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Hello and welcome to this manufacturing process technology part 1 Mmodule 6.
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Czochralsky’s Growth Method
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We are talking about Czochralsky’s growth method for getting single crystal line silicon. And we
have mentioned about one dimensional heat transfer case which is analyzed right here. You can
see here that there is a crucible, there is a vacuum chamber which is filled with, first of all
evacuated and filled with organ gas. And then there is crucible which is heated from the walls,
then there is poly silicon or poly which is actually 99.99% pure present here and the core of the

hearth, and hearth is heated up, so that there is a liquid silicon.

And then, there is a controlled lowering of seed crystal with is chemically polished and which
would give and provide the direction and then as the vacuum chamber rotates and the crucible
rotates, and also the opposite direction the seed rotates. You basically change the rotations for
both and try to make a larger or smaller bowl of silicon which is obtained by pulling out the seed,

so that it goes suddenly into a solidification zone.

And so this is the zone of fusion or zone of solidification that you may refer to where there is
heat transfer taking place at a certain rate from the temperature T1 which is much higher value

then the temperature T2, which is the ambient this is T2 and this right here is T1.
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Czochralsky’s Growth Method
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And so, basically there is again a heat out flow Q.|x| which takes place across this other
boundary here. And based on that we had actually formulated, these heat rates we had taken this
from the Fourier law of cooling or heat transfer which talks about the proportionately of the heat
rate to the negative temperature gradient. And also the thermal conductivity of the medium

which is in question.

So here from one side the thermal conductivity property that would be utilized would be that of
the melt or the liquid because the heat is mandating from the liquid side into the zone of fusion.
And on the other side the heat maintaining out, so basically the case that of the solid silicon
which is formulated. So this part is solid silicon as you can see the solid phase this is zone of

solidification this is liquid phase.

So this is really QJX) and this is really éz(x) , so obviously the Fourier’s law can be
written in term of thermal conductivity of the liquid, times of area of interface, times of the
temperature gradient across the liquid phase to through zone of fusion, and for subsequently for
the solid phase. So this heat which is released in the form of heat conduction across the liquid to

solid transition also accounts for the bond formulation process.

Because obviously more heat will be pumped from this side into the zone of fusion, but less heat
would be pumped out. So the total amount of heat accumulated in the zone of fusion is really the
difference of the heat inflow minus the heat outflow, and that heat is converted into the bound

energy because there is formulation of the solid.
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And let us say the rate of which the formulation of the solid mass takes place if we consider that
to be dm/dt, then L.dm/dt where L is the latent heat permanent mass is basically the heat rate
that is getting lost into the zone of fusion by virtue of the solid bounding formulating because of
change in temperature. So then it is left to a very reasonable approximation where we can
convert this dm/dt as basically the area of interface times of the density times of the upward pull

rate dx/dt of this particular seed crystals.

So it moving by dx/dt. So that is the only variation in time which is happening we assume the
interfacial area the zone of constant and the density also does not vary much. So therefore from

the zone of fusion into the solid zone. So therefore, if we just solve the equation it comes to have

dx _ dt the solid phase minus Kk

X _ : o
S x in the liquid phase area gets cancelled

a form Lp ,%

off.

And obviously the maximum pull rate that can be obtained is a condition where mathematically
this part of the right hand side goes to zero. So if we assume that the total amount of latent heat
that is lost within the system is heat that is extracted it out. And so, you can write down this

maximum pull rate dx/dt as ks/Lp dt/dxS okay. So let us just rewrite this here as v max, the



maximum pull velocity of the seed crystal dx/dt which you can now write as ks/pL dt/dx of the

solid side.

So obviously the maximum pull out rate of dx/dt therefore is proportional to be dt/dx of the solid
meaning there by the increase the temperate gradient in the zone of fusion to solid transition,
obviously more is this gradient the more would be the pull rate or in the order to for the heat
balance, or for the heat optimum balance to take place to pull out can be increased with the

temperature gradient.

But in reality the maximum pull rate is really not the one which is used normally and one of the
reason is the crystalline quality which is a sensitive function of the pull rate okay. So one hand if
the material is near the melt it has a very high density of point defects. And if supposing if we are
quickly cooling the material, then it will really prevent these defects go into formulating the

crystal.

However too much gradient on the other hand may create the problem of thermal warping, or
thermal stresses, large thermal stresses within in the crystal material. So on one hand we are
trying to make the pull rate little faster, so that the point defects may not be enable to get into the
system on one hand, we are saying that if the pull rate which depends on dt/dx, the dt/dx is very
high, then they are going to be thermal stresses.

So they are going to be dislocation, or defects just by virtue of thermal stresses. So it is a trade
off you know. So you have to really have an optimum balance where without including the point
of defects, in the silicon melt to go into the crystal, you should also be able to ensure that the
thermal stress are by enlarge, neutralized, or they not present and gradient is not too much over
shoot. So that is the trade the silicon industries have to play in order to get the single crystalline

silicon.
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Single Crystalline silicon formulation (Float zone

method)

«Thiz method is used for extremealy
high purity silicon growth
=& rod of high purity polycrystalline -
matenal is held in a chuck while a 1
metal il driven by a high power radio
frequency signal is slowly passed

ilong its lendgth
=Alternatively. a focussed e-beam can 1
also be used for heating the rod
=The field setup by the RF power leads |
to eddy currents and joule heating and Eaiey
the matanal i malted

To enhance the growth along the preferred crystal onentation a seed crystal is
injected into the top of the maolten rod
sin this technique a thin neck of Jmm diameter and 10-20mm long is pulled and
the pull rate and the temperature lowered to shoulder the crystal out to a larger

chameler

In other method that is very commonly used is float zone which is used normally for a smaller
wafer and here the method is little different, because here the rod of high purities polycrystalline
material held in chuck while a metal coil driven by a high power radio frequency signal is slowly
passed along its length. So it basically a non contact mode of heating and there are not many
thermal stresses or thermal gradients by enlarge because of eddy current material heats

uniformly.

And so alternatively you can also reduce this to focused e beam also, that can also do the job of
heating the rod. But the idea is that the crystal is lowered from this end from the top end as you
can see here and this crystal is the one which causes the growth to happen, and so whatever the
liquid is created in this area because of heating and the rod has been fed inside, so the liquid
would ooze out from here and fill up this and this would be a melt and the seed crystal what is

coming out in this particular area you are pulling out.

So that the same constitution is of the quality only thing is the heating here is not a wall mediated
heating but uniform heating of the material, so in this technique the thin neck of 3mm diameter
and out 10 to 20 mm long is pulled and the pull rate and the temperature lowered to shoulder the
crystal out to a larger diameter. So that is how you can actually get this kind of a larger diameter

constitution even though the oozing out only through a small orifice small cavity.



So you cannot go really for the big size here there would be issues related to incomplete supply
of the fluid or extremely slow pull rate which would determine the overall size of the crystal etc.

So that is another way of growing single crystal line silicon.

(Refer Slide Time: 09:44)

Crystal Imperfections

45 some of the properties of a crystalline solid heavily depend on the crystal

sructure thus they should vary \1_|:.r baseéd on iImperfections in such siruciures
*These imperfections govern most of the mechanical properties of the crystalline
solid

=The study of crystal imperfections and their ¢ ffects on the properties if a material
is a vast research area

= We would just like to study the varnous phénomeéna associated with different
manufacturing processes, ¢.g., plastic deformation and heat treatment

= The table below shows a classification of property dependent on basic crystal
structure and those dependent on crystal |I'I'||:->'”l'l.|I'Z-I'I
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Fatigue strength

So I would now come to the crystal imperfections and as you probably, as you are aware of some
of the properties of the crystalline solid, that really depend on the crystal structure on thus that
should be vary a lot , based in imperfection in such structure. So the study of crystal imperfection
and effects on the property of the material is a really a very, very wide domain of research or

study where various properties including.

Let us say the mechanical properties, electrical properties so on so forth depend on these defects
and I am just showing you a small table here which talks about what are the properties which are
depended on the basic crystal structure vice versa what is property dependent on the crystal
imperfection. So on one hand it is the structure which is determinant on other hand it is defect of

the imperfection which is determinant.

So for example, property like density would depend on the crystal structure in specific heat,
quotient of thermal expansion, melting point, plastic constant, hardness and ductility these are
something which are structurally dependent. On the other hand if you look out properties like
electric conductivity they are definitely going to be dependent on crystal imperfection. Think

about it you are having doping material like group 3, or group 5 material into the silicon and
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changes the properties, electrical properties of the silicon, makes n type in one case if it is group

5 makes p types in other case if it is group 3 okay.

So a small amount of imperfection of this material may change the electrical property
considerably. Illustrate for example, creep, fracture strength, semi conductivity, work hardening,
fatigue strength, these are some of the properties which are utilized by you know change in the

crystal imperfection.

(Refer Slide Time: 11:22)

Classifications of Crystal imperfections

-Point defect:

If an imperfection is restricted to the neighborhood of a lattice point, the imperfection is
referred to as point defect

There can be three different typed of point defect as shown in the figure below

{ 1/Vacancy: This gets formulated as one lattice atom is missing. Since an atom
wibrates about its lattice position. the tendency of the atom to jump out of its regular
position L;lre.:l[lng a vacancy increases rapidly with ils energy ..., the temperature For
example the usual order of vacancy gt 500 deg, C is one in 10" which increases to
one in 300 at 2000 deg C- It is possible to increase the vacancy density at a given
temperature by rapid cooling or extensive plastic deformation.

(2) Interstitial impurity atom: This gets formulated when an atom occupies an
‘abnormal position. Such an atom is called an interstitial impurity atom. An interstitial
impurity can get realized when an atom possesses large enough thermal energy or
when its energy is increased by nuclear bombardment

i}'}Substiﬁﬂional impurity atom: This happens when a regular lattice position is
occupied by an atom of a different material
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So if you look at how and what kind of classification we can give to the crystal imperfection
really there are three different kind of defects which are important. One of them is called the

point defect, whereas the name suggest the defect of the imperfection is about single point, there



can be line defect, where we are talking about several such arrays of points together to formulate

a whole line.

And then there can be a surface defect, where across the whole surface, it is some kind of the
complete movement of the surface, from the regular orientation within the crystal which may
change the nature of the crystal. So let us look at theses individual defects in a more classified
manner. So points defects for example, they can also be sub classified into the different point

defects one is, where the atom can mess, the regular sight.

And another is where the atom can be of a different constituent of occupying the normal atom, of
a particular sight, and the third is where let us say within the interstitial phases, where there was
suppose to know about atoms in the regular arrangement of the crystal, there is impurity which
gets plugged in okay. So based on this the point defects is classified into vacancies, obviously
the name suggests that vacancy is a sight which is created because in otherwise regular atom has

been moved out you can see this particular figure here.

There was an atom which was supposed to there, but it was moved out and so this creates a
vacancy. The other is interstitial impurity where the interstitial that is the sight where the atom is
not supposed to be present, there is some kind of the atom of the same kind or of a different kind
present in such an interests, which actually relates to the bulging out of crystal you change in

shape and size of crystal.

And that can be a very pertinent cause of the mechanical, change in mechanical properties,
because of the induction of such a defect in the crystal that is basically made the crystal to
already we pre trust from its regular orientation. And then there is substitution impurity which
means that any regular sight of the atom is replaced by different material all together. It is not the

same atom that is substituting, but different atom which is substituting, regular sight locations.

So that is how you classify the defects, as vacancies, the point defects is vacancies, interstitial
impurities and substitution impurities, how they formulate what is the usual order, of the
vacancy. So at about 500 degree of Celsius, for example, it can be about 10'° and it increases to 1
and 300, and about 2000°C, if we talk about above a certain particular lattice. So it is possible to
increase the vacancy density at a given temperature, by rapid cooling or extensive plastic

deformation okay.
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If an imperfection extending along a line has a length much larger than the latticé® e " 4
spacing, the imperfection is called a line defect or, commonly a dislocation < -’{C-.
(1)Types of line defect:
When an extra half plane of atoms s accommodated by rllanrnmj the |-~¢_]||I.-|r
lattice arrangement as done with plane marked XX in the figure, the resulting
defect is ter |ed edge d dls ann - 'J% - =T
TR LG _)ﬁl When the lattice
atoms move from
their regular ideal
position such a
< : defect is called
i : .
i’ screw dislocation.
e wid
The dislocation density s
d defined as the lotal length
of all dislocation lines per
Wlﬁ:i/lpnmn/ — _jfurll W
_In a single crystal, the minimum attainable dislocation density is of the order of| TOQ/)

1000 per cm-
‘I‘I'r'T]:I':-erys:dlllne solid this is as high as 107102 per cm?

So that is how you create the point defects, then there are line defects, now as the name suggest,
there are more than one points which are in an array and like a line and that moves. So here you
can see an example a two different kind of such a line defects, edge dislocation and screw
dislocation. For example, there is a complete line across many such point together which comes

up, and there is because of this line, and additional plane.

So if you look at this particular lattice varying from here to here, there is an extra plane X dash, y
dash, XY and additional plane which has come up here for having edge dislocation. So whenever
there is mechanical work which is done on the particular lattice, there is movement of this extra
plane which leads to probably a quicker, response of a crystal to a mechanical deformation, this

is called a edge dislocation.

So the dislocations can also be that instead of pumping and additional plane of atom if I really

tried to sheer apart or tear apart by few phases, by few atomic units the crystal can look
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something like this which is called screw dislocation, you can seen that one part of the crystal,
this part has been short of in shear with respect to the other part, and there is one plane
movement okay, of one part with respect to other based on that, so that is the screw dislocation

okay.

So the dislocation density is something is very important term here, so you can say that it is the
total length of all, dislocation lines per unit volume and so in this particular case, if I had let say
15 nano meter, line defects about 15 numbers, and in about may be 1 centimeter cube of the
material. So you can think of how would be this dislocation, density so you have about 25

hundred nano meters 10 per cm® which makes 10°m?* and 100 cm.

So therefore, you can think of the dislocation density by virtue of only 50 nanometer lines in
lcm® volume of the crystal, to be high as 2.5 per meter square. So that is how you can calculate

the dislocation density.

(Refer Slide Time: 17:03)

Crystal Imperfections

« When an imperfection extends over a surface, the imperfection is known as sugface

lefect —
*The figure below shows a commaon type of sirface defect knov twin. <—
Twins are normally produced when a metal is stressed at low yerature
=The grain boundanes i a polverystalline sobd can also be con d as a surface
defect.
.-"‘.-'_-___-\\
¢ “Twin nes -/
— Dispiaced atoms

Fig. 1.8 Twioming mechanism.

So typically in a crystal the minimum attainable dislocation density of the order of about 100 to
1000 per cm square would be in the range of 2.5 times of 10* cm?, so that is 2.5%10 per cm?®. So
you can think of it that the actual tenable dislocation density is the order of 100 to 1000 which is
about the 10° this value. So they are definitely maximum most of the lattice which is basically

pre stressed because of the all these conditions.
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And that really gives a very wonderful insight into why such dislocation are what is going to be
the effect on the overall mechanical properties of the material. So it so happens when I going to
now do may be in next two slides that the actual modules of the elasticity of the actual shear
modulus, if you modulate from a lattice view point, and then if you try to see what happens
because of dislocations, you will see that the modulus are quite far apart probably 2 or 3

hundreds magnitude apart.

And one of the reasons is that when you doing a pre trust lattice and trying to sheer it or stress it
obviously the dislocation are going to help you out ok to do that. So having said that let us see
the third different kind of imperfection which extends over a surface, so imperfection is known
as a surface defect for example you can see here the lattice was moving in this direction, and
suddenly because of the stress to this letters as can be applied from, you can seen by this arrows

here.

The plane has changed into an all together different direction. And so, basically these results in
the formulation of these two parallel discontinuities between the regular direction of the crystal

either way and these are known twin plains, and this imperfection is known as a surface defects.
So the figure shows a common type of surface defects known as a twin which are normally

produced when the metal is stressed at low temperature.

And you can see that the grain boundaries in a polycrystalline solid can be also considered as a
sort of surface defects, because here is where there is discontinuity in the direction of the crystal
ahead already I mentioned that the polycrystalline grain you have one direction in this particular
manner, you crystal growing in this direction another direction may be, on another grain may be

in different randomized direction.

And so, between those direction there are the discontinuities which exists which are called grain
boundaries, so this grain boundaries are similar to the twin planes that is how you can probably

an vision it.

(Refer Slide Time: 20:15)
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Slip and Twinning
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And know the difference that you can see from a external point of view that lets say a object is

stressed longitudinally.

And so, the way that twinning would happen would be represented here, where permanent
deformation of the single crystal under a tensile load acts or looks like this. The slip planes tent
to align themselves in the direction of the pulling force, so that is generally a reduction in the
cross sectional area, as you pull the specimen okay. So that is how you can envision that how
twinning helps in sort of overall longitudinal extension process. Whereas, this is a pure shear

stress from which the atomic plains are dislocated with respect to each other.

(Refer Slide Time: 21:12)
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Slip Lines and Slip Bands
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So here we are talking about the formation of a slightly different zone with a different orientation
of the crystal itself between those carded planes which would try to angularly try to shift like a
pack of cards and try to reduce the cross section of the material as you can here right in the
example. So that how slip and twinning can be defined. So in a general polycrystalline material

you can have several of these slip, surface slips which are happening.

And you can see that here for example you have a band of such slips which are together so, these
are all then different bands you can see how it has deformed in a particular direction, because of
a shear stress which is applied to this crystal in two parallel, twenty parallel directions on both
sides. And so, you can see that the sort of slip lines that are generated here are about 100 atomic

diameters in our regular polycrystalline material.

And approximately the quantum of the slip in the shear direction that is happened is about 1000
atomic diameters. So that is how you can generate the slip lines and slip bands. So a sequence of
such slip lines in a poly crystal, as you can see here is normally know as a slip band. So with this
I would like to finish this module, and the next module you will see how numerically the values
can be calculated with the keeping the whole crystal structure in view and then trying to pile

dislocation to see what are the actual values.

And we will see what is quantum of the difference between the modulus of the rigidity may be as
the presumptions shift to dislocation driven as supposed to be an polycrystalline. So I am going

to do that topic in the next module as of now, good bye.
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