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Silicon wafers for integrated circuit process

B. Leroy

Compagnie IBM France, Dept. 1817/14 E, B.P. 58, 91102 Corbeil Essonne Cedex, France

(Reçu le 12 février 1986, révisé le 28 avril, accepté le 6 mars 1986)

Résumé. 2014 Le marché des circuits intégrés sera dominé pendant encore plusieurs années par des circuits réalisés
sur des substrats de silicium. D’abord nous passons en revue comment les procédures de tirage du cristal impactent
la qualité du silicium. Ensuite nous étudions comment les traitements thermiques affectent le comportement de
l’oxygène et du carbone, et comment il en résulte une évolution de la qualité des tranches de silicium. En conclusion
nous détaillons les exigences que les tranches doivent satisfaire à l’inspection de réception par l’utilisateur.

Abstract. 2014 Silicon as a substrate material will continue to dominate the market of integrated circuits for many
years. We first review how crystal pulling procedures impact the quality of silicon. We then investigate how thermal
treatments affect the behaviour of oxygen and carbon, and how, as a result, the quality of silicon wafers evolves.
Gettering techniques are then presented. We conclude by detailing the requirements that wafers must satisfy at
the incoming inspection.
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1. Which substrates for integrated circuits ?

The integration of many electronic components on
the same substrate was achieved during the 1960’s,
as the replacement of germanium substrates by silicon
substrates allowed to use planar process. Since this
date, nearly all the integrated circuits (I.C.) in the
world are built on silicon substrates. One of the reasons
is the possibility to manufacture large dislocation free
monocristalline wafers.

This article explains first why silicon is still the most
commonly used material in I.C. manufacturing. Then
the requirements for the specifications and the quality
of silicon wafers are presented, with a discussion of the
technologies involved.

1.1 Té CHALLENGES FACING THE I.C. MANUFAC-
TURiNG. 2013 The I.C. industry is facing three major
challenges :
- Increase the number of operations per second

in the computer, the complexity of these operations,
by decreasing the delays in the devices and in the
packaging.
- Decrease the cost per operation at the machine

level, by an increase in productivity especially by using
larger wafer and by a larger integration of the circuits.
Figure 1 gives the evolution of the number of logic
circuits per chip and per module. This number doubles
every year. The reduction of the cost of packaging
needs a lower heat generation of the circuits.

- Decrease the failure rate at the chip and the
packaging level, by the use of redundant circuits,
a drastic control of cleanliness during manufacturing
operations, the use of new materials for interconnec-
tions, and a reduction of the current densities involved.

1.2 PROGRESS IN I.C. ON SILICON SUBSTRATES. * -

The two main causes of progress in I.C. on silicon
substrates are the reduction of the dimensions of the

circuits, and the introduction of new types of circuits.

1.2.1 Scaling down. - The main laws of scaling
down FET devices were developped by Dennard [l, 2].
He pointed out that one can reduce by an identical
ratio all the length, the widths and the thicknesses,
and by an other ratio the applied voltage or the dopant
concentrations. This induces smaller delays and/or
reduces heat generation. He showed that scaling
reaches limits only for very small dimensions (fraction
of a micron). In the interconnections, a smaller delay
needs no or small reduction of the thicknesses, com-
pared to lengths and widths ; but the main progresses
are due to the change in the nature of the wires :
more complex circuits, reduction of cables, change in
the modules and in the cards. Figure 2 compare the
system delay between 3033 and 3081 technologies.
The improvements due to progresses in packaging
was larger than what would be obtained by reducing
the chip delay alone, for instance by using circuits in
gallium arsenide. Chips and packaging improvements
must progress at a similar rate.
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Fig. 1. - Evolution of the number of logic circuits on a
single chip (full line) and on modules (dotted line) in IBM
computers; MCM and TCM are multi layer ceramic
modules.
From RymAsZEWSKI, E. J. et al., IBM J. Res. Dev. 25 (1981)
606. Copyright 1981 by IBM Corporation; reprinted with
permission.

Fig. 2. - Comparison of system delay distribution of 3033
and 3081 technologies.
BLODGETT, A. J., IBM J. Res. Dev. 26 (1982) 30. Copyright
1982 by IBM Corporation ; reprinted with permission.

Scaling down is possible because of the introduction
of new technologies : low pressure or plasma enhanced
chemical vapour deposition, ion implantation, metallic
silicides technologies, exposure of resists by electrons,
directionnal plasma etch. These technologies lead
to a better design of devices, for instance smaller
isolation areas for bipolar circuits.

Scaling down leads to drastic changes in the types of
encountered defects : bulk defects have a smaller
impact, but devices are very sensitive to the surface
defects, to traces of contaminations, to electrostatic
defects and to charges generated by a particles.

Scaling down increases the importance of edges.
Computer simulation of the various steps of the

process involves using two or three dimensionnal
programs, instead of one dimension.

1.2.2 Designing new types of circuits. - New types
of circuits were developed to increase the speed, to
reduce the delay and the power, to allow more complex
circuits by the multiplicity of connections. A better
control of photolithography process was the condition
to introduce C MOS and MTL families of circuits,
because they are based on the injection of carriers
by a lateral PNP transistor. The C MOS technology
needs very specific wafers, for instance highly boron
doped (2 x 1019 at/cm3) and covered by a 10 J.1ID
thick epitaxy with a low doping (1015 at/cm3). Stresses
generated in this type of substrate will be investigated
in § 3.4.3.

Polysilicon and sidewall technologies for bipolar
transistors allowed to manufacture a dual base

(NEC 1979) : one very thin, weakly doped base in the
active part of the transistor, and one highly doped
base which provides the holes. Such bipolar transistors
operate at very high speed, consume little power and
have a high gain due to a small base resistance.

1.3 USING NEW MATERIALS.

1.3.1 Silicon on insulator. - Circuits implanted in a
silicon layer grown epitaxially on an insulating
substrate (sapphire in nearly all cases) display many
advantages : high speed (reduction of substrate

capacitances), higher density (no isolations), and better
electrical behaviour (less carriers injected in Si02 ;
o latch up » free; better control of the threshold

voltage; better resistance to radiations).
75 mm diameter wafers of sapphire are presently

being used ; but the quality of the epitaxy is poor :
dislocations and grain boundaries are present. This
limits applications to circuits employing only majority
carrier devices (custom logics, C MOS static RAM
and ROM).

In spite of their advantages, these circuits are

produced only for military applications.
1.3.2 III-V compounds. - The lattice of III-V

compounds is made up by assembling one atom of the
third column of Mendeleiev’s table with one of the
fifth column. The most commonly used are GaAs
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and InP. Their main characteristics are :

e A band gap larger than that of silicon (GaAs :
1.42 eV; InP : 1.28 eV). No isolation is needed;
circuits can work at higher temperature (300,DC
for GaAs).
e The possibility to vary the gap by substituting

one type of atom : Al instead of Ga (GaAlAs) ; Ga
instead of In (GaInP or GaInAs). This allows multi-
layer structures.
e A direct band to band transition : this material

is convenient for optoelectronic.
e The possibility of achieving a reproducible doping.
e Large carrier mobilities (GaAs : 8 600 cm2/s ;

InP : 4 600 cm2/s at 300 K).
e The possibility of very fast transport in bidi-

mensionnal layers at the GaAs-GaAlAs interface.
e The possibility of nearly ballistic electron injection

for small devices.
e A negative differential mobility for high electric

fields (GUNN diodes).
GaAs devices are able to dominate two markets :
- Very fast devices : GaAs-GaAlAs heterostruc-

tures in bipolar devices allow a 0.05 ns delay ; in
MESFET devices, the delay is 0.1 ns for a 1 mW

dissipation. In TEGFET devices, a bidimensionnal
layer of electrons is confined at the GaAs-GaAlAs
interface. In the device proposed by Thomson-CSF
in 1982, a delay of 20 ps was achieved with a 1 mW
dissipation.
- Optoelectronics : III-V compounds make good

photodiodes. Laser effect is efficient in heterostructures.
The integration of a photodiode and of a transistor
gives rise to a new device, the phototransistor;
integrated with a laser, all the functions for optical
communications become available : reception of the
light, transformation in an electric signal, computation
in the device and emission of an optical signal.
But the technology of III-V compounds needs large

improvements :
- Substrate quality : the largest wafers used in

manufacturing have a diameter of 100 mm and a
density of dislocations 104/cm2. The addition of
indium during pulling reduces this density to less
than jol/CM2 for an In concentration of 1019 at/cm3.
- Passivation : the native oxide is poor and only

deposited insulating layers are used. The density of
surface states is high.
- The adjustment of the threshold voltage is

difficult and imprecise.
- The technologies for epitaxy (Molecular Beam

Epitaxy and Metal-Organic Chemical Vapour Depo-
sition) have to be improved.
- The outdiffusion of arsenic at high temperature

is also a concerne

Until now, the industrial production of very dense
integrated circuits (VLSI) is not defect free. But

obviously these families of circuits will have a wide
application in the future, especially in the field of

telecommunications, for microwave devices.

1.3.3 Josephson circuits. - A Josephson junction
consists of two supraconductive layers separated by
a very thin (2 nm) insulating layer. Josephson devices
display three characteristics : fast switching (10 to
20 ps), low power dissipation (1 J.1W per circuit) and
operation at a very low temperature (4 K). But the
manufacturing technology is very difficult; the relia-
bility of the circuits is poor due to the difference of
thermal expansion between various materials; the

delays of commutation vary widely on the same chip.
The Josephson device remains until now a laboratory
product.
1. 3.4 Magnetic bubbles. - Magnetic bubbles are
magnetic domains, some pm wide, which can be
magnetized only in one direction by a signal driven
by a magnetic metal, for instance permalloy (Fe + Ni).
Since the access time is about 1 ms, they are used in
mass memories, between the disks and the central
memory of the computer. The main qualities are :
non volatility, less errors than in MOS memories

(10-12 compared to 10-1 ° in 1983).
But the drastic reduction in the price of MOS

devices and the better performances of memory disks
has reduced the interest of this technology.
1. 3. 5 Conclusion. - The I. C. industry will continue
to use silicon substrates in the next years for nearly
all the productions. Other substrates will have only
very specific markets : military, due to the resistance
to the radiations for silicon on insulator substrates ;
non volatil mass memories for the magnetic bubbles ;
high frequency and optoelectronic application for
the III-V compounds.

2. The pulling of silicoa crystals.
The main requirements for wafers are :
- A large diameter to achieve high productivity.

The evolution of the size of silicon and gallium arsenide
single crystals is shown in figure 3.
- No crystalline defects in the part of the wafer

where circuits are implanted : a dislocation free

monocrystal is necessary.
- Gradients and fluctuations of dopant concen-

tration as small as possible.
- A good resistance to plastic deformation.
- A low sensitivity to contamination, i. e. the

ability to getter defects out of the circuits zone :
backside gettering, or intrinsic gettering by defects
in the bulk, when a defect free zone (DFZ) undemeath
the active surface is possible.
2.1 THE SEQUENCE OF OPERATIONS. - Very pure
silica is reduced by carbon in an arc fumace to obtain
metallurgical grade polysilicon. This material is
converted into chlorinated compounds (SiHC131 or
SiC’4, or SiH2CI2) by a reaction with HCI at 300 °C;
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Fig. 3. - Diameter of the largest crystals used by the

industry of integrated circuits function of the date.

pure polycrystalline silicon rods (less than 1 ppmA
of impurities) are then obtained by reduction of these
gazes by hydrogen.

This rod is melted and a cylindrical monocrystal
is pulled. Two main pulling techniques are used :
Czochralski (CZ) (bibliography in Rosenberger [3]
and Zulehner [4]), and Float Zone (FZ) (bibliography
in Dietze [5]).
Wafers are obtained from the monocrystal by a

series of mechanical opérations : grinding, sawing,
lapping, chamfering, polishing, cleaning.
Thermal treatments, or gettering operations per-

formed at the back of the wafer (grinding, ion implan-
tation, deposition of polysilicon or silicon nitride

layers, doping) can be added. Their goal is to improve
the quality of the wafers before the manufacturing
process which will lead to the production of integrated
circuits, starts.

Z . 2 THE PULLING or MONOCRYSTALS. - Monocrystals
are obtained by letting a pure silicon melt solidify on a
monocrystalline oriented seed.
2.2.1 The Czochralski process (CZ). - Polycrys-
talline silicon material is first melted in a crucible
heated by a resistor or by RF currents. Following
the process designed by Dash [6], a seed is dipped
into the melt, and begins to mel&#x3E;~ The power is then
reduced and the seed is slowly withdrawn ; the crystal
and the crucible rotate in opposite directions. By
controlling power and acting on the speed of the seed,
the crystal diameter is adjusted. This process is
illustrated in figure 4.

Chemical reactions between melted silicon and
the crucible play a very important part : using a silica
crucible, a large amount of oxygen is incorporated
in the melt and part of it (1018 at/cm3) gets into the
monocrystal. Other types of crucible may be used if a
reduction in oxygen concentration is wanted, e.g.
graphite, SiC, nitride (Si3N4)...

Fig. 4. - Czochralski single crystal pulling. Arrows indicate
the flows in the liquid when the crystal and the crucible are
counterrotated. Note the incorporation of oxygen in the
melt and the presence of SiO and CO in the atmosphere.

Gradients and fluctuations of dopant and defect
concentrations are explained by the convections in
the melt (Fig. 4), due to thermal gradients (from the
edge to the centre) and to the rotations (from the
centre to the edge, under the crystal).

2.2.2 The float zone process (FZ). 2013 A polysilicon
rod in vertical position is melted at its lower end.
A seed is introduced in the melt and the float zone

slowly passes through the rod from the bottom to the
top. The seed and the rod are rotated in opposite
directions (Fig. 5). In this technology, there is no
contact with a crucible and the only possible conta-
mination comes from gazes (outgazing of the equip-
ment).

The « Pedestal » technology is identical except
that the seed is introduced at the upper end of the rod

2.3 CRYSTAL DOPING. - The growing crystal incor-
porates impurities of the melt; but the impurity
concentration in the solid Ca differs from the con-
centration CI in the liquid, just at the interface. The
ratio k = Cg/CI is called the segregation coefficient,
it is characteristic of the impurity and of the mel&#x3E;~
Table I gives the value of k, of the diffusion coefficient D
and of the covalent radius r,, for several elements in a
silicon melt (see Trumbore [7] and Zulehner [4]).
Figure 6 gives the limit of solubility of impurities in
lightly doped solid silicon. k is smaller than 1 for all
the elements except oxygen. For metals, k is about
10- 5, which means that a drastic purification of
silicon results from crystal pulling.
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Fig. 5. - Float zone single crystal pulling. Arrows indicate
the flows in the liquid For large crystals, the diameter of the
coil can be smaller than the diameter of the crystal.

k : segregation coefficient ; D : coefficient of diffusion in

liquid silicon ;
r. : covalent radius.

Figure 7 represents a typical concentration profile
of an impurity near the interface, along the axis of
rotation; for k  1, freezing rejects the impurity in
the melt.
At steady state, Fick’s law gives :

Fig. 6. - The limit of solubility of impurities in solid

lightly-doped silicon is plotted as a function of the tempe-
rature. From Trumbore [7].

Fig. 7. - The axial distribution of the concentration C
of an impurity near the crystal-melt interface is plotted. The
corresponding profile of the freezing temperature T f is

presented. The définition of ô is illustrated by the intersection
of the horizontal C = CL with the dotted line

and the conservation of matter at the interface yields :

If the diffusion in the solid is neglected. C is the
concentration in the melt, D the coefficient of diffusion
in the melt, V the rate of freezing, CS, CI, CL the
concentrations in the solid, in the liquid at the inter-
face and far from the interface respectively.
The solution is :
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The thickness b of the interface layer is defined by :

b varies with the conditions of convection in the melt.

Ratio ke = CS/CL is called the effective segregation
coefficient

Fluctuations of the concentration of impurities are
observed when V b varies rapidly.

Impurities rejected in the melt increase slowly CL,
and then Cs, as pulling proceeds. Figure 8 gives the
value of ke versus VÔID, and the ratio of Cs/Co (Co,
the initial concentration in the melt) versus the fraction
of the melt solidified, g, for various ke (CJ/C = ke
for g = 0).

when there is no exchange of impurity with the

atmosphere.
2. 3 .1 Reduction of the axial concentration gradients. -
It is obvious that the axial concentration gradient is
reduced when ke increases, for instance when pulling
occurs at higher pulling rates from a melt possessing
a larger Co. The resistivity of the crystal decreases
from the seed end to the tail end, as the concentration
of dopant increases.

To achieve a constant Cs along the crystal axis,
one can use a small melt continuously feeded by liquid
silicon doped at CS. The concentration in the melt
is maintained at the value CS/ke when the volume of
the melt is kept constant. Various geometries have
been proposed : double crucible, fusion of a poly-
crystal during the pulling. See for instance Rosen-
berger [3].
2. 3. 2 Supercooling. - The freezing tempe rature T f
varies with the concentration of dopant C (in at/cm3)
as shown in figure 7. For silicon :

When the temperature gradient ô T/ôz is large
enough in the melt, freezing occurs only at the inter-
face, layer after layer. But if ô T/ôz is too small (this
can only be the case for high doping of the melt,
above 1019 at/cm3), the temperature is smaller than
Tf in a thin layer of the melt, giving rise to super-
cooling. In some cases massive freezing occurs, and
the pulled solid becomes polycrystalline.

2.4. HEAT AND MELT FLOWS IN CZOCHRALSKI CRYSTAL
PULLING.

2.4.1 Heat flows. - Figure 9 represents the heat
flows and the corresponding curves of constant

temperature in the CZ process.
- The interface between the crystal and the melt

remains at a constant temperature, T f.
- In the melt, heat is generated by the RF currents,

and the crystal behaves as a sink for heat. The tem-
perature gradients O T induce convective flows, ascend-
ing near the crucible and descending under the

Fig. 8. - Left : effective segregation coefficient ke of an impurity function of V b 1 D (V freezing rate, à diffusion layer thickness,
D diffusion coefficient of the impurity in the melt). Right : CS/Co function of the fraction of the melt solidified g, for various ke ;
Cs is the concentration in the crystal, Co the initial concentration in the melt; no exchange with the atmosphere is supposed,
ke is the value of ÇIC, for g = 0.
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Fig. 9. - Left : heat flows during CZ pulling and shape of
the isotherms. Right : axial distribution of the temperature
in the crystal (r : radius of the crystal ; z axial distance from
the melt).

crystal ; these flows are characterized by the number
of Grashof, Nor, which is the ratio of forces due to the
change in density to the forces of viscosity. For silicon :

R is the radius of the crucible.
In the melt, heat is also dissipated by irradiation or

convection at the interface between the melt and the

atmosphere.
- The crystal gets heat from many sources : the

melt ; the latent heat of freezing of silicon ; radiative
heat from the liquid surface, from the emerged part
of the crucible and the walls of the equipmen. It

dissipates heat by irradiation and convection along
its cylindrical lateral surface and through the head,
and by conduction through the seed. See Rosen-

berger [3], Rea [8], Ramachandran [9].
The interface is convex when the heat sink is very

efficient (pulling of the head, or high contribution of
the convection of the gaz), and concave in the other
case. Convex or concave refer to the shape of the solid
side.

Figure 9 represents a typical axial distribution of
temperatures. When the radius is constant, the pulling
rate and the RF power are adjusted, but the distri-
bution of temperature is not a function of this adjust-
ment : the temperature is inversely proportionnal
to the square root of the radius and independent
of the pulling rate.

Thermal history of the wafers. - Depending on

where inside the crystal the wafers come, their thermal
history varies greatly : seed end wafers have been
rapidly cooled through the head of the crystal ; middle
end wafers have been slowly cooled, and tail end wafers
have been first slowly cooled at high temperature
and then fast cooled at the end of the pulling process.
Typical values of this kinetic are given in figure 10,
for 85 mm diameter crystal, from Leroy [10]. The time
coordinate is the ratio of the distance by the pulling
rate.

Fig. 10. - Kinetics of cooling of a silicon layer. Its distance
to the seed is the distance at 1 415 °C. The time spent between
two temperatures is measured on the horizontal scale,
multiplied by the pulling rate.

2.4.2 Melt flows.
Forced convection. - A liquid, near a rotating

disk, moves about through friction, creating a centri-
fugal flow in a bo-thick layer feeded by a vertical flow.
For an infinite disk, Cochran [11] showed that ôo
does sot depend on the distance to the axis and

where v = 3 x 10-3 cm2/s is the kinematic viscosity
of the melt and co (rad/s) the angular velocity of the
disk. For cv = 2 rad/s (20 rpm), bo = 1.4 mm.
For a finite disk of radius r, this convection is

characterized by the number of Reynolds NRe, which
is the ratio of the inertial force to the viscous force.

Proudmann [12] and Taylor [13], proved that the
steady state of a liquid rotated in a crucible was

bidimensional, i.e. without vertical component. The
case in which a crystal is put in contact with the liquid
and rotated around the same axis, but with a different
velocity, is illustrated in figure 11. Proudmann and

Taylor showed that the melt was devided in large
cylindrical cells, where the liquid rotates with a
constant angular velocity, separated by small layers
where the angular velocity varies. Carruthers [14]
made an extensive study of the various configurations
corresponding to the various rotation rate of the
crystal and of the crucible. Each cell displays a radial
and an axial velocity, consistent with the study of
Cochran, illustrated in figure 11. An illustration of
these nonmixing cells is also presented.
When a fast change in the crucible speed is imposed,

the angular velocity in the cells does not remain
constant, and an helicoidal flow, with shear com-
ponents, results : it is the Ekman flow. The cells

change their shape, and there is some mixing of the
melt.
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Fig. 11. - Forced convection in the melt : left; Proudmann-Taylor cells, shear layers, and convection currents when the
crystal and the crucible are rotated in the opposite directions. Right : illustration of one cell : crystal : rotation + 22 rpm ;
crucible : - 22 rpm; liquid : glycerine/water; room temperature. Westdorp, private communication.

Dominant convection. - Murgai [15] pulled crys-
tals from melts highly doped with antimony (1.22 x
102° at/cm3), with its crucible off-centred to have
a strong lateral gradient of temperature. At the begin-
ning of the pulling, a very regular pattern of dopant
concentration fluctuations was observed, due to a
forced convection dominant flow. When part of the
melt was frozen, thermal convection dominated,
inducing a very irregular microsegregation. The cor-
relation between the dopant concentration and the
microscopic growth rate revealed a periodic remelt
of the crystal during the thermal convection.

Carruthers [16] and Kobayashi [17] characterized
the dominant flow by ratio N Gr/ N Íe. This ratio
increases with the crystal diameter.
When this number is very small, less than 10- 3,

forced convection dominates in the whole melt.
When it is very large (more than 102), thermal con-
vection dominates. Between these two values, forced

convection predominates near the crystal and thermal
convection near the crucible, as shown in figure 4.

Typical values :

Interface layer. - Just under the freezing interface,
one can define three layers with three characteristic
thicknesses (see Rosenberger, (1979)).

1) A ô thick layer where the impurity concentration
varies.

2) A ô. thick layer where the radial velocity of the
liquid change.

3) A bT thick layer, where the temperature gradient
is large.
During the CZ pulling of silicon crystals, we can
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write :

À is the thermal conductivity of the melt, and
vi Â. = 0.06 for Si. For the majority of dopants,
5  v/D  30 so that 03B4 ~ bo.

Radial gradients of concentration. - The radial
distribution of the concentration of impurities exhibits
a maximum on the axis of rotation and a minimum
at the lateral surface. This difference is larger for
phosphorus than for boron, and for an (111) oriented
substrate than for a (100) one. It is reduced by an
increase of the rotation rate, which accelerates the
circulation of the melt (larger speed, smaller interface
layer, more importance to the forced convective

flows).
Out diffusion of antimony from the bath can reduce

its concentration close to the lateral surface of the

crystal. Oxygen can outdiffuse from the crystal during
cooling, creating an oxygen poor layer (typically
1 mm thick).
A control of the resistivity gradients is a key para-

meter in the quality of wafers for integrated circuits
technology.

2.4. 3 Striations. - Many properties of the crystal
exhibit fluctuations on a microscopic scale : concen-
tration of dopants, oxygen, carbon ; density of small
defects, revealed by chemical etching or decoration
with copper ; nuclei for oxygen précipitation ; type of

Fig. 12. - Longitudinal cross section of a 85 mm diameter
CZ crystal showing striations (periodicity 400 lim). Defects
have been decorated by copper diffusion and revealed by
Jenkins-Wright etch.

oxide precipitates after a high temperature thermal
treatment (see § 3) (Fig.12).
A regular striation appears when the distribution

of temperature in the melt has not radial symetry, i.e.
when there is a small lateral gradient : the interface
layer thickness ô, the rate of freezing V and the effective
coefficient of segregation ke vary during one rotation
of the crystal relative to the melt. If v is the average
pulling rate, coc and com the rotation rate of the crystal
and of the crucible, the thickness of silicon layer frozen
during such a rotation is Az = v/(wc - WM) which is
the axial periodicity of the striation. But the real

shape of the maximum of concentration is an helicoidal
surface.

Figure 13 represents a typical example of axial
fluctuations of boron and oxygen concentrations

irregular fluctuations superpose to regular striations.
They are due to thermal fluctuations (order of magni-
tude : less than 1 °C).

Pulling under a magnetic field (5 000 Gauss) is used
to reduce the se fluctuations by blocking the convec-
tive flows. See Feigl [ 18].
Neutron transmutation doping was also used to

superpose an homogeneous doping to the intrinsic
doping for phosphorous doped wafers.

3. Oxygen and carbon in silicon crystals.

Oxygen is the most important contaminant in CZ
crystals. Its concentration is sometimes larger than
30 ppmA. The concentration of carbon is generally
around 1 ppmA, but can reach 8 ppmA in tail end
wafers.

In FZ crystals, pulled under vaccuum, the conta-
mination by oxygen is drasticly reduced, between 0.1
and 0.01 ppmA, but the concentration of carbon
remains between 0,1 to 5 ppmA.

3.1 INTRODUCTION OF OXYGEN AND CARBON DURING
CZ PULLING. - The melt and the silica crucible react,
which yields oxygen :

Fig. 13. - Left : perspective showing the helicoidal shape
of the striations Right : oxygen and boron axial concen-
tration : a remelt occurs every 200 xm, with a minimum in
concentrations. The maximum occurs just before the remelt
for boron, just after for oxygen. From Murgai (private
communication).
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The chemical nature of « SiO » in the melt is not

known, but the limit of solubility of oxygen in the melt
at the freezing temperature is 25 ppmA, and in solid
silicon, 35 ppmA. The dissolution rate of the crucible
is about 10 03BCm/h. It increases when the temperature
increases, when the pressure decreases ; the roughness
of the crucible, the impurities in the crucible and in the
melt, and the melt flows near the crucible are key
parameters. See Zulehner [4].
During the thermal convection, part of the « SiO »

evaporates, as the SiO equilibrium vapour pressure
is 12 mbar at 1420 °C. Two chemical reactions

generate carbon monoxide, from those parts of the
equipment made of graphite :

Reaction between crucible and graphite susceptor :

Reactions in the gaz

CO dissolves in the melt, especially during the
melting of polycristalline silicon or a remelt of a

crystal, and the exchanges of CO between the melt and
the atmosphere are very small during pulling (Com-
pain, [9]).
Oxygen and carbon dissolved in the melt diffuse

from the thermal convection cell to the forced convec-
tion cell (Fig. 4) and reach the freezing interface.

3.1.1 Axial concentration. - The concentration of

oxygen in the melt is due to two competitive processes :
incorporation is proportionnal to the surface of
contact between the crucible and the melt, and is
reduced when the level of the melt decreases. The

evaporation occurs through a constant surface. The
concentration of oxygen in the melt decreases during
the pulling process, and in the crystal from the seed
end to the tail end. This is not true at the very end of
the pulling, when the forced convection cell reaches the
crucible : oxygen is then directly incorporated under
the crystal-melt interface, and the oxygen concentra-
tion increases (Fig. 14). See Murgai [15] ; Carlberg [20].

Fig. 14. - Typical axial distribution of oxygen and carbon
in a CZ crystal. Two types of wafers have the same concen-
tration of oxygen : seed end, with a low carbon concentra-
tion, and tail end with a large amount of carbon.

The axial concentration of carbon increases from
the seed end to the tail end : the segregation coefficient
of carbon in silicon is 0.07 (Nozaki [21], Compain [19]),
and the exchanges of carbon between the melt and the
atmosphere are very small during the solidification
(Fig.14).

3.1. 2 Radial concentration. - The concentration of

oxygen is larger in the centre of the crystal, where it is
provided by the forced convection flows, than near
the lateral surface. This gradient is reduced by increa-
sing the crystal rotation rate.

3.1. 3 Fluctuations. - Thermal fluctuations induce
fluctuations of the freezing rate (§ 2.4.3), and of the
concentrations of dopants, oxygen and carbon (Fig. 13),
the maximum for the oxygen (k = 1.3) being the
minimum for carbon and dopants (k  1) (Hu, [22]).
Similar fluctuations are observed for clusters of point
defects called Swirls because of their helicoidal pattern
(§ 2. 4. 3), (de Kock, [23, 24]).

In further thermal treatments, oxygen will preci-
pitate in helicoidal patterns, which appear as eccentric
rings in X rays topographs when the wafers are cut
aslant (Fig. 15).
A large bibliography is available; see Murgai [15],

Abe, [25, 26] ; Leroy [27].

3.1.4 How to reduce oxygen and carbon concentra-
tions. - A reduction of the oxygen level is achieved

by pulling under a magnetic field, thus reducing the
convective flows (see Feigl [18]), or by using materials
without oxygen for the crucible : vitreous carbon,
SiC, Si3N4. But the dissolution of these materials
provide high concentrations of carbon or nitrogen at
the melt-solid interface. The risk of precipitation
of SiC or Si3N4 is large, inducing dislocations and
polycrystallisation. Alumine crucible have been used,
but they induce a high aluminium contamination
(more than 1017 at/cm3).
An increase in oxygen concentration can be achieved

by periodic interruptions of the crucible rotation,
breaking the convection cells and inducing a mixture
of the melt,
To achieve oxygen concentration constant, one .

needs to change the rotation rate or the pulling rate.
The reduction of carbon concentration is achieved

by pulling under vacuum ; the increase is obtained by a
long overheating of the melt before pulling.

3.2 MEASUREMENT AND PROPERTIES.

3. 2 .1 Infrared absorption. - In silicon, oxygen atoms
are mainly in an interstitial position, between two
silicon atoms (bond centred position) (Fig. 16). This
configuration allows three main modes of vibration,
and one can observe three characteristic absorptions of
infrared light, at 1 206 cm -1,1 106 cm -1 and 517 cm -1
at room temperature. At low temperature (23 °K, 6 °K),
the 1 106 cm -1 absorption shifts and devides in six rays
centred at 1 130 cm-1, due to isotopic effects of
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Fig. 15. - Rings of oxygen precipitates in a wafer cut aslant and annealed 20 hours at, 1 000 °C : rings are eccentrated in the
wafer, as they are a memory of the radial symmetry of the crystal.

Fig. 16. - Left : position of interstitial oxygen between two silicon atoms; Right : modes of vibrations of this « quasi
molecule », and wave numbers associated.

oxygen (160 and 180) and of silicon (28Si, 29Si, 3oSi)
(Pajot [28]).
The determination of interstitial oxygen content [0]

by measuring one infrared absorption a requires a
calibration.

" Absorption at 1 203 cm -1 yields a small signal and
it not used.
e Absorption at 517 cm -1 was used by Compain

[19], but only in differential measurements (compared
to a standard) because of the high absorption of silicon
at this wavelength.
e Absorption at 1 106 cm-1 at room temperature

is used. It gives only the concentration of interstitial
oxygen. But an absorption of oxygen precipitates at
1 080 cm - i imposes corrections after thermal treat-

ments between 600 OC and 900 OC. Calibrations by
various methods were discussed by Pajot [29]. The
actual ASTM standard is : [0]/a = 4.9 ppmA. cm but
an old one, [0]/ce = 9.63 ppmA. cm was (and is still)
used in the literature. This calibration coefficient has
to be precised to compare various publications.

Various complexes of oxygen with carbon or point
defects were identified after irradiation and their
infrared absorbances determined. See Corbett [30],
Brelot [31], Compain [19].
The concentration of substitutionnal carbon is

measured from the change in infrared absorption
at 604 cm -1 at room temperature, with the calibration
of Newman [32] :
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3.2.2 Diffusion data. - The best fitting of all the data
relative to intertitial oxygen diffusion between 350,DC
and 1 300 OC is obtain with the formula of Watkins [33]

However, to explain the kinetics of donor formation,
Ourmazd [34] introduced an increase of the low

temperature effective diffusivity of oxygen with the
concentration of silicon self interstitials.
The enthalpy of capture of oxygen in highly dislo-

cated areas is 0.95 eV (Hrostowski, [35], Magee, [36]).
The diffusion coefficient of substitutionnal carbon

in silicon measured by Newman [37] is :

3.2.3 Limit of solubility. - Figure 17 represent the
behaviour of oxygen during thermal treatments (left)
and the equilibrium Si02 phases with respect to

pressure and temperature. Values of the solubility
limit in solid silicon found by various authors vary
widely within a factor 10, see Leroy [27], partly because
the nature of the Si02 phase in equilibrium with silicon
is involved ; it can be cristalline or amorphous, oxide
layer or precipitates ; the role of point defects is also
important, so that measured values are sometimes non
equilibrium values. Stresses play an important role in
oxygen precipitation (see § 3. 3). In figure 17, values are
reported for [0]/a = 5.6 ppmA . cm. This gives a good
idea of the quantity of interstitial oxygen in equilibrium
with an oxide layer. Even during an oxidation at high
temperature (1 000 OC), oxygen can outdiffuse from
the wafers if its concentration is larger than the limit of
solubility.

Fig. 17. - Left : behaviour of oxygen during isothermal
annealings, from Cazcarra (41); Right : equilibrium Si02
phase function of the temperature and the pressure, from
Pascal (nouveau traité de chimie minérale). Dotted line :
pressure inducing the critical shear stress 03C4f in silicon (see
Fig. 19). Coesite can exist only at a temperature smaller
than 700 OC.

The limit of solubility of carbon in silicon is 8 ppmA
at 1 400 OC, 2 ppmA at 1 250 OC, 5 ppmA at 1 100 oc
(Bean, [38]). But SiC does not precipitate in CZ crystals
because of the strong interaction between carbon and
oxygen.

3. 3 CLUSTERING AND PRECIPITATION DURING ANNEAL-
INGS. - A large bibliography on oxygen and carbon
clustering and precipitation in silicon during annea-
lings is available; see Patel [39, 40], Cazcarra [41, 42],
Claeys [43, 44], Leroy [27], Bourret [45, 46].

3. 3 .1 Stresses. - The agglomeration of oxygen
atoms requires that the matrix expand, 35 % in volume
for coesite, 120 % for amorphous silica. Stresses around
the precipitates give rise to lattice strains, to the

generation of dislocations and of silicon interstitials.
At low temperature, strains dominate, and preci-

pitates lie in (001) planes, easier to separate due to the
anisotropy of the matrix. Coesite and amorphous
silica are observed. (Bourret, [46]). Small clusters are
characterized by donor states. Emission of silicon
interstitials relax 80 % of the stresses (Ourmazd [34]),
but is very slow.
At larger temperature (more than 700 °C), stresses

can be relaxed by the emission of dislocations and
amorphous silica platelets dominate. But more massive
precipitates are observed, surrounded by an extrinsic
stacking fault, which emits vacancies and captures
interstitials.
At temperature above 1 150 OC, precipitates are

« quasi spherical », with or without stacking faults
and dislocations surrounding them : relaxation of
stresses by emission of interstitials dominates.

Figure 17 (right) indicates the crystalline Si02 phase
stable with respect to the temperature and the pressure.
The pressure for which dislocations are generated is
also represented, in dotted lines (Leroy [27]). Coesite
exists only at temperatures below 700,DC, but for
higher temperatures, the interface energy between
silica and silicon must be taken into account, explain-
ing the amorphous nature of silica films or preci-
pitates.

3.3.2 Generation and annihilation of donor states.

First type of donors. - A first type of oxygen related
donor states was observed by Fuller [47] and
Kaiser [48]. They possess the following characteristics :
- Generation occurs between 400 °C and 520 °C.
- The initial rate of donor formation, maximum

at 450,DC, is proportionnal to the fourth power of the
interstitial oxygen concentration [0] (in at/cm3).

- [0] is reduced during the generation of donor
states.

- This generation is inhibited by carbon (Bean [38] ;
Leroueille [49]). K = 1 for Kaiser [48]; K = 0.5
for Cazcarra [42]. The concentration of substitutionnal
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carbon is reduced during the generation of donor
states.

- At least 10 différent double donors were identi-
fied by infrared spectroscopy in liquid helium (Com-
pain [19], Pajot [50]) and labelled A to I. The ionization
energies for the neutral species vary from 69 meV (A°)
to 53 meV (1°) and from 156 meV (A+) to 117 meV (I+)
for the singly ionized species.
- During an isothermal annealing, all species have

the same type of evolution : they appear, their con-
centrations reach a maximum, and then decrease.
This occurs successively in the order A to I, the same
order as the order of decreasing ionisation energies.
Species D and E reach the higher maximum (Com-
pain [19], Ourmazd [34]).
- The defect symmetry is C2, or mm2.
- Donor states are destroyed at temperature

above 500,OC, with an enthalpy of activation of 2.6 eV
(Fuller [47]).
- Donor states are not nuclei for oxygen preci-

pitation during later thermal treaments, but clusters
containing carbon are nuclei.

Many models were proposed (see Bourret [45]),
but the best fitting with all the observations is due to
the model of Ourmazd [34] : donor states are clusters
of oxygen atoms; each one changes into the next
labelled by the following letter one by adjunction of 2
oxygen atoms (symmetry C2v). The double donor
nature is due to one silicon atom moved to a quasi
interstitial position and bonded with only 2 oxygen
atoms. The first electrically active specie (A) contains
5 oxygen atoms.

Annealing of donor states generated during pul-
ling. - During pulling, the silicon remains roughly
hours between : 500,DC and 400 OC. A large amount
of oxygen donors are created for wafers with a high
oxygen content, and p doping (101 S at/cm3 for 10 Q. crn
wafers) can be overcompensated8 (more than 1015
donors for concentration of oxygen above 20 ppmA):
To know the resistivity and the doping content, it is
necessary to redissolve the donor states. This is
achieved by a 650 °C annealing on the crystal, during
1/2 to 2 hours. But nuclei for later oxygen precipi-
tation are then created.

Second type of donors.

e They are created between 550 and 900 OC (Bean
[38], Capper [51], Cazcarra [42]).
e The kinetic is accelerated by the presence of

carbon (Leroueille [49]) or a 450 OC preannealing
(Kanamori [52]). Its enthalpy is 1.9 eV.
e It correlates with a reduction of infrared absorp-

tion of interstitial oxygen and substitutionnal carbon

(Bean [38], Cazcarra [42], Leroueille [49]).
e Ionization levels vary with temperature between

0.05 eV and 0.3 eV.
e Annihilation occurs at temperature above 900 OC,

but without increase of the concentration of inters-
titial oxygen (Cazcarra [42]). This is interpreted as a

loss of the donor nature of oxygen-carbon complexes
by adjunction of oxygen atoms.
e ’The number of donor states correlates with the

pumber of nuclei for later oxygen precipitation
(Cazcarra [42]).

These donors states are interpretated as traps at the
interface between silicon and silica for very small

precipitates.

3.3.3 Precipitation of oxygen.
Absorption of infrared light by the précipitâtes. -

Three types of infrared absorptions by oxide preci-
pitates were identified by Tempelhoff [53], Hu [54],
and Compain [19]. They exhibit the following cha-
racteristics after isothermal annealings lasting
24 hours :
- 850 cm-1 absorption : the number of precipi-

tates is maximum between 700 OC and 900 °C; it is

proportionnal to the carbon concentration; inters-
titial oxygen has no influence.
- 1080 cm-1 absorption : the number of pre-

cipitates is proportional to the oxygen concentration ;
carbon has no influence; the density is maximum
between 850 OC and 1 050 °C.
- 1230 cm-’ absorption : the density of pre-

cipitates is maximum between 900,OC and 1 000 °C,
increases with oxygen content or with the decrease of
carbon content.

Tempelhoff [53] gave an interpretation of these
absorptions by the nature of the phase precipitated,
Hu [54] by its shape.
The absorption at 1080 cm-1 induces a « noise »

in the interstitial oxygen absorption at 1 106 cm-1,
difficult to take into account It is thus better, in the
case of wafers with high oxygen precipitation, to

measure the concentration of oxygen by the absorption
at 517 cm-1.

Low temperature precipitates. - The nature of

precipitates created between 600 OC and 750,DC was
determined by Bourret [45] : 80 % of the oxygen is in
small platelets of amorphous silicas 20 % is in « ribbon
like defects » oriented (011) and made up of small
ribbons of coesite (8 A thick in the ( 100) direction and
70 A wide) followed by dipoles of dislocations with a
burgers vector b = ± (110). 80 % of the stresses

around precipitates are relaxed by emission of inter-
stitials. No punch ôut dislocations are observed, Le.
the pressure is large enough to create coesite, but is
lower than the silicon critical resolved shear stress
at this temperature (Fig. 17, see Leroy [27], Bour-
ret [45]).
High temperature precipitates. - A very large bi-

bliography exists : see Patel [40], Claeys [43, 44],
Leroy [27].
At a temperature above 750 OC, there is no longer

a coesite phase, but only amorphous silica. But

precipitates punch out dislocations (Fig. 18).
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Fig. 18. - Up : Amorphous S’02 platelets, with punched out dislocations loops, and a circular stacking fault with a quasi
spherical precipitate in its middle (annealing at 900 °C) ; Middle : ring shaped stacking fault after 4 thermal treatments 100 mn
at 1100 oC (see Plougonven [56], Leroy [27]). Down : very complex defects due to a succession of thermal treatments between
925 °C and 1000 OC, very efficient for gettering; All the TEM photos are from P. Beaufrère.
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Tan [55] made an extensive study of dislocation
loop columns punched out by square, (001) oriented
platelets of amorphous silica. Dislocations have

a[ a/2.(OI1)] Burgers vector and have a square shape,
gliding in (101) family planes. Eight columns of dislo-
cations can be generated by a single precipitate.
Punched out dislocations can transform by glide

into extrinsic stacking faults, centred on a preci-
pitate, and growing by capture of the interstitial of
silicon emitted during the growth of the precipitates.
During cooling, a small precipitation occurs in the

core of dislocations, inducing very complex defects :
ring shaped stacking faults (Plougonven [56]) and
various type of defects as shown in figure 18.
The growth kinetics of the platelet like précipitâtes

was studied by Wada [57], between 750 OC and 850 OC.
He showed that the thickness remained constant

(near 8 nm) and that the edge of the square grew with
time t at rate Kt 3/4 . This kinetics corresponds to the
rate of diffusion of oxygen to the precipitate.
The growth kinetics of the stacking fault in the

900 °C-1 150 °C range shows the same type of law,
i.e. radius proportionnal to time exponent 3/4, either
for single stacking faults (Patel [40] or for ring shaped
stacking faults (Plougonven [56])). Leroy [27] showed
that this law was due to the kinetics of capture of the
interstitials by the stacking fault when the number of
oxide precipitates was large compare to the number
of stacking faults, and due to the oxygen diffusion
in the other case. Clâeys [44] showed a reduction of
the SF radius near the interface under a neutral or a
chlorinated atmosphere, i.e. when the surface was
a sink for interstitials.
When the annealing occurs at temperature higher

than 1 100 °C the proportion of platelets decreases
and the majority of the precipitates are quasi-spherical
(sometimes (111) type faces).

Nucleation of precipitates. - Small precipitates

grow at high temperature only if their size is larger
than a critical size. Cazcarra [41 ], figure 17 determined
a domain where nucleation of new precipitates occurs,
under a critical temperature increasing with the oxygen
and the carbon content. The enthalpy of activation
of the nucleation is around 2.3 eV. Inoue [58] made
a simple model showing a maximum in nuclei gene-
ration around 700 °C and the suppression between
900 °C and 1 000 °C. Interstitials provided by an
oxidation increase the dissolution rate of nuclei.

Thermal history of the wafers. - When wafers

are submitted to thermal treatments at temperatures
above 900 °C, the precipitation of oxygen occurs on
nuclei function of the thermal history :

It is clear in figure 15 that the number of oxygen
precipitates follows the fluctuations of the pulling
conditions, i.e. fluctuations in oxygen, carbon and
clusters of point defects concentration, through the
number of nuclei generated during cooling of the
crystal, and during the process.

One can remove this type of memory effect in two
ways : a thermal treatment at very high temperature
(above 1 280°C) dissolves the precipitates and all the
nuclei (Compain [19]) changing the density and the
nature of the precipitates during following thermal
treatments. There is a high risk of contamination in
annealing at such elevated temperature. An annealing
at 750 °C induces a quasi homogeneous distribution
of small precipitates.
3.3.4 Defect free zone (DFZ). - It is well known
that a thin layer free of oxygen precipitates exists at
the surface of the wafer, at the place where the circuits
are implanted Hu [59] performed a detailed study of
this phenomenon :
At the surface is a thin layer from which oxygen

has outdiffused preventing its precipitation.
In the bulk all oxygen has precipitated
In between is a zone where oxygen has only partially

precipitated on very few nuclei ; the pattern of this zone
is a memory of the pulling conditions for 1 000 OC
thermal treatments.
For 800 °C thermal treatment, the nucleation of

precipitates in that zone seems slower than in bulk
silicon, even if the concentration of oxygen has not
decreased : a large importance of point defects in
nucleation is then demonstrated
As the thickness of this Defect Free Zone (DFZ)

plays a key role in wafer quality, it is of interest to

trigger a large outdiffusion of oxygen without nucle-
ation of precipitates before or at the beginning of the
integrated circuit process (by annealing the wafers at
temperatures above 1000 OC for several hours).
3.3.5 Impact of precipitation on the quality of the
wafers. - Oxygen precipitation induces first an

increase in the concentration of interstitials : this can
accelerate diffusions and make oxidation stacking
faults grow.

Second, precipitates generate dislocations. Wafers
are more sensitive to stresses (see next §) by reducing
the critical shear stress of silicon. However precipitates
have a very positive effect in gettering metallic impu-
rities (§ 4 . 2).

It is necessary to program the thermal treatments
to achieve a large defect free zone.

3.4 STRAINS, STRESSES AND DISLOCATIONS.
3.4.1 Critical shear stress. - Stresses can generate
dislocations lying in (111) type planes, with a/2 (110)
type of Burgers’ vector in silicon. Dislocations are

generated when the resolved shear stress r exceeds
a critical value ’tc, and they move as long as r &#x3E; tm
(03C4m, critical shear stress for glide, is smaller than ’tc,
critical shear stress for generation of a dislocation).
At any given time there is a superposition of various

types of stresses : imposed stresses (applied stresses,
thermal stresses due to temperature gradients, stresses
due to the films deposited on the wafers, stresses at the
edge of films), and stresses around precipitates or
cracks.
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The apparent critical shear stress, 03C4’c (or Tm)? is the
imposed shear stress necessary to induce plastic
deformation, i.e. Te or 03C4m minus the shear stresses due
to precipitates or cracks.

Cracks are due to scratches or to edge shipping.
Scratches are desactivated by a chemical etching in an
HN03/HF solution, and edge shipping reduced by
chamfering of the edge of the wafer.

03C4’c and r’ m are determined by studies of pulling or
bowing strains (Patel [39, 40]), or of the patem of
dislocations due to a well known distribution of

stresses, around an indentation rosette (Hu [60]) or
during cooling a row of wafers (Leroy [61]). These
values were discussed by Leroy [27].

Té is stable at low temperature, its value is
2.5 x 108 Pa. For that stress, fracture occurs. At a
temperature above 600 OC, dislocations are emitted.
T. decreases with increasing temperature :

The reduction of r[ due to the precipitates is nearly
proportionnal to the quantity of oxygen precipitated
(Leroy [61]), but is larger for large precipitates grown
at 1000°C than for small precipitates generated
at 800°C (see Leroy [27]). Figure 19 gives typical
values of 03C4’c compatible with the experiments of

Leroy [27] for (100) wafers.
It seems that interstitial oxygen increases the resis-

tance to the generation of dislocations (Sumino

[62, 63]), or their migration (Hu [60]). It follows that FZ
wafers with small oxygen concentration, are more

sensitive to stresses than CZ wafers.

3.4.2 Generation of dislocations by thermal gra-
dients. - Inserting or pulling a row of wafers out of
a fumace induces on the wafers temperature gradients
which possess a radial symmetry; these gradients,
larger during wafer removal than during insertion,
generate stresses, compressive in the centre and
tensile at the edge of the wafer during removal (it is
the contrary during insertion).
Thermal stresses acting on flat wafers have only

two stress components, Qrr (radial) and O"lplp (tan-
gential). They vary with the distance r to the centre,
but not along the wafer thickness z.
When the wafer is not flat, this bow induces a

difference in substrate strains, and thus in substrate
stresses between the convex side an the concave side.

Consequentely, in a bôwed wafer, (1 rr and (1 lplp vary
with z : they are more çompressive at the centre of the
concave side, and less compressive (or tensile) at the
centre of the convex side. Figure 20 give typical values
of these stresses along the radius of the wafer. See
Leroy [61, 27].
Thermal stresses can generate dislocations when the

resolved shear component r in a (111) plane along a
(101) direction is larger than 03C4’c, which varies with the
temperature and the oxygen precipitation (see § 3 . 4.1).
One must compare 03C4’c of figure 19 with r at the centre

Fig. 19. - Left : critical shear stress in silicon function of the temperature, for two modes of precipitation of oxygen : large
number of small precipitates at 800 °C, small number of large prècipitates at 1000 °C. Quantity of oxygen precipitated in
1017 at/CM3@ from Leroy [61]. Right : maximum resolved shear stress at the center and at the edge of the wafer function of the
temperature, during cooling a row of wafers; furnace temperature : 800 oC, 900 °C, 1000 oC, 1 100 °C. On the curves,
numbers indicate time in seconds from the beginning of the cooling - 1 Pa = 10 dynes jcm2.
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Fig. 20. - a) The radial and tangential components of stresses induced by the cooling of a row of wafer (1rr and (1tptp are

plotted as a function of(rIR)2.r is the distance to the centre and R is the wafer radius -1 Pa = 10 dynes/cm2. Stress values
are plotted for the concave side ( ... ), for the neutral fiber (-), and for the convex side (-. -). The temperature gradient
is shown in the above insert. b) Zones of dislocations, generated on the concave and convex sides have been revealed by using
a Jenkins-Wright etch. c) X-rays topograph shows dislocations (slip lines) are generated in the rings with oxygen precipitates
(Leroy [61]).
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and at the edge, where they are maximum. Typical
values of r at the centre and at the edge were deter-
mined by Hu [64, 60] and Leroy [61], for flat wafers
and by Leroy [61, 27] for bowed wafers. See figure 19.
It is clear that 03C4’c is reached nearly at the same time
at the centre and at the edge, but always first in areas
with high oxygen precipitation, and always at the
centre of the concave side before the centre of the
convex side (Leroy [61, 27]). The critical parameter
is then the direction of the bow and not its absolute
value. As small a bow as 3 pm is sufficient in 100 mm
diameter wafers to impose this direction (Leroy [27]).
Figure 20 is a good illustration of these facts.
During the process, the films can induce a change

of bow at high temperature, different from the bow
measured at room température ; see Leroy [65].

Critical temperature for pulling a row of wafers. -

The critical temperature Tc for pulling a row of wafers
our of a fumace is defined by the following process :
the row of wafer is pulled in less than 2 seconds from
the fumace temperature T to room temperature.
Warpage is measured, and wafers are reinserted in
the fumace, but at temperature T + AT. Tc is the
first temperature for which a plastic deformation
occurs. Figure 21 give the value of Tr for two modes
of oxygen precipitation and the values calculated

Fig. 21. - Critical temperature for pulling a row of 400 J.1m
thick, 82 mm diameter wafers, out of a fumace ; experimental
points reference the thermal treatment of oxygen precipi-
tation. Dotted lines are calculations with values of figure 19
for an annealing at 1000 OC, and take the bow into account.

by Leroy [27]. These values remain the same when
the thickness, the diameter, the distance are multiplied
by the same number.

Specifications. - To reduce the risks of plastic
déformation, a maximum of oxygen concentration is
imposed, and the edge of the wafers is chamfered.
To reduce the yield loss due to the plastic deformation,
a specification of convexity and of maximum bow
must be added to incoming inspection.
The stresses due to bow are proportionnal to the

square of the ratio of radius R to thickness h (Leroy
[61, 27]). Specifications have to maintain this ratio
smaller than 120, i.e. increase h with R
To reduce thermal stresses, the fumace temperature

is slowly reduced (3 to 6 °C/min), to a temperature
near 850 °C at the beginning of the I.C. manufacturing
process (for a small oxygen precipitation), and to
between 750 °C and 800 °C at the end. This type of
cooling is called ramping.
3.4.3 C MOS wafers. - Wafers used for C MOS
circuits are made of highly boron doped substrates
(1.5 x 1019 at/cm3) covered by a lightly boron doped
epitaxy (7 x 1014 at/cm3), 12 pm thick. Boron induces
a. large retraction of the crystalline parameter,
Al/1 = 0.2 [B]/5 x 1022 where [B] is the concentration
of boron in at/cm3. Strains and stresses are present
in the wafer thickness, but they are independent of the
radial position. 0" rr = u99 =03C3 varies only with z;
it is proportionnal to the difference between the
concentration C(z) and the average concentration
in the whole wafer.

Typical values of concentration and stresses are
given in figure 22 (Leroy [10]). These measurements
were done after annealings inducing a redistribution
of the dopant The wafer was 600 nom thick, but a
change in the wafer thickness h introduces no change
for the stresses in the epitaxy, but only in the stresses
in the substrate (u. is inversely proportionnal to h).
Stresses are compressive in the epitaxy, they are

proportionnal to the concentration of the substrate,
and they induce a convex bow independent of the
temperature. The resolved shear component, maxi-
mum at the surface, is r = a/.J6 = 0.4 x 108 dynes/
cm’ in the example. Comparing figure 19 it is clear
that dislocations are generated at temperature above
1 025 OC, since there is no oxygen in the epitaxy,.
Dislocations, with a Burgers’ vector a/2 (101) glide
in the (111) type planes, downwards until i = im
(and then they stop) and along the (110) direction,
with a constant velocity (0.02 cm/s). They thus reach
the edges of a 100 mm in diameter wafer in less than
10 min at 1025 °C. There is no emergence of these
dislocations in the active zone of the wafer and thus
is no yield loss. Figure 22 shows a pattern of such
dislocations on wafers with and without oxygen
precipitation. Comparing the values ofr(z) = a(z)/Q1
and the depth of the horizontal part of the dislocation
is a fine way to measure 03C4m(T).
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Fig. 22. - Up, left : distribution of the boron concentration in the epitaxy and in the substrate, and stresses associated,
in a C MOS wafer, after annealings (1 Pa = 10 dynes/cm2). Up, right : migration of dislocations gliding in a (111) plane.
Down : typical patterns of dislocations after a 1 140°C thermal tratment : Left : no oxygen precipitated ; right : large
precipitation of oxygen.

These dislocations relax the stresses and change the
bow of the wafer. A complete relaxation occurs when
d, the distance between the dislocations, is :

These dislocations have no detrimental effects on the
circuits (no emergence except at the edge of the wafer),
but a very benefit role : they act as gettering centres
for metallic impurities (see § 4).

4. Gettering.

4.1 CONTAMINATION INTRODUCED DURING HIGH TEM-
PERATURE PROCESS STEPS. - The process steps at

which contamination occurs are : at room temperature,
wafer polishing (however the level introduced by that
process step is now very low), wafer handling (the use
of metallic tweezers is now forbiden in manufacturing
lines), wafer cleanings, chemical etches, or in ionic
implanters; at high temperature, from and through
quartz tubes, from quartz wafer-carrying boats or
through gases.
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Li, Na, K, Cs, Ca segregate in insulating layers,
and their role in silicon is not very important

Cu, Ag, Au were the first metallic contaminants

studied, during the 1960’s, but their level has decreased
during the 1970’s following progresses in process
control. Fe and Ni, two elements found in stainless
steel, play the most important part in the fabrication
technology, because they cause a catastrophic degra-
dation of integrated devices, even at very low concen-
trations (a few ppb in the bulk).
The migration of metal atoms in silicon is due to an

interstitial mechanism : the diffusion coefficient is large
(10-7  D  10 - 4 cm2/s) and the activation energy
low (0.2 to 1 eV). Thus a small amount of contaminant
can easily diffuse through the entire substrate thickness
during a high temperature step.
The solubility limit of metals in intrinsic silicon

(doped with less than 1018 at/cm3) decrease very
quickly with temperature (Fig. 6). Thus reactions of
precipitation are induced by a slow decrease of

temperature, especially near the surfaces where the
concentration of vacancies and interstitials changes
quickly.

Dislocations are very efficient sinks for metallic

atoms, and precipitates are mainly located on dis-
locations. This allow gettering.

4.2 GE1TERING TECHNIQUES. - The role of gettering
techniques is to trap atoms of metal and/or silicon
interstitials in excess in the inactive parts of the
wafer. The net result is to empty the rest of the wafer
of its contaminants.

4.2.1 Intrinsic gettering. - Complexes formed of
oxide precipitates and dislocations in CZ grown
crystals can capture atoms of metal. This cleaning
occurs all along the process and is beneficial to the
circuits (Tice [66]).

Dislocations located between a substrate and an

epitaxial layer are also gettering centres. In C MOS
wafers one thermal treatment at 1100°C is enough
to generate them (§ 3.4.3). Salih [67] proposed to
introduce misfit dislocations by starting the epitaxial
growth in a mixture of SiCl4 and GeH4 ; the germa-
nium atoms present in silicon reduce the crystalline
parameter.
4.2.2 Gettering by backside defects. - Dislocations
introduced at the rear side of the wafer, before or during
the process, can capture atoms of metal; many
method have been proposed :

2022 Sand blasting (Metz [68]), sound stressing (Yang
[69]), or other types of mechanical damage.

2022 Ion implantations (Cullis [70]), especially of

argon (Nassibian [71]) can introduce a well controlled
amount of defects. Their efficiency, however, decreases
during subsequent treatments because they are an-
nealed oui

2022 Laser damage was also used
2022 The deposition of a polysilicon film at the back

of the wafer is also efficient as it introduces many
grain boundaries rich in dislocations.
4.2.3 Gettering by stresses. - Gettering can also
occur in highly stressed areas, either on dislocations,
or because of stress gradients. The deposition of a
nitride or of a silicide layer at the back of the wafer
is used for this purpose.

4.2.4 Gettering by diffusions. - High concentrations
of dopant getter by two mechanisms :

First, they introduce misfit dislocations.
Second, the electric field at the periphery of the

diffused areas capture isolated atoms of metal (intersti-
tial atoms with a positive charge), such as Cu+, Au+...
in boron doped areas, substitutionnal atoms with a
negative charge in phosphorus doped areas, such as
Au-.

Third, the limit of solubility is higher in highly
doped areas, for all the metals.

This gettering is used either in backside diffusions,
or in isolation areas used for bipolar circuits.

5. Conclusion : what is a silicon wafer for integrated
circuits process ?

5. 1 SPECIFICATIONS. - Listed below are the requi-
rements for silicon wafers specifications.
5.1.1 Shape.
- Ratio Rlh, i.e. radius R divided by thickness h,

should be smaller than 120 (risk of warpage, § 3.4.2).
- Edge chamfering (slip lines, § 3 .4 .1).
- No active scratches (generation of dislocations,

§ 3.4.1).
- Initial bow convex, between 0 pn and 30 J.1In

(warpage, § 3.4.2).
- Flatness better than 9 Mm (photolithography,

§ 1.2).
- Wafer cut =aslant 10 to 20 from the crystallo-

graphic direction (100) or (111), to have a better
control of the shape of surface steps during epitaxy
(no « wash out », control of the « epi shift »), and to
reduce the oxidation enhanced diffusion of dopants
(see Pig. 15).
5.1.2 Doping.
- Resistivity between two values (RS 1  RS 

RS2).
- Limitation of the radial gradient (15 %) (§ 2. 4. 2).
- Limitation of the fluctuations (15 %) (§ 2.4.3).

5.1.3 Surface quality. - Hydrophilic/hydrophobic :
the contamination is larger on hydrophobic surfaces,
i.e. with a thicker native oxide.

5.1.4 Oxygen/gettering.
- Maximum of oxygen concentration, depending

on the I.C. process, from 18 ppmA to 22 ppmA (plastic
deformation, § 3.4).
- Either extemal gettering (FZ wafers) or speci-

fication of a minimum for oxygen concentration
(12-14 ppmA) for intemal gettering (§ 4.2). In order
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to reach a suitable quantity of oxygen precipitated
in small precipitates at the end of thë I.C. process
(gettering/plastic deformation) either a specification
of a minimum for the number of nuclei for oxygen
precipitation, or a specification mini/maxi for carbon
content (§ 3 . 3 and 3 . 4).

5.2 ADDITIONAL STEPS.

5.2.1 Thermal treatments prior to LC. manufactur-
ing. - To achieve a large defect free zone at the end
of the process, and the right number of nuclei for
oxygen precipitation, one can add thermal treatments
before the I.C. process (see for instance Borland [72]).
Thermal history of the wafers is illustrated in

figure 23.
2022 Kinetics of cooling of the crystal during pulling,

with differences between seed, middle and tail end
wafers (§ 2.4.1).
. Dissolution of donor states (the whole crystal

annealed at 650°C, 1 to 2 hours), with induction of
small nuclei (§ 3 . 3 . 2).

2022 Slicing of the crystal and polishing of the wafers.
2022 Defect free zone constitution by a high tempera-

ture annealing (1 100 °C-1150 oC, 1-3 hours, N2
atmosphere). The duration of this annealing is limited
by the reduction of the critical shear stress 03C4c due to the
precipitation of oxygen in the bulk, correlated with
oxygen and carbon content (seed/tail end wafers)
(§ 3.3 and 3.4). An increase in the number of nuclei
can be achieved by a slow heating from 700 OC to
850 OC and then a fast heating to 1 100 °C.

2022 Germination of nuclei by an annealing between
700°C and 800 OC, 2-10 hours, especially for wafers
pulled in the vacuum (no carbon) ; duration depends
on the position of the wafer in the crystal.

2022 Growth of precipitates by an annealing at

1000 OC- 1050 -C, 2-10 hours, to insure a good
gettering capacity at the beginning of the I.C. process.

Fig. 23. - Typical thermal history of the wafer : left :

cooling of the crystal for seed, middle and tail end wafers ;
middle : 650°C annealing of the crystal to dissolve donor
states ; right ; typical annealings to induce a defect free zone,
to nucleate a large number of precipitates, and to induce
oxygen precipitation for internal gettering.

Note that, because CZ wafers have a higher critical
shear stress than FZ wafers at the beginning of the
I.C. process (before oxygen precipitation), they are
prefered, especially when high temperature thermal
treatments (above 1000°C) occur only during this
beginning.
5.2.2 Gettering. - An additionnal operation to

increase the gettering efficiency can be selected in
those listed in § 4. 2.
When all thèse spécifications are met, and all the

therma an gettering treatments ac leve the silicon
wafer is ready to be us in an integrated circuit
process.

Appendix. - Very recent developments on Silicon
Material Science and technology were published in
references [73 to 75].
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