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Figure 2.1 Phase diagram of Ge–Si (courtesy of ASM International).
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Figure 2.2 Phase diagram for GaAs (courtesy of ASM International).
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Figure 2.3 Phase diagram for As–Si (courtesy of ASM International).
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Figure 2.4 Solid solubility of common silicon impurities: note that concentration 
increases to the left (all rights reserved, reprinted with permission, © 1960 AT & T).
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CRYSTAL GROWTH, WAFER FABRICATION 
AND BASIC PROPERTIES OF Si WAFERS-

Crystal Structure
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• Crystals are characterized by a 
unit cell which repeats in the 
x, y, z directions. 

• Planes and directions are 
defined using an x, y, z 
coordinate system.

• [111] direction is defined by 
a vector having components 
of 1 unit in x, y and z.

• Planes are defined by Miller
indices - reciprocals of the
intercepts of the plane with
the x, y and z axes.
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Stacking Fault

Precipitate

•  Silicon has the basic diamond 
crystal structure - two merged 
FCC cells offset by a/4 in x, y and z.

See 3D models http://jas.eng.buffalo.edu
/education/solid/unitCell/home.html

• Various types of defects can exist 
in crystal (or can be created by 
processing steps. In general these 
are detrimental to device 
performance.
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Figure 2.7 Simple 0‐ and 1‐D semiconductor defects include: (A) vacancies, (B) self‐
interstitials, (C) substitutional impurities, (D) edge dislocations, and (E) dislocation loops.
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Figure 2.8Movement of an edge dislocation (center figure) by (A) climb and (B) glide.
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Figure 2.9An intrinsic stacking fault is the removal of part of a plane of atoms in the {111} 
directions. An extrinsic stacking fault is the addition of a partial plane of atoms in the {111} 
directions. The labels A, B, and C correspond to the three different (111) planes in the 
diamond lattice (after Shimura).
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Modeling Point Defects in Silicon

• Point defects (V and I) will turn out to play fundamental roles in many process 
technologies.

• The total free energy of the crystal is minimized when finite concentrations of 
these defects exist.
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• In general                     and both are 
strong functions of temperature.

• Kinetics may determine the concentration 
in a wafer rather than thermodynamics.
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• In equilibrium, values for these concentrations are given by:
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EC

EV

V=

V-

V+ V++

Ei 

EF • V and I also exist in charged states with 
discrete energies in the Si bandgap.

• In N type Si, V= and V- will dominate; in 
P type, V+ and V++ will dominate.
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• Shockley and Last (1957) first described 
these charged defect concentrations.

Note:  • The defect concentrations are always 
<< ni. ( doping         EF point defect 
concentrations)

• As doping changes, the neutral point 
defect concentrations are constant.

• However, the charged defect 
concentrations change with doping.  
 the total point defect concentrations 
change with doping.

14

Example:

N  5 x 1019 cm-3

P  1015 cm-3

P Region N Region

Doping 1 x 1015 cm-3 5 x 1019 cm-3

ni 7.14 x 1018 cm-3 7.14 x 1018 cm-3

V0 4.6 x 1013 cm-3 4.6 x 1013 cm-3

V- 2.37 x 1014 cm-3 1.61 x 1015 cm-3

V= 1.85 x 1013 cm-3 8.50 x 1014 cm-3

V+ 2.08 x 1012 cm-3 3.06 x 1011 cm-3

V++ 1.94 x 1011 cm-3 4.23 x 109 cm-3

I0 9.13 x 1011 cm-3 9.13 x 1011 cm-3

I- 4.02 x 1011 cm-3 2.73 x 1012 cm-3

I+ 8.32 x 1010 cm-3 1.48 x 1011 cm-3

• At 1000 ˚C, the P region will 
be intrinsic, the N region is 
extrinsic.

Note:
• ni relative to doping in the 

two regions.
• V0 is the same in the two 

regions.
• Different charge states 

dominate in the different 
regions.
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1. SiO2 reduction in electric furnace

SiO2 + C --heat--> Si + CO2

95-97% purity

Refine to 11N(?)EGS

(electronic grade polysilicon)

2. Siemens process (Si CVD from TCS)

(tri-chlorosilane)

H2 + SiHCl3 ---> Si + 3HCl

Homogeneous reaction in gas --> Si deposits on walls

Heterogeneous reaction on heated Si rod

1/27/00 EE575 Semiconductor Device Processing Spr'2000       Copyright James E. Morris 2000 16

Steel industry by-product MGS (Metallurgical Grade Solution)

 - HCl from Siemens Process

TCS

 - Purify by distillation, etc

Pure TCS

 - Siemens Process

EGS

 - Czochralski Process

Single Crystal Si

 - Saw and Polish

Wafers



4/2/2012

9

1/27/00 EE575 Semiconductor Device Processing Spr'2000       Copyright James E. Morris 2000 17

Note: Doping density in melt increases as crystal drawn

Cool Melt

L

S

100% SiliconCm/k Cm kCm

T
Tm

Eventual Liquid Composition

Freezes Out
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Crystal Growth

• Si used for crystal growth is purified from SiO2 (sand) through refining, 
fractional distillation and CVD.

• The raw material contains < 1 ppb impurities. Pulled crystals contain O 
(≈ 1018 cm-3) and C (≈ 1016 cm-3), plus any added dopants placed in the melt.

Seed

Single Crystal Silicon

Quartz Crucible

Water Cooled Chamber

Heat Shield

Carbon Heater

Graphite Crucible

Crucible Support

Spill Tray

Electrode

• Essentially all Si wafers used for ICs 
today come from Czochralski grown 
crystals.

• Polysilicon material is melted, held 
at close to 1417 ˚C, and a single crystal 
seed is used to start the growth.

• Pull rate, melt temperature and 
rotation rate are all important control 
parameters.
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Figure 2.12 Schematic and photograph (courtesy of Ferrofluidics Corporation) of a small‐
diameter Czochralski growth system. Larger diameter growth systems have significant 
mechanical structures to support the weight of the boule and to minimize vibration. 
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Figure 2.16 Photographs of a commercial magnetically confined Czochralski system 
(Thomas et al.).
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(Photo  courtesy of Ruth Carranza.))

(More information on crystal growth at 
http://www.memc.com/co-as-description-crystal-growth.asp
Also, see animations of http://www.memc.com/co-as-process-animation.asp)
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Figure 2.13Time lapse sequence of boule being pulled from the melt in a Czochralski growth 
(reprinted with permission of Lattice Press).
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Figure 2.15X‐ray topograph of seed neck showing edge terminated dislocations 
(reprinted by permission, Academic Press).
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Figure 2.17 Idealized schematization of the formation of recirculation cells in a melt.
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Figure 2.18 Schematic of a liquid‐encapsulated Czochralski growth system. The labeled 
parts include (1) quartz crucible, (2) heat flux control system, (3) graphite shield, (4) cavity 
thermocouple, (5) radiation shield, (6) heater, (7) temperature control thermocouple, (8) 
water cooled support, (9) insulation support, (10) graphite crucible support, and (11) tubing 
support (after Kelly et al.).
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Polysilicon Ingot

RF Coil

Single Crystal Si

    

• An alternative process is the float 
zone process which can be used for 
refining or single crystal growth.

• After crystal pulling, the 
boule is shaped and cut into 
wafers which are then 
polished on one side.

(See animations of crystal polishing etc. at
http://www.memc.com/co-as-process-animation.asp)
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Figure 2.21 Schematic of a float zone refining system.
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Figure 2.22 Schematic of a float zone system for growing large diameter boules (reprinted 
from Keller and Mühlbauer by courtesy of Marcel Dekker).
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Figure 2.19 Schematic of a horizontal Bridgman growth system (after Sell).
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Modeling Crystal Growth

Seed

Solid Si

Liquid Si

dx
C

B

A

Isotherm X2

Isotherm X1

• We wish to find a relationship 
between pull rate and crystal 
diameter.

• Freezing occurs between 
isotherms X1 and X2.

• Heat balance: 
latent heat of crystallization + 
heat conducted from melt to crystal
= heat conducted away.

  
L

dm

dt
 k L

dT

dx 1

A1  k S
dT

dx 2

A2

 

L latent heat of fusion

dm
dt

  amount of freezing per unit time

k L   thermal conductivity of liquid

dT
dx1

  thermal gradient at isotherm x1

k S   thermal conductivity of solid

dT
dx2

  thermal gradient at x 2

(1)

(Campbell Eqn. 2.10)
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• The rate of growth of the crystal is
 

dm

dt
 v P AN (2)

where vP is the pull rate and N is the density.

• Neglecting the middle term in Eqn. (1) we have:
(Campbell equation 2.11)  

v PMAX 
k S

LN

dT

dx 2

(3)

• In order to replace dT/dx2, we need to consider the heat transfer processes.

Seed

Solid Si

Liquid Si

dx
C

B

A

Isotherm X2

Isotherm X1

• Heat radiation from the crystal (C) 
is given by the Stefan-Boltzmann law

 
dQ  2rdx  T4  (4)

• Heat conduction up the crystal is 
given by

 
Q  k S r2 dT

dx
(5)
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•  Differentiating (5), we have
 

dQ

dx
 k S r2 d

2 T

dx 2
 r2 dT

dx

dk S

dx
 k S r2 d

2 T

dx 2 (6)

•  Substituting (6) into (4), we have
 

d2 T

dx 2
 2

k Sr
T4  0 (7)

•  kS varies roughly as 1/T, so if kM is the 
thermal conductivity at the melting point,  

k S  k M
TM

T
(8)

 
 d2 T

dx 2
 2

k M rTM

T5  0 (9)

• Solving this differential equation, evaluating it at x = 0 and substituting the 
result into (3), we obtain (see text):

 
v PMAX  1

LN

2k M TM
5

3r (10)

• This gives a max pull rate of ≈ 24 cm hr-1 for a 6” crystal (see text). Actual values 
are ≈ 2X less than this. 
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Modeling Dopant Behavior During Crystal Growth

• Dopants are added to the melt to provide a controlled N or P doping level 
in the wafers.

• However, the dopant incorporation process is complicated by 
dopant segregation.

Segregation coefficient:

 
k O 

CS

CL

(11)

Dopant kO

As 0.3
Bi 7 x 10-4

C 0.07
Li 10-2

O 0.5
P 0.35

Sb 0.023
Al 2.8 x 10-3

Ga 8 x 10-3

B 0.8
Au 2.5 x 10-5

• Most k0 values are <1 which means the impurity prefers to stay in the liquid.

• Thus as the crystal is pulled, NS will increase.

(Campbell Eqn.  2.12)
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• If during growth, an additional volume dV freezes, the impurities incorporated 
into dV are given by

 
dI  k OCLdV  k O

IL

VO VS

dV (12)

VS, CS

IL, CLVO, IO, CO

 
 dI

ILIO

IL

  k O
dV

VO VS0

VS

 (13)

 
 IL  IO 1 VS

VO











kO
(14)

• We are really interested in the impurity level in the crystal (CS), so that

S

L
S dV

dI
C  (15)

 CS  COk O 1 f kO1 (16)

where f is the fraction of the melt frozen.

(Campbell Eqn. 2.13)
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0 0.2 0.4 0.6 0.8 1
Fraction of Melt Solidified

Boron

Phosphorus, Arsenic

Antimony

C
S/

C
O

• Plot of Eq. (16).

• Note the relatively flat profile
produced by boron with a kS

close to 1. 

• Dopants with kS << 1 produce 
much more variation in doping
concentration along the crystal.

L

dx

Zone

COCS(x)

• In the float zone process, dopants 
and other impurities tend to stay in 
the liquid and therefore refining 
can be accomplished, especially 
with multiple passes

• See Plummer for models of this
process.
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(Solute Concentration uniform in melt)

Initially: weight of melt = W m

solute conc’n in melt = Cm ( by weight)

After time t: Crystal weight grown = W

solute conc’n in crystal = Cs

solute conc’n in melt = CL

weight of solute in melt = S

(Freeze an element of crystal, weight dW)

Solute loses Cs dW = -dS and CL = S/(Wm-W)

Therefore: 

dS/S = - (Cs / CL) (dW / (Wm-W)) 

= - k (dW / (Wm-W))

s                           W  
dS/S  =  - k         dW / (Wm-W)

CmWm 0

s                                          W  

ln S               = - k [ - ln (Wm-W) 
CmWm 0

ln S / CmWm = ln [ (Wm-W) / Wm)]k

Therefore: 

S = CmWm [1 - (W / Wm) ]k

 

] ]

But S = (Wm - W) CL by definition

= Wm (1- W / Wm ) Cs / k

= Wm (1-W / Wm )k Cm

Therefore:

Cs = kCm ( 1-W / Wm ) k-1

Cs = kCm / ( 1-W / Wm )1-k
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In practice CL not constant in melt

CL'

CL

CS

Moving Interface
X=0

Solute Concentration

Solid Liquid

d

1/27/00 38

Define R = crystal growth rate

Define D = diffusion constant of solute atoms

(typ: 5x10-5 cm2/s in liquid)

Diffusion equation at any point x

D (d2c/dx2) = dc/dt & ( dc/dx · dx/dt ) = R(dc/dx)

Therefore: D ( d2c / dx2) = R (dc/dx)

Solution: C = A exp - (R / D)x + B

Boundary Conditions:

1. C(O) = CL’  A + B = CL’

2. Zero net flux at x=0 (neglected diffusion in solid)

 - D dc/dx ] =          (CL’-Cs) R
x=0

Diffusion away from Rate of rejection of  
interface into liquid     solute at interface

 dc/dx ] = -AR/D = -R/D (CL’-Cs) 
x=0 

 A = (CL’-Cs)  B = Cs

and C(x) = Cs + (CL’-Cs) exp - (R/D) x  
(for 0 <x < )

C()=CL  →[(CL-Cs) / (CL’-Cs)] = exp - R/D

If we define an effective ke=Cs/Cl and the true k = Cs/CL’

then ( CS / ke - CS  ) / ( CS/ k - CS ) = exp - R/D

i.e. ke= k/[k +(1-k)exp -R/D] (Campbell 2.14)

and CS = keCm (1- W / Wm )ke-1

In practice: ke >> k

ke --> k if R/D is large

i.e. for high pull rate (R large, limits diameter)

and for low spin rate ( -1)

 = 1.8 D 1/3 R 1/6 � -1/2 (from Sze)

Can vary R, � to compensate for C 
i ti
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Limits pull rate for high doping

a

C

CL'

CL

CS

x

x

MP
A

thermal gradients
A & B

Liquid MP decreases with concentration increase
Therefore MP(x) follows exponential C(x)

If heat flow by conduction, 
thermal gradient approx. linear

High pull rate --> line A:
For 0 < x < a, liquid is supercooled
i.e. get random polycrystalline nucleation 

Low pull rate --> line B:
solidifies at surfaceB

1/27/00

To purify Si before doping
Melt Zone

L

Seed

Cs
single
crystal

Original
Cm
solid

dx

Melt Zone Moves

x

S = total weight solute in zone

A = c/s area,  =specific gravity

As zone moves dx:-

Solute added (melting end: right) = Cm  (Adx)

Solute lost (freezing end: left) = keS(dx/L)

dS = CmA  dx - (keS/L)dx

dS/dx = CmA  - ke S/L

dS/ (CmA  -keS/L) = dx

(L/ke) ln (CmA  -keS/L) = x + constant

Evaluate constant from S(0) = CmA L, gives

S= (CmA L / ke) ( 1- (1-ke) exp - ke x /L )

But, melt zone concentration Cs = ke (S / A L)

= Cm [ 1- (1-ke ) exp - ( ke x/L ) ]

0 10 x/L

1
Cs/Cm

Number of passes

ke

ke
2

ke
3

Effectively uses segregation coefficient to 
push impurities to one end. Then chop off! 
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Figure 2.20Minimum achievable carrier concentration for various growth technologies 
(Thomas et al.).
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Oxygen and Carbon in CZ Silicon

• The CZ growth process inherently introduces O and C.

• Typically,  CO ≈ 1018 cm-3 and  CC ≈ 1016 cm-3.

• The O in CZ silicon often forms small SiO2 precipitates in the Si crystal under 
normal processing conditions.

Stacking
Fault

V I

OI Diffusion

[OI]

SiO2

OI

OI

OIOI

OI SiO2
• O and these precipitates can 

actually be very useful.
• Provide mechanical strength.
• Internal gettering.
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Figure 2.10The solubility of oxygen in silicon. The dashed lines 
correspond to the highest and lowest variations (after Shimura).
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Figure 2.11Cross‐sectional view of denuded wafer with bipolar transistor 
(reprinted by permission, Academic Press, after Shimura).
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Figure 2.23 Standard flat orientations for different semiconductor wafers.
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Summary of Key Ideas

• Raw materials (SiO2) are refined to produce electronic grade silicon with a 
purity unmatched by any other commonly available material on earth.

• CZ crystal growth produces structurally perfect Si single crystals which can then 
be cut into wafers and polished as the starting material for IC manufacturing.

• Starting wafers contain only dopants, O, and C in measurable quantities. 

• Dopant incorporation during crystal growth is straightforward except for 
segregation effects which cause spatial variations in the dopant concentrations.

• Second order effects: Rapid stirring  Partial stirring

• Point, line, and volume (1D, 2D, and 3D) defects can be present in crystals, 
particularly after high temperature processing.

• Point defects are "fundamental" and their concentration depends on temperature 
(exponentially), on doping level and on other processes like ion implantation 
which can create non-equilibrium transient concentrations of these defects.

• For more information see papers @ http://www.memc.com/t-technical-papers.asp


