HSiCl3)

HOST DISTILLATION COLUMNS
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PROCESS AREA # 4: CHEMICAL VAPOR
DEPOSITION (CVD) REACTOR

Production of a Poly-Si ingot is by Siemens Process of decomposing TCS by
Chemical Vapor Deposition onto slim hot Tungsten Rods in a double walled
(liquid cooled) steel bell jar reactor

* Reactants: TCS (HSiCl;), H, (g)

® Products: 99.999999999% (9N) Pure Poly-Si Ingots

* Reaction: H, + 3 HSiICl; — 2 Si + 5§ HCI + SiCl,
* Reaction at 1050.°C to 1100.°C or 2012°F

® Set-up: a Tungsten (W) rod with an inverted “U” shape (for vaporized Si

nucleation) is attached to the CVD Reactor base

® Electrical Power Resistive Heating of W Rods: 45 kWh /kg Si oo

uble W alled Shall Cover

® CVD Reactor internal Pressure: 3-5 kg/cm2 (45-71. psi)

® CVD Reactor Operating Temperature: at 1100°C (2012°F)

®* Time for complete Poly-Si deposition: 3-5 days

® Reactor Double Wall Shell has liquid cooled temperature control

®* CVD Reactor System Automation to be detailed later

.: Design & Process Control of Siemens Polysilicon CVD Reactor: Kurnool, Andhra, Pradesh, 12Dec2015
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Chemical Vapor Deposition (CVD) Reactor




® Upto 3,2

®* Up to 180 mm Ingot diameter (7.C
* Up to 3,700 kg (8,140. Ibs.) polysilicon / run.



https://silicon-products-gmbh.com/deposition-reactor-siemens-reactor

\OPROCESS AREA # 5:
CVD PROCESS RECOVERY

®* Column # 4 (6) 55’ tall, 8’ Diameter
¢ Sieve Plate Tray Column Design, 24 Trays
* Feed: TCS (HSiCly), TET (SiCl,), HCL, DCS (H,Si Cl,)
* Distillate (118.°F): TCS (HSiCl;), HCL, DCS (H,Si Cl,)
Condenser had hot Syltherm Utility
* Bottoms (138.°F): TET (SiCl,)

®* Column # 5 (17) 40’ tall, 6.5’ Diameter
® Sieve Plate Tray Column Design, 12 Trays
* Feed: TCS (HSiCl3), HCL, DCS (H,Si Cl,)

* Distillate (-119.°F): HCI
Condenser had very cold Syltherm Utility

* Bottoms (84.°F): TCS (HSiCl,), DCS (H,Si Cl,)

TET {SiCH]
HCL
DCs (H251012]

2012.°F

TET {5iC14]

Hydrolysis

DCs {H 51 €1,)

Condenser

I -119.9F _-
el
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tungsten rod

H, + 3 HSiCl,

Polysilicon, Si, deposits onto the hot tu
the Ingot growth in diameter from 3mm to 100mm (4 in.) or 150mm (6 in.)

This is electrically powered by an incomer panel supplying a 3 phase 11kV main
stepped down to 100-300 V at 5000 A by an auto-main transformer with On-Load
Tap Changer (OLTC). Thyristor controls the load power by varying the firing angle.

3 pyrometers placed around the reactor sense filament glow temperatures from
600-1400.°C and provide a 4-20 mA temperature control signal

Ref.: Design & Process Control of Siemens Polysilicon CVD Reactor: Kurnool, Andhra, Pradesh, 12Dec2015
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Fig. 1. Block diagram of poly -silicon CVD reactor [7], [8]

Temperature control of cooling supply to the reactor
double wall shell is done with flow switch valves

Reactor Pressure transmitters range from -14.2 to 142. psi
Feedback control technique is applied to Si ingot growth
The software control package for this situation is National
Instruments LabVIEW 8.6 version and MATLab 7.5
software tools for an effective proposed control technique
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® Shutdown pre

Multi-Input and Multi-Outpu Yo | -

Thermally coupled filaments /ingots with radiation heat transfer W I
Continually increased ingot diameter with thermal mass ‘ N\ AN

Constantly changed gas mass and their stream ratios = :

® Thermal runaway causes increase in current, temperature and decrease in resistivity ; |
%‘)Demgn & Process Control of Siemens Polysilicon CVD Reactor: Kurnool, Andhra, Pradesh, 12Dec2015
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Fig. 1. Block diagram of poly -silicon CVD reactor [7], [8]

op

For a sqe circu e standard
ANSI/ISA S5.1-1984(R199: ermal plant for quick

and reliable information about process analysis and control of equipment

Electrical design development follows SEMI $22-0706a standard for safe
operation

An umbrella standard, IEC d61508, for Industrial Electrical /Electronic &
Programmable Electronic Safety Related Systems (E/E/PE SRS)

Ref.: Design & Process Control of Siemens Polysilicon CVD Reactor: Kurnool, Andhra, Pradesh, 12Dec2015
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Fig. 1. Block diagram of poly -silicon CVD reactor [7], [8]

process

Challenging failure nt, under current,
earth fault, ground fault, and voltac r cooling, and over pressure of
equipment (heat exchanger, pump, valve, rectifier, and pyrometer)

® Shutdown failures: Power loss, power blink, instrument air, cooling water, tube rupture,
thermal run-away reaction, quartz window breakage, malfunction of vacuum circuit
breaker, reactor leak (HCl gas), and communication failure
/O Ref.: Design & Process Control of Siemens Polysilicon CVD Reactor: Kurnool, Andhra, Pradesh, 12Dec2015




CVD REACTOR SIMULATION RESULTS (PART 1 OF 7)

P ROC ESS ARE A: aHcon shrede ot ere Polysilicon €VD Reactor
\O CVD REACTOR SYSTEM AUTOMATION: ‘

Hardware simulation is developed using National Instrument LabVIEW8.6 for
visualizing the sequential plant processes

O w— TERCEOL DT S 'Fﬂp! 1

. . . . . . . — Beak it T
® Reactor evacuation and its status were realized with its ideal and practical ek ot vt g et
characteristics shown in Fig. 2

| IT‘\ || — partical eharactenistics
|W\\ \\T‘mwﬂ,mrl*"q f —  Ideal chaacteristees
I | \ ~
_ - L\-J’
leak in reachor

* Time required to evacuate air inside the reactor from an initial pressure Pi to a final

leak in coubal valve

pressure Pf is estimated as:

Vaaaum Chanbar Targ

® t = evacuation time (hrs) - /ﬁrﬁ:ﬂﬁrﬂmﬂm"
e e -——__?-

®* S = average pump suction capacity (m3/hr) el taacteristics

® Pa = air pressure in reactor at to (torr)

Tirs Mirctss)

® Pf = final pressure in reactor at t1 (torr)

Fig. 2. Nllustrates the characteristics of the Evacuation curve under different

® d = diameter of reactor (n) circumstances.

[ = H
h = height of reactor (m) TABLE | VALUE OF CHECK POINTS

® v = volume of reactor (m3) Control value opened Ideal Characteristics

® Values in Table | are practical and real time values obtained during the test Gross leak check i"t v
Gros ek chec time.

® This process is iterated 2 or 3 times until the practical characteristics are identical to Minor leak check point, V, 0.0 1 mtorr{setpoint)
Leak check start time, t

the ideal characteristics reaching the minor leak check point reading 1x10-5 torr Teak aie in vacunm. 4/t e
(Control valve closed)
Minor leak observation time ts
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Ref.: Design & Process Control of Siemens Polysilicon CVD Reactor:
Kurnool, Andhra, Pradesh, 12Dec2015

Fig. 5. Screen shot illustrating completion status of the process




siicon slimrods or Polysilicon CVD Reactor
tungsten seed Mament
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Ref.: Design & Process Control of Siemens Polysilicon CVD Reactor: " —
Kurnool, Andhra, Pradesh, 12Dec2015 = = = -
/> Fig. 7. Characteristics of TCS and I[Ivdrogen feedrate as scheduled



mode

The system has ¢
rh to a furnace and to
capacity Cr

The filament kept at temperature Th transfers heat to the surrounding air inside the
furnace at temperature Ti through the thermal resistance Rh

The heat flow in a radial direction is exposed to two different temperatures Ti at 900.°C
and To at 1200.°C making the model a linear time variant system

Dynamics of the vessel at a specific time is modeled using state space realization
following the conduction and convection properties and thermodynamic principles using
the following equations after Fig. @

Ref.: Design & Process Control of Siemens Polysilicon CVD Reactor: Kurnool, Andhra, Pradesh, 12Dec2015
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Fig. 8. Structure of the reactor with filaments

25 SR oY

Fig. 9 Thermal model of the proposed reactor
Using Fourier's law [20-21], Heat flux of the radial system

is given by Oy = = kdr (dT /dr) (2)
where 4 = 2711 r 1y , Area for heat flow in radial system. Ieat

conduction of the radial system at different temperatures is
given by

O =2aki[(T, —T,)/In(r, / 1,)] (3)

The thermal resistance is

»
R, = 1{—‘);(2;:&!) (4)
Yo
IHeat capacity 1s given by (AQ )= m * Cp (5)
Where m is mass and Cj, is specific heat capacity at constant
pressure. Using state model representation [22], we get
aT, 1 1 1
C,r=—T, | o+ (6)
dt R, R, R,
1 1 1 .
Lt L@ ™
L]

C,R, R, R,

Watch later, €
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Equations (6) & (7) can be represented as

-1 1

1) | GR, C.R, 7,
= -
r,) | 1 ! [ L, 1|z

1 Ru R i J

® Setting

it using the Coh.

® Tuned parameters using the Cohen-Coons method are:

*t=250 324654
Z'-_=IJ. 14 =(.15ec
® id = 15 sec s

* k=1

K =11(i+’—d]=6{}
ok, \ 3 4r

.

Ref.: Design & Process Control of Siemens Polysilicon CVD Reactor:
Kurnool, Andhra, Pradesh, 12Dec2015



Treosient Respoase of Plant

Closed luop responw

]

Simulation of open & closed loop response of plant usine MATLADB

Time in seconds

This SCADA

monitors and ensures u ‘ | ol interface
with real-time data trending along with data storage and
retrieval, report generation and delivers progress
visualization of each level in the process

Ref.: Design & Process Control of Siemens Polysilicon CVD Reactor: Kurnool, Andhra, LS L
Pradesh, 12Dec2015 = == e ——, [ Mrn

Fig. 12. Frequency sesponse of the thermal plant




TABLE I1 Value of Parameters At 900°C & 1200°C

At 900C Tunwsten Cilass wonl Hydroeen Stuinless steel
Fadius (L0011 5m (.2Tm {0.15m 0.2m
Lrensaty [ EIT - k.06 -

ke'm3 KF—‘-r"mj
Specific heat 150 - 15150 -
capacity I Ke-K) (1 Ke-k))
Heat capacity 20453 - 64 208 -
(1K) (VK
Thermal - 0 018 23 {(W/m)*K)
conductivity (Wim*K) {w/m-K)

Thermal - LEOZ9*10 40739 LA3029=10 KW
resistance Kiw KW (with glass wool)
At 12000C Tunirsten Cilass wonl Hyvdroeen Stuinless steel

Specific heat 156 - 15770 -
capacity JiKa-K) (JKa-kl)
Heat capacity 21.2713 - 6. 84903 -
(K (VR

Thermal - 0 018 24

conductivity ((W/m)*K) {w'm-K) ((W-m)*K)

Thermal LEO2O*10 40739 -
resistance KW

®* The permiss
in the range of 100m

diameter as illustrated in Fig. 13

Ref.: Design & Process Control of Siemens Polysilicon CVD
Reactor: Kurnool, Andhra, Pradesh, 12Dec2015

Fig. 13. Vision based Silicon Diameter Measurement
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Using N
and saved time ac

The system is hazard and risk resista i 5 ble results capable of
siicon shmrods or
producing polysilicon ingots with a TON purl’ry level via a chemical route tungsten seed Mament

The GUI based HMI is reliable to the user with security and data management
capacity and emergency handling capability of a process by making the system
compliant with the required industrial standards ensuring safety

Ref.: Design & Process Control of Siemens Polysilicon CVD Reactor: Kurnool, Andhra, Pradesh, 12Dec2015
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Profit Projections

This graph is the overall

The first year is forecasted to be

facility

The second year is taken to be half capacity and only by third
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Financials Adjusted from 2011 Article: Production of Polysilcon using a Modified Siemens Process

ITEM No.

© 00N O U B WN P

[ S Y
W N R O

ITEM No.

1
2
3

Equipment Title
(ChemCad Calculation Tag)

Electric Arc Furnace, EAF
Fluidized Bed Reactor, FBR
FBR Separator #1
Distillation Column #1 (3)
Distillation Column # 2 (6)
Distillation Column # 3 (17)
Hydrolysis Reactor
Cyclone 1(9)

Cyclone 2 (10)

FBR Separator # 2
Distillation Column # 4 (18)
Distillation Column #5 (19)
CVD Reactor

TOTAL BUDGETEST. (+/ 50%):

2011 Fixed Installed Cost

Fixed Costs Fixed costs of all process equipment calculated by ChemCad or industry standards

2022 Fixed Installed Cost

(USD)
$550,000.00
$39,000.00
$3,200.00
$1,300,000.00
$1,300,000.00
$1,000,000.00
$115,000.00
$1,500.00
$1,500.00
$5,000.00
$1,400,000.00
$1,400,000.00
$40,000,000.00

$47,115,200.00

(USD)
$731,500.00
$51,870.00

$4,256.00
$1,729,000.00
$1,729,000.00
$1,330,000.00
$152,950.00
$1,995.00
$1,995.00
$6,650.00
$1,862,000.00
$1,862,000.00
$53,200,000.00

$62,663,216.00

Variable Costs Variable costs are calculated via the input and output of the system as well as tacking

on additional overhead such as tax on revenue and a 325 day annual operation

Subject

Energy Cost
Silicon Cost
SiO2 Cost

2011 Value

-$29,033,863.00
$46,526,789.84
$19,850,899.66

2022 Value (3% per year)

-$38,615,037.79
$61,880,630.49
$26,401,696.55

This yields an ROI of 66% allowing for additional consideration in
safety of system performance as well as other miscellaneous costs

not taken into account by an elementary financial analysis H2 -$329,664.00 -$438,453.12
HCI -$45,496.38 -$60,510.19

- : ; - H20 -$3,299.65 -$4,388.53
Ref. 1: Wikipedia Polycrystalline Silicon NES et EETEE N

Proposed Consumption

Ref. 2: Production of Polysilicon using a Modified Siemens Process: Geng and IRt A LAty A a8 $28,082,064.07 $37,349,145.22
Yu, 11May2011, ChemCAD 6.0.1

Reference: Production of Polysilicon using a Modified Siemens Process, Geng & Yu, May 11, 2011
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® Spot prices will highly gh Solar PV i
WS 2004

* With demand greater than supply the Poly-Si cannot be acquired

® Buyers will accept a large down payment with elevated long-term
agreements to acquire large volumes of Poly-Si
/) Ref.: Wikipedia Polycrystalline Silicon
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Largest polysilicon producers in 2013 (market-share in %)

GCL-Poly Energy China 65,000 tons | 22%
Wacker Chemie Germany 52,000tons | 17%
OCl South Korea | 42,000tons | 14%
Hemlock Semiconductor USA 36,000tons | 12%
REC Norway 21,500tons | 7%

Source: Market Realist cites World production capacity at 300,000 tons in 2013 1
BNEF estimated actual production for 2013 at 227,000 tons! !
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