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CRYSTALLINE TO AMORPHOUS TRANSFORMATION IN SILICON

Suryanarayana Murty Cheruvu
(Ph.D. Thesis)
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

ABSTRACT
In the present investigation, an attempt was made to understand
the fundamental mechanism of crystalline-to-amorphous transformation in
arsenic implanted Silicoh using high resolution electron microscopy.

A

comparison of the gradual disappearance of simulated lattice fringes
with increasing Frenkel pair concentration w.ith the experimental observation of sharp interfaces between crystalline and amorphous regions
was carried out leading to the conclusion tha·t when the defect concentration reaches a critical value, the crystal does relax to an
amorphous state.

Optical diffraction experiments using atomic models

also supported this hypothesis.

Both crystalline and amorphous zones

were found to co-exist with sharp interfaces at the atomic level.
Growth of the amorphous fraction depends on the temperature, dose rate
and the mass of the implanted ion.

Preliminary results of high energy

electron irradiation experiments at 1.2 MeV also suggested that

vi

clustering of point defects occurs near room temperature.

An obser-

vation in a high resolution image of a small amorphous zone centered at
the core of a dislocation is presented as evidence that the nucleation
of an amorphous phase is heterogeneous 1n nature involving clustering
or segregation of point defects near existing defects.

.

....,
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1.

INTRODUCTION

...
•
It is well known that the technique of ion-implantation provides a

...

powerful means of doping semiconductors. 1- 10

However, for the condi-

tions of practical importance, the damage that follows ion-implantation
is severe. 11 - 14

An energetic ion comes to rest in a series of col-

lisions with the electrons and nucleii of the target atoms.

The major

processes for energy loss are direct collision between the ion and the
screened nucleus, excitation of electrons bound in the solid and charge
exchange processes between the ion and the atoms in the target,15,16.

If the energy transferred to the lattice atom exceeds a

certain threshold energy, Ed, it will be displaced from its site.
Normally one needs detailed information on the· form of the differential
scattering cros·s section, which is intimately related t.o the interatomic potential and the displacement probability function, to accurately calculate the extent of defect production. 17

Alternatively,

Kinchin and Pease1 8 developed a theory to estimate the number of
atoms displaced by the implanted ion and the LSS theory 19 gives an
approximate volume within which these displacements occur.

Conse-

quently, there is enough theoretical information to estimate the aver.1i.'

age defect density in any given damaged volume or cluster.

The size

and character of such clusters depend upon several factors such as mass
and energy of the implanted ion, and mass and temperature of the target.

If the defect density in the cluster reaches a critical value,

one expects the cluster to be ~orphous 18 ; otherwise it is crystalline but rich in simple defects.20

-21.1

Nature of damage clusters
Concerning the size and structure of the damage clusters, theore-

tical investigations have considered the crystal lattice structure, the
atomic density, the cross section for secondary collisions and the
thermal properties of the material surrounding the cascade region.
As envisaged by Seitz and Kochler, 21 the lattice oscillations set-up
in the wake of a recoiling lattice atom are approximately equivalent to
rapid heating and quenching of a localized volume centered around the
cascade region.

This localized thermal pulse (temperature spike) has a

life time of -1o- 11 sec.

This concept was utilized to explain the

presence of small damage clusters having liquid-like structure 1n
deutron bombarded GaSh.
Brinkman, 22 in his displacement spike model of a cascade, has
concluded on the basis of mean free ·path considerations that the size
and structure of damage clusters will be determined not only by the
purely thermal effect of the temperature spike but also by the transient chaotic atomic displacements and agitations produced in the cascade.

Since the cross-section for displacement collisions increases as

the.moving ion slows down, 23 these spikes tend to form toward the end
of the trajectory.

This combination of thermal and athermal influences

on the size and structure of the damage clusters has been studied by
Parsons et al. 24 to account for the presence of small discrete crystallized regions observed in fast particle irradiated amorphous german1um.
Seeger 25 has suggested that the configuration of a damage cluster will also be sensitive to the crystal structure in which these

.
I

~

-3cascades pccur.

He postulated that the high energy collision process

in the cascade should eject atoms into the surrounding crystal lattice.

Some of these should travel long distances either as dynamic

crowdions 26 and/or channelled atoms.

'This depleted zone, formed in

the central region of the cascade by mass transport, has been illustrated by Beeler et al. 2 7 for damage production in iron.
Chadderton et a1. 28 used channelling, Infrared (IR) absorption
and transmission electron microscopy (TEM) to examine the damage produced in boron implants at room temperature and liquid-nitrogen temperature.

'They concluded that, in room temperature (R.T.) implants, fast

moving point defects nucleate as clusters somewhat homogeneously, while
at liquid-nitrogen temperature, the motion of these defects is arrested
and the damage is "frozen in."

'The conunon unders:tanding is that high

temperature implants (> 500°K) do not produce amorphism even for high
doses.

In addition to temperature and dose, other factors such as

energy dissipa·tion by ionization, the effect of implanted species
(e.g., B, P, Sb), the distribution of damage regions are also important
factors affecting the crystallinity of these regions.29
1. 2

Types of defects
'The most prominant type of defect, reported in the literature, 1s

the "Divacancy" in room temperature (R.T) implanted Silicon.

Diva-

cancies are stable at R.T. and were found in 200 keV Sb-implanted
Silicon by Vook and Stein. 30

However, most divacancies are not

formed directly but only as a result of vacancy migration, i.e., a
large fraction of the divacancy population may be found outside the
initially disordered region.

0

In low temperature implants (80 90 K),

--4the formation of divacancies 1s inhibited by the low mobility of the
vacancies.
1.3

Crystalline-to-amorphous (c

+

a) transformation

"

It is now appropriate to consider how the transformation from a
crystalline phase to an amorphous phase takes place.

There is little

doubt that large numbers of atoms can be displaced by the projectile
and that when this occurs in a sufficiently small volume, the characteristics of the material will change towards those of an amorphous
material.

Using the Richter and Brittling model31 for amorphous

germanium (a-Ge), in which tetrahedral bonding between individual atoms
is maintained but one bond is stretched by 0.27

A,

Swanson et al.32

showed that the increase in energy of the amorphous state over the
crystalline state is 0.23 eV per elongated bond.

This energy

responds to a defect concentration of -o.06 atomic fraction.

cor~

Taking

account of entropy changes, the same investigators showed that the Ge
crystal containing a defect concentration of 0.04 atomic fraction
should he unstable with respect to the amorphous state.

From the point

of view of ion-implantation, this can be taken as the lower limit.
Recently Christel et al.3 3 estimated that the Silicon lattice relaxes
to an amorphous state when the defect concentration reaches about 10
r··!ll'.

percent at a temperature low enough to prevent long range diffusion of
point defects.
In summary, the current irleas on the c

+

a transformation can be

divided into two major phenomenological groups:34

---5( i)

Models suggesting that the damage clusters are
amorphous and that complete amorphization is

,v ..

considered to be the result of the accumulation and
merging of individual amorphous clusters
(heterogeneous character).
(ii)

Models suggesting the foimation of regions with high
defect concentration, yet still crystalline until the
defect concentration reaches some critical value, at
which time the crystal becomes unstable and transforms
to an amorphous state (Homogeneous character).
Some try to ascribe the first mechanism to heavy ions
and the second, to light ions (e.g., Ref. 20).

1.4

Prior Related Research
The disorder production and c

+

a transformation were studied by

several investigators using a number of experimental_ techniques such as
optical reflectivity, 36 infrared absorption, 37 , 38 ion channelling,39-41 electron paramagnetic resonance (EPR), 42 - 44 SEM electron
channelling pattern,4 5 transmission electron microscop~ (TEM),46-48
Hall effect49 and carrier lifetime measurements. 50

In general,

each of these techniques yields information about different aspects of

"'

the disorder.

For example, optical absorption (1.8

~

divacancy) and

EPR (Si-P3 center) measurements give information identifying the
presence of specific defects.

Optical reflectivity and EPR (isotropic

center) can be used to evaluate the formation of an amorphous layer.
Conventional TEM can give information on the size, morphology and depth

-6-

distribution of the disordered regions.

Channelling measurements yield

information on the depth distribution of the damage.
To mention a few noteworthy experimental investigations and criteria for distinguishing the amorphous state from the crystalline
state, one can begin with the conventional TEM where electron diffraction shows a spot pattern for crystalline reg-ions whose intensity
and spacing depend upon Bragg reflection conditions.

For a truly

amorphous region, the spot pattern is replaced by concentric rings
(called Debye-Scherrer rings).
c

+

Davidson51 used the TEM to study the

a transformation in Sb implanted Si.

Mayer et al.S 2 used the

He-backscattering technique in which the yield of the 1.2 MeV He+
ions backscattered into a given solid angle is essentially the same for
a-Si and crystalline Si, oriented in non-channelling directions.

Un-

fortunately, the backscattering experiment measures an unknown combination of true lattice disorder and lattice strain.

Stein53 studied

the transformation in Sb implanted Si using an optical absorption technique.

Crystalline Si has a sharp optical absorption edge at a wave-

length of 1.1 llm whereas amorphous Si prepared at 'R.T. by the glow discharge method has a very gradual absorption edge starting from 1.25
lJm.

A disordered region that is not amorphous will show a divacancy

absorption band at a wavelength of 1.8 lJm.

Masuda5 4 used the

electron spin resonance (ESR) technique for studying the c
the development of divacancies.

+

a through

The experimental evidence, so far

available, suggests that heavy ions such as Sb, As most likely produce
a damage cluster containing both simple defects and regions with substantial amorphous content.

-7In the case of light ions such as carbon in Si and Ge, Hirvonen

·"

et al.SS were able to show by a backscattering technique that a significant fraction of the disorder, measured at low doses of the implanted ion, could be attributed to lattice strain rather than major
displacements.

Westmoreland et a1. 5 6 measured the dose required to

form a continuous amorphous layer at -150°C and R.T. when boron is implanted in Si.

Their results show that a dose of lxlolS ions/cm 2

is sufficient at -150°C whereas a dose of
needed at R. T.

lxto 1 7 ions/cm2 is

This clearly indicates the importance of mobility of

point defects in reducing the residual damage and nucleating the
amorphous regions at heterogeneous sites.

Optical absorption meas-

urements by Stein et al.53 for 400 keV boron implants and ESR experiments by Brower and Beezhold5 7 -support this point of view.

It

was therefore concluded that individual light ions produce only Frenkel
pairs and the re·sidual damage will depend upon various factors such as
target tempera·ture and types and densities of clusters that are available for nucleation of s.table damage.

The damage that follows the lmp-

larltation of intermediate ions has characteristics that are intermediate between the heavy and light ions.
In spite of considerable experimental study, the mechanism of the
c

+

a transformation and the nature of individual damage clusters in

ion-implanted layers of Si and Ge are still not completely understood.
So far,· an important point of debate has been whether the c + a transformation occurs as a chance of aggregation of mobile point defects
(Hotnogeneous type) or occurs as a formation of amorphous zones centered
around the ion track with subsequent overlapping of these individual

-8zones (Heterogeneous type).
possibilities.

In addition, damage which depends on (dose)l/Z has

been reported.58,59
geneous model.

Experimental results seem to support both

On

This dependence was attributed to the homo-

.w'

the other hand, the heterogeneous model was very

successful 6 0 in predicting how the critical dose ($*) for complete
amorphization depends on var1ous parameters.
comprehensive studies as regards the c

+

However, the absence of

a transformation in tetra-

hedrally-bonde? semiconductors, in general, led to the development of
several apparently incompatible phenomenological models.
1.5

Objective of Present Study
The objective of this present investigation is to understand the

fundamental mechanism of the c

+

a transformation by analysis of the

c/a interface in Silicon, in particular, using High Resolution Electron
Microscopy (HREM).
importance.

Silicon was chosen because of its technological

The technique of ion-implantation provides good control

over the degree of the damage by varying the relevant parameters.

The

specimen orientation, the prepar;tti.on techniques and the implantation
conditions were tailored to suit high resolution imaging requirements.
A novel method for extracting information from the HREM negatives was
also developed which is based upon the principle of microdiffraction
using an He-Ne laser beam.

This technique was used to analyze the

nature of damage in different damage clusters.

Also computer simu-

lation of the lattice fringe image was done to study the effect of
point defect concentration on the visibility of high resolution lattice
fringe images.

This kind of theoretical analysis, coupled with the

optical microdiffraction from the TEM negatives as well as the

-9structural models generated with known point defect concentration,
provided significant insight into the specific nature of the c/a
interface.

-102.

THEORETICAL MODELS

Several theoretical models are available in the literature which
are basically phenomenological and aimed at determining the critical
dose

(~*)

required for c

+

a transformation.

All these models can be

categorized into two groups; one applicable to heavy ions and the
other, to light ions.

All the models applicable to heavy ions assume

that the ions create a sufficiently large defect density around the ion
track to ensure that the damage cluster
2.1

lS

amorphous.

Gibbon's Model
A simple experi,mental dependence of damage build up on the dose

($) was first shown by Gibbons61 based upon the assumption that each

ion produces an amorphous clus.ter and the c

+

a transformation takes

place by overlapping of these individual clusters.

The proper equation

lS

=
where AA, A0 , Ai, and

~

(1)

are total surface area covered by amorphous

clusters, the total area being implanted, projected area of clusters on
the surface and the ion dose respectively.

Qualitatively, this

provides a much more rapid approach to saturation once the conditions
for the production of amorphous zones have become dominant.

Gibbons

extended his model for cases where n-tuple cluster overlap is required
for the production of an amorphous zone, yielding

-11-

(A.4>)k
l.

=
He assumed no defect

(2)

ltT
annealin~

which makes this a zero degree approxi-

. mation.
2.2

Morehead & Crowder Model
Morehead and Crowder 61 ' 62 proposed a model for continuous

amorphous layer formation and estimated the critical dose required.
They argue that a thermal spike surrounding the ion track dissipates in

-Io- 11

sec leaving a highly disordered region of many broken bonds

and displaced atoms.

These displaced at.oms reform bonds and change

their positions to form a relatively stable phase in a time

-Iq- 9 Sec.

T

of

During this time, point defects escape via thermal dif-

fusion from the· disordered core surrounding the ion track.
Ill, the core is arbitrarily represented as a cylinder.
sheath, whose width is oR, remains crystalline.
radius of the amorphous region is (R0

-

In Appendix

The Outer

The ultimat.e stable

oR) and hence the number

required for them to overlap and form a continuous amorphous layer is
proportional to (R0 ~. oR)- 2 .

The critical dose, which is a

function of temperature, is given by

(3)

-12where Dv, Ed, N, (dE/dx) and Edf are vacancy diffusion coefficient, displacement energy for a lattice atom, number of target atoms
per cm3, energy loss per unit length of penetration and activation
energy for migration of a vacancy respectively.
The important factors for a given target material are nuclear

Ro'

stopping power of the ion, which determines
of the target, which determines

oR.

and the temperature

Dose rate is important when it is

high enough to yield a steady state concentration of point defects in
the crystalline material which is sufficient to retard the out diffusion of point defects.

It is also important at temperatures when

oR . . Ro.
2.3

Vook and Stein Model
Vook and Stein3 0 considered the effect of dose rate in their

model.

The defect concentration can be determined from the rate

equation which contains a generation term proportional to the dose ra.te
and a depletion term proportional to the above mentioned defect an...
nealing.

Vook and Stein predicted the critical dose required ·for the

c+a transformation as

<P(T)

n

n0 x

=

n k x
N

0

1 +

0

4>'N

0

-Edf/kT
e

tn

1

c
-n
0

1 +

n 0 k0 x
<P'N

e

-Edf/kT

0

0

(4)
.'J

where n0
of

,

defe~ts

N0

,

k0

,

4>' and nc are ultimate defect density, number

created per ion, the rate constant, dose rate and the

-13critical defect concentration respectively.

From this expression, it

is possible to predict the critical dose (~*) assuming that when
n+nc, a critical concentration of point defects, the material transforms to an amorphous state.
Dennis and Hale,65, 6 6 in an attempt to verify this model, conducted a series of experiments which detect the electron spin resonance
(ESR) signal from the amorphous regions implanted with light ions
(N+) and heavy ions (Kr +) at low (20 Kev) and high (ISO Kev)
0

0

implantation energies in Silicon at low (80 K) and high (-350 K)
temperatures.

No dose rate dependence was found and the temperature

dependence was not as predicted by this model.
dose rate effect for boron.
doses less than
2.4

~

Crowder 49 has found a

His dose rate dependence was only for

*.

Webb and Carter Model
These researchers proposed a composite model involving all of the

processes for amorphousness production and annealing. 6 7, 70

In their

composite model, an assumption is made that each ion around its track
creates a number of regions with different disorder densities.
three regions were defined.

Mainly

Au' as yet undamaged, Ad, damaged but

not amorphous and AA, amorphous.

The region Ad was further divided

into M different regions of differing defect density.

Associated with

each region is the damage cross-sectional area aA, ad (which is
sub-divided into a1, a2, • • . aM).

Upon further irradiation,

overlap of newly generated damage with different ex1sting damage
densities causes promotion to higher defect density regions until a region is promoted higher than the critical Mth region when it becomes

-14becomes part of the amorphous region.
occur during irradiation.

Annealing was also considered to

Three different time constants were consid-

ered to represent the different rates of annealing in different regions.
region

TA is the time constant associated with arnorphized zone.
~

The

was sub-divided not by defect density but by two different

types of disorder which have two different annealing rates.

This is

not unreasonable if one assumes a region containing both simple defects
and more complex defects, the annealing behavior of which will be quite
different.

Thus, a region

~'

containing simple defects will possess

an annealing time constant T1 and a region

~"

containing defect com-

plexes will possess an annealing time constant T".

With these as-

sumptions, Webb and Carter67 set up a set of coupled differential
equations to describe the time dependence of disordered area generation
rates and solved for the fractional arnorphized area AA/ A0 in terms
of dose

~

where

Ao

is the total area.

sented here due to their complexity.

The

~quations

are not pre-

Using this model, they could show

the effects of dose rate thus giving some indications as to the
disordering mechanism leading to the amorphous production.
2.5 . Chadderton's Homogeneous Model
When light ions such as boron are implanted, the damage clusters
consist principally of simple Frenkel Pairs whose density increases to
a substantial value only near the end of the ion track.

At the begin-

ning of its trajectory, the electronic stopping power for boron in Si
is -0.02 kev/A while its nuclear stopping power is only 0.002 kev/A.
Electronic stopping power, therefore, dominates until the energy of the

-15projectile is reduced to

20 kev.

In such a case, the damage that is

stable at room temperature is rarely produced directly by the
projectile but only by subsequent diffusion of point defects to damage
nucleation sites.

Such a process is called homogeneous nucleation as

opposed to .the heterogeneous nucleation that takes place spontaneously
in a heavily damaged region.

Homogeneous nucleation of damaged

clusters is generally characterized for short periods by a. linear
dependence of the state of disorder on ion dose followed by a longer
period during which the disorder is proportional to (dose)l/2.

This

(dose) 112 dependence seems to be a fundamental characteristic of
homogeneous nucleation.71,72
In the particular case when M1 , Z1 and M2, Z2 (the mass
and atomic m.unber of the ion and target atoms) are small, large cascades occur only rarely and primary and higher-order knock-ons generate
only a few small groups of displaced atoms.

Such conditi.ons discourage

the formation of amorphous zones by a displacement spike ;or depleted
zone mechanism.

One might expect a· fundamentally different nucleation

behaviour when light ions are implanted.

This difference may be exag-

gerated at elevated temperatures if the point defects can readily
migrate.

Therefore, for light ions implanted in Si and Ge at room

temperature, the basis of the model is homogeneous generation of
point-defects.

Chadderton, in his model, assumes that (i) a ;constant

homogeneous concentration of interstitials are generated per unit time
during implantation and (ii) interstitials can interact with the homogeneous distribution of vacant lattice sites, nucleation traps,

-16saturable traps and unsaturable traps.

The most appropriate dif-

ferential equations are
dn s

dT
dnu

dT
dnn

dT
dn.

1

-ar

No

= 'N
=
=

No

-N

N0
N
No

= 'N'

(N (0) - N )
s
s

=

N ( 4J)
u

No
N

.,;

(5)

(6)

N (0)
u

(N (0) - yn )
n
n

(7)

(N - n.)

(8)

1

where Ns , Nu , Nn , n s , n u , n n are the number of saturable traps,
unsaturable traps, nucleation sites and the number of interstitials
trapped at these sites .Per unit volume respectively.

The parameter y

is an arbitrary one and N is the sum of Ns(cj>), Nu(O), ni(4J),
Nn(O) and ynn(4J).

It

is easy to solve these equations for a par-

t icular case where unsaturable traps are dominant and the influence of
other tra·ps is negligible.

Chadderton obtained the solution for the

instantaneous concentration of interstitials ni(4J) as a function of

dependence of the damage.

When ni reaches a critical concentration

nc, the c+a transformation takes place.

The main purpose of
ll

Chadderton was to demonstrate that the (4J) 112 dependence of implantation-induced disorder by light ions in Silicon is a characteristic feature of nucleation at traps.

Such a dose dependence

-17reflects the early stages of point defect clustering (true homogeneous
nucleation) during irradiation and through simultaneous existence of
monomers, dimers, trimers and higher order interstitial aggregates.

It

was explained that this (dose) 112 dependence itself is, in some degree, a direct consequence of the constant capture cross section of
unsaturable ttaps.
2.6

Energy Deposition Model
Vook 73 proposed a simpler criterion for the c+a transformation

based upon their observation of critical doses for various ions (&, P,
Sb) at lower temperatures.

They found th.e critical doses to be inde-

pendent of temperature at the lower temperature range from 100°K to

-200°K.

this can be true since at lower temperatures, nearly all of the

damage produced will be stable ·and therefore the amorphousness can be
predicted from the knowledge of energy deposition per unit vol\Dlle which
is the product of nuclear stopping power (kev/cm) and dose
(ions/cm 2 ).

The'Y estimated, on this basis, that if the target tem-

pe·rature is such that all the damage is stable, the energy deposited
should be of the order of 10 21 kev/cm 3 for any ion.

This was

interpreted as a phenomenon akin to melting that occurs in the for-

..

mation of amorphous material.

-183.

COMPUTER SIMULATION OF LATTICE IMAGES

An imp~rtant consideration concerning the c+a transformation lS

the critical point defect concentration and the influence of this concentration on the existence of identifiable crystalline order.

The

disappearance of lattice structure, characteristic of crystalline
order, would be expected to be gradual if the amorphous state were to
be reached simply by increasing the point defect concentration until
the critical density was reached.

Before this happens, there may be a

sudden transformation to the amorphous state.

This would lead to a

sharp interface with a thickness comparable to atomic dimensions between small amorphous zones surrounded by crystalline material and between small crystalline regions surrounded by amorphous material.

This

aspect will be discussed again in detail later.· In order to understand
the nature of the c/a interface, whether it is sharp or diffused, it is
necessary to simulate the appearance of the lattice fringe structure in
a HREM lattice fringe image with known point defect concentration.
A very useful feature of high resolution electron-optical images
is that when they are taken under certain well defined conditions,74,78 they represent a projection of crystal potential along
the incident electron beam direction.

Computer simulation of lattice

.·•
fringe images involves calculation of real space amplitudes and hence
the intensity of the electron wave function ljl(x,y) at the exit surface
of the specimen which is directly related to the crystal potential.

II

-19Based upon a

p~ysical

optics approach to the diffraction problem,

Goodman and Moodie 7 9 developed a computing technique which. enables
the intensities of diffraction patterns or electron microscope images
to be calculated with arbitrary accuracy by integrating the effects on
a wave transmitted through a crystal.

The crystal is treated as a

series of n scattering slices (multi-slice approach) cut in the direction perpendicular to electron beam direction on to which the potential
from the slice between Z and
~Z

gaps,

(Z+~Z)

is projected, separated by vacuum

not necessarily corresponding to any planes or spacing of the

material structure.

This multi-slice formulation was originally used

by Cowley and Moodie 80 as a means of obtaining the analytical N-beam
solution for a parallel-sided crystal.
The phase change of the electron wave, transmitted through a thin
slice, depends on the refractive index.

=

n

eE 2 J!l/2

2m

where

~(r:),

1 + ~( r)

""2E

(9)

E, and m0 are potential field, the acceleration voltage

and the electron mass.

z = Zn

c
0

"'

Then the transmission function for the plane

representing the slice may be written in terms of a phase

grating approximation
(10)

where

~n

is the absorption function.

-20Fourier transforming
~(u,v)

= ,9 {qn (x' y) }
=

._9T'{exp(-lln(x,y)] cos a 4ln(x,y)}
(11)

where a.= Tr/'AE.

'A and E are the wae length of the electrons and the

acceleration vollage respectively.

The validity of weak phase object

approximation (WPOA) 81 with an absorption potential peaked at the
atom position even in the case of a strong phase object when an objective aperture is placed in the back focal plane of objective lens,
was discussed by Fejes. 82

The total effect of a crystal on an inci-

dent wave is then given by repeating (n-1) times of the unit process
which converts a wave leaving the (n-l)th slice to the wave leaving
the nth slice, namely,

=

(12)

where Pn(u,v) .is the propagation function used for transfer of the
wave from one slice to another and is given, in reciprocal

~pace,

by

(13)

.....

For periodic object,
=

tk,wn_ 1 (h' ,k')Pn_ 1 (h' ,k')Qn(h-h', k-k')
(14)

-21The process of multiplication and addition of a set of nlUllbers, represented by the above equation, can be done by a computer.

Then,

starting from a known incident wave ~0 (u,v), repetition of thisprocess gives the diffracted amplitudes after transmission through any
nlUllber of slices.

The real space amplitude, ~n(x,y), at the exit

surface is obtained by summing the

Fourier series with ~n(h,k) as

coefficients and from this, the in-focus microscope image can be obtained.

The out of focus images are given by multiplying the

~n(h,k)

by the appropriate propagation function transform values PR(h,k).
The effect of lens aberrations is simulated by adding a phase shift
depending on higher orders of h/a and k/b.

Error is introduced in the·

mul tis lice method by having to take finite slices, but this can be
reduced to any arbitrary size by reducing the slice thickness at the
cost of computer time.
The present program, "ZOLZ PROG" used in this study, does not allow the crystal structure to be V'aried in the direction of the electron
beam and makes a projection approximation or "Zero Order Laue Zone approximation."

It

consists of three subprograms, FCO 128, Defract 128

and Image 128 which must be run in succession to obtain a simulated
lattice image.

Briefly, FCO 128 calculates the Fourier coefficients of

the crystal potential for the nearest electron beam direction.

Atom

coordinates may be supplied referred to any choice 'A' of unit cell;
the program will find a new primitive cell 'B' whose 'C'axis is near
the electron beam direction.

The beam direction IR is given with re-

spect to cell 'A', the program prints out all the Miller indices for

r

:..:

-22the old cell 'A' and the transferred indices referred to cell 'B'.
Defract 128 performs the multiple electron scattering calculations
(equivalent to solving the time-independent Schrodinger equation) by
the Cawley-Moodie multislice method, 80 while Image 128 synthesizes
these beams in Fourier Series to form the electron lattice image taking
into account all instrumental aberrations.
The parameters that must be supplied or can be varied include atom
position, the unit cell parameters, the spherical aberration coefficient (Cs), the defocus value

(~Z),

the electron wave length (A),

the beam divergence (a), the radius of objective aperture (R), the
chromatic aberration coefficient (Cc), the orientation conditions and
the specimen thickness.

-234.

4.1

~arting

EXPERIMENTAL PROCEDURE

Material and Ion-Implantation

Silicon wafers, <100> orientec:l and p-type, having 3-10 ncm resistivity were obtained from a commercial supplier and cut to a proper
size for ion-implantation.

Prior to implantations the wafers were

cleaned by a 10% HF dip followed by a deionized (D. I.) water rinse,
pirahna clean, boiling in trichloroethylene and a thorough D.I. water
rinse again.

To ensure good thermal contact, copper specimen holders

were prepared and the wafers were attached to the holders using liquid
gallium metal.

Gallium metal not only holds the wafers in contact, but

also acts as a good heat conductor.

Calculations83 show that for

typical implantation parameters such as 100 kV. acceleration voltage and
1 llA beam current, the temperature of the target wafer coulrl rise to
several hundred degrees due to the deposition of the energy.

For this

reason, there should be a good thermal contact between the wafer and
the wafer holder.

No specific arrangements were made to me·asure the

surface temperature during implantation in this experiment.
The acceleration voltage and the beam current density were kept
constant at 25 kV and 1 llA/cm 2 respectively throughout the present
work.

Relatively low acceleration voltage was chosen so as to have a

shallow implantation so that the isolated damaged regions would be
within the first extinction distance for high resolution imaging.
beam current was kept constant during all implantations in order to
avoid any dose rate effects in the c+a transformation.

A series of

The

-24arsenic implantations was carried out with doses rang1ng from
loll ions/cm 2 to 5 x 1015 ions/cm 2 at R.T.
plantation, the wafer holder was tilted
4.2

During the im-

8° to avoid channelling.

Refractive Index Measurements
The refractive index of the as-implanted layers was measured using
The schematic diagram is g1ven in Fig. 1.

a Gaertner Ellipsometer.

The basic principle of the technique is based upon the state of polarization with reflection of a monochromatic, collimated and polarized
light.

The state of polarization is defined by the phase amplitude re-

lationships between the two component plane waves into which the
electric field oscillation is resolved.
the plane of incidence.
plane of incidence.

The other, designated

If the

1

change in the relative phases of

terized by the angle

1

1

p 1 is m

s 1 is normal to the

p 1 and 's' components are in phase, the

resultant wave is plane.;.polarized.

of their amplitudes.

One wave designated

1

In general, reflection causes a
p 1 and

1

s 1 and a change in the ratio

The effect of reflection is, therefore, charac1

~

1

,

defined as the change in phase and angle

w,

the arctangent of the factor by which the amplitude ratio changes.

The

equation 84 for the refractive index is

(15)

where p

=

tan

wei~

and n0 and ~ 0 are the refractive index of a1r

and the angle of incidence respectively.
The principle of measurement of
ence to Fig. 1.

1

~

1

and

w is explained with refer-

The incident monochromatic beam is transmitted in

-25sequence by the collimator, the polarizer and the compensator.

The

azimuthal orientation of these devices determine the relative amplitudes and phase difference between 'p' and 's' components of the beam.
These orientations are .adjusted such that the difference in phase just
compensates that which results from reflection.

·~·

is thus measured.

The plane polarized reflected beam is then transmitted by the analyser
to a telescope and detector.

With the polarizer and compensator

oriented as described, the analyser can be oriented to extinguish the
reflected beam.

This extinction setting measures l!J.

This technique

was used to determine the refractive inrlLcLes of the implanted layers
with varying doses.
4.3

Sheet Resistance Measurements
resistanc~

Sheet

is the

dimensions of the square.
't' and is giv:en by· R
square.

re~istance

of a square independent of the

It is, however, dependent on the thickness

= 1/g,

whe·re "g" is the conductance of the

The most common method, 8 5 using a linear four point probe,

was applied to measure the sheet resistance of the implanted layers.
This method is normally non-destructive; however the probe points may
cause damage sometimes when excessive pressure is applied.
metry of the set up is shown in Fig. 2.

The geo-

Current is passed through the

outer two probes and the potent.ial developed across the inner two
probes is measured.

For the probes resting on a semi-infinite medium,

the resistivity 1s
p

=

2rr(V/I)

1

(16)

-26If the probes are equally spac~d, S1

= S2 = S3 = S

(say) and the

equation reduces to
p

=

(17)

21TS (VI I) n-cm

More often, a large enough sample to be considered infinite is not
available and in those cases, the above equation is not directly applicable.

However, since the four point probe offers the most conven-

ient mode of resistance measurement, a variety of correction factors
have been developed.85,86

They are summarized 1n Appendix (1).

The measurement procedure consists of:
(a)

determination of the reprociucibility of the resistivity
measurement

4.4

(b)

determination of probe spacing

(c)

determination of the accuracy of the voltmeter and ammeter.

TEM Specimen Preparation and Geometrx:
The geometry and preparation method were exactly followed as des-

cribed in Reference (87).

The wafers, after ion-implantation, were cut

to 3 nun discs using an ultrasonic cutting tool.

These discs were

mounted on a teflon sheet upside down and the entire back side was covered with parafin wax except a small center portion.

This teflon sheet

together with the 3 mm disc was dipped into a freshly prepared
(1:2: :A:B) of previously prepared solution 'A', containing 2.5 gms
Iodine in 1100 CC CH 3COOH, and solution 'B', containing
1:3: :HF:HN0 3 .

Too much stirring or agitation of the solution was

-27avoided in order to prevent breaking of thin regions of the specimen.
Just prior to the formation of a perforation at the center, the Silicon
wafer transmits red light when a bright light is placed below the
beaker containing the etching solution.

This indicates that the region

is thin enQugh to expect the formation of a hole at any time.

As soon

as a small hole appeared at the center, the sample was taken out of the
beaker and thoroughly rinsed with D. I. water.

The specimen was removed

from the wax and cleaned using boiling trichloroethylene (TCE) and acetone.

Final rinse was done with ethanol.
This procedure gives a wedge-,shaped geometry as shown in Fig. 3.

The thickness of the specimen, in the areas of interest, is extremely
critical for high resolution imaging and image interpretation.

The in-

fluence of thickness on the contrast and spacing of lattice fringes has
been discussed by Hashimoto. 77

Intens-ity profiles and the spacing of

fringes vary with the thickness of the crystal and the deviation from
the Bragg angle.

The optimum thickness would be 1/4 (Extinction Dis-

tance) and that is the reason for choosing shallow implantation.

A

very·common problem, that was encountered during specimen preparation
and its subsequent handling, wa·S loss of the ultra-thin regions of
interest becasue the Silicon is mechanically brittle.

Extensive care

had to be taken throughout to mininize this serious problem.
4.5

High Resolution TEM:.

Microscope Conditions and Operation

The basic principles of high resolution imaging and the problems
associated with the techniques as well as interpretation have been described in several articles.n,SS- 9 3

The image contrast is due to

. -28...;
the phase difference induced in the electron wave after interaction
with the specimen.

This is in contrast with the more conventional

techniques such as bright field (BF) and dark field (DF) imaging where
the contrast is chiefly derived from amplitude variations of the
electron wave after interaction with the specimen.

In the former case,

it is called "phase contrast imaging" and latter case, "amplitude contrast imaging."

Another difference stems from the fact that the image

is formed by recombination and interference of more than one beam under
stringent conditions of focus.

This is achieved by placing a suitable

aperture in the back focal plane of the objective lens.

The importance

of including as many beams as possible for the formation of the image
lS

very well illustrated in Ref. (78) .
. A Siemens Elmiskop 102, operating at 100 kV and having a point to

·point resolution -3 A, was extensively used for the present investigation.

The microscope was equipped with a sp,ecially-designed ob-

jective lens with spherical aberration coefficient cs
chromatic aberration coefficient cc
imaging.

~

-1.2 mm and

1.6 mm for high resolution

By lowering the specimen holder deeper into the objective

lens, one can get higher lens excitation which facilitates much lower
values of Cs·

The microscope also has the facilities of ±45° double

axis tilting, specimen height control and a LaB6 filament for higher
brightness.

The filament tip was placed 480

~m

below the bias shield

aperture plane in order to optimize source intensity.

This requires

some restrictions on the quality of the vacuum, but in general, pressure should be

<lo-S

torr.

This vacuum level can be achieved without

-29any elaborate modifications.

LaB6 filaments, which are most exten-

sively used in modern microscopes, may be less desirable than the

.

pointed tungsten filaments for high resolution applications due to some
remaining discrepancies over the energy spread of current generation.
Careful attention was given throughout this work to the alignment
of the microscope.

Optimum alignment can be achieved when the magnetic

field of the objective lens is rotationally symmetric, the electron
beam is aligned parallel to this current axis and the center of the
object plane is imaged onto the center of the image plane.
ation voltage was kept at 100 kV.

Acceler-

The filament was operated in a

slightly undersaturated condition in order to ensure coherency.

If the

filament is operated in the undersaturated condition, the energy spread
of the beam can be decreased by the reduction of excess thermal energy.
4.5.1

Orienta·tion

The specimens were tilted in such a way as to excite a systematic
row of (111) type.diffracted spots.

A very common problem, that was

encountered while tilting the specimen, was to lose the areas of
interest from the field of view.

A more rapid method was to observe

the image under dirty dark field (DDF) condition, choosing the
diffracted spot of interest by slightly displacing the aperture and
tilting the specimen until the areas of interest were strongly illuminated.

Another way is to follow the "road map" of Kikuchi bands and

image the regions near the <110> pole.
successful.

This method may not always be

-304.5.2

Astigmatism Correction

Once the proper orientation is obtained, all that one has to do is
to place the objective aperture that includes the number of beams selected for imaging and increase the magnification to about 500000 X,
while correcting the astigmatism of the objective lens.

This looks

very simple and straightforward, giving a false impression that HREM
can be accomplished with little effort.

However, the most tedious and

time consuming part of the microscopy is correcting the astigmatism.
Astigmatism can be regarded as an extreme form of coma; it occurs for
very oblique beams when a bundle can not be considered as even approximately passing through a point.

Instead, it forms a tapering wedge

.shaped pencil, the edge of the wedge. forming what is known as a focal
1 ine.

All the beams pass through this line and then diverge.

But, the

taper continues to cause the rays to pass through another focal line
perpendicular to the first.

The consequence of this defect is that it

is impossible to produce a focused image of the outer parts of a plane
'

object perpendicular to the axis.
Astigmatism is reflected in the form of asymmetry of diffractogram
halos of an amorphous specimen or amorphous-like regions near the edge
of the foil.

This is one of the lens aberrations which is under the

operators control for correction.

Usually, it is corrected, in-situ,

by the standard Fresnel fringe method, described in Ref. (94), but a
more precise way is to use the optical diffractogram technique.

-314.5.3

Focusing

Exact focusing conditions do not P.roduce easily interpretable
images in the HREM as the spherical aberration coefficient, cs, intraduces additional phase distortion given by

x(u)

=

)..4 4

cs

-t- +

2 2

6Z~

(18)

2

rn·order to compensate for the effect of cs, the objective lens
should be underfocus.ed making 6Z in the above equation negative.

The

optimum defocus value, defined by Scherzer,74 is given by
6Z sc h

=

1.2 (c 'A)1/2

•·.
(19)

s

This can easily be achieved during the operation of the microscope from
the minimum contrast condition.

At this minimum contrast condition,

which occurs for the flattest configuration of the transfer function
(sin X= 0.3), 6Zmin•cont

=

0.44 (cs'A) 112 •

This is easily

observable and, therefore, serves as a reference point from which the
operator can quantitatively adjust the focus and reach the Scherzer
defocus condition from the known cs and 'A values.

All. that is re-

quired is to quickly calculate the difference between 6Zscher and
6Zmin.cont and change the objective lens excitation accordingly.
Once the Scherzer defocusing condition was established, the images were
recorded in through focus series from -220
value as a precautionary measure.

A to 220 A from the 6Zsch

This procedure not onl'y ensures pro-

per focusing conditions but also saves excessive use of photographic
film.

-324.6

High Resolution Image Analysis
4.6.1

Optical Microdiffraction

The optical microdiffraction is a very convenient and powerful
technique for the analysis of high resolution images.95,96.

It is an

extension of a conunonly employed technique "optical diffraction," which
has become a routine exercise in HREM in recent times.

The basic prin-

ciples and the application of optical diffraction were described by
several investigators9 7-99.

Using a He-Ne laser light to illuminate

the HREM micrograph of an amorphous specimen or the edge of a TEM foil
which invariably looks

amorpho~s

and acts as an optical grating, the

range of spatial frequencies recorded during HREM imaging and hence the
transfer characteristics of the objective lens can be precisely determined.

Form the optical diffraction of the micrographs, usually refer-

red to as "optical diffractogram," the methods to determine the contrast transfer function (CTF) and almost all the importantimaging parameters such as defocus, astigmatism, spherical aberration, drift,
spatial and temporal coherene and the voltage and current centers with
respect to the electron optic axis are discussed in detail in Ref.
(100)

0

4.6.2

Periodic Extension Method

A novel method was developed to obtain diffraction information
from the damage clusters of size as small as -·20 A diameter • 10 1 Although the basic principle is similar to optical microdiffraction
utilizing a ·field limiting aperture in the optical bench as described
in Ref. (95), this method was designed to overcome the difficulties in
the conventional technique.

In conventional microdiffraction, the

-33diffraction effects from the sampling aperture itself often interfere
with the interpretation of the results.

This problem becomes more

ser1ous when diffraction information from the amorphous regions is required.

This new method is based upon a periodic extension of small

regions 1n two dimensions from which a microdiffraction pattern is desired.

By using a periodic array of the segments from the damage clus-

ters reproduced as a photographic negative, the optical diffractograms
can be obtained.

A preliminary attempt is made to usethis methd for

the characterization of the isolated amorphous zones.

See the Appendix

IV for details.
4.6.3

Optical Simulation

The basic idea is to determine the point defect concentration at
which the long range order will be lost and the material will appear to
be amorphous.

For this, two dimensional models of Silicon lattice in

<110> projecti9n with known and deliberately introduced vacancies and
<110>- split self interstitials were prepared as shown in Fig. 16.

defect concentration was varied· from 5 to 20%.
neglected to avoid complexity.

The

Relaxation effects were

Photographic negatives were carefully

prepared with -25 times reduction in size.

These negatives were placed

in the ray path ·of He-Ne laser beam, at normal incidence, which produced Fraunhofer diffraction patterns related to the spatial frequencies present in the original model patterns.

These were recorded on a

conventional photographic film, exactly under identical conditions, for
all the models with varying point defect concentration.
to avoid diffraction effects from the aperture.

Care was taken
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EXPERIMENTAL RESULTS

High resolution electron microscopy (HREM), coupled with other
techniques such as optical refractive index and electrical sheet resistance measurements, was successfully applied to study the crystalline-to-amorphous transformation (c+a) in arsenic-implanted Silicon.
Individual damage regions of size <45A diameter were identified with
high precision as described in the following.
5.1

Refractive Index and Sheet Resistance Measurements
The as-implanted wafers with varying doses were subjected to op-

tical refractive index (n) "ind electrical sheet resistance measurements
using an ellipsometer and linear four point probe set-up.
are shown in Fig. 4.

The results

It may be noticed that the sheet resistance is

insensitive to the dose until the critical dose is· reached and rapidly
increases at a dose of - 5x1o14ions/ cm2.

On the other hand, the op-

tical refractive index vs. log D plot shows two regions marked I and II
with slopes 0.1 and 0.53 respectively below the threshold dose, in
agreement with the results of Baranova et al.34

The other inter-

esting points noteworthy in the results are (i) both the refractive index and electrical sheet resistance show a decrease in value for specimens with doses greater than the critical dose and (ii) the refractive
index measurements show the peak at a much smaller value of the dose
(5x1o 13 ions/cm 2 ).

These measurements were initially carried out

to determine the critical dose
temperature.

(~*)

for the c+a transformation at room

Determination of critical dose helps to identify the

-35proper dose regimes for high resolution microscopy and eliminates some
of the unnecessary trial-and-error work.
5.2

High Resolution TEM
Figure 5 is a conventional TEM image of heavily damaged <100> Si

implanted with 100 KeV arsen1c at a dose of 1x1o14 ions/ cm2.

Co-

existence of crystalline and amorphous regions can be seen from this
TEM image.

The electron diffraction pattern consists of spots charac-

teristic of crystalline material and Debye-Scherrer rings characteristic of amorphous regions.

The image does not give much information on

the character of the damage regions and c/a interface, thus necessitating the use of HREM for detailed understanding of the c+a transformation at the atomic level.
Figure 6 is a HREM image of Si <liO> with a dose of 1x1ol 2
ions/cm 2 .

This was

tak~n at a magnification of 3x10 5x on the EM

negative and defocus value
~Zscher

is

~Z

= -880A.

The calculated value of

-800A for the Siemens Elmiskop 102 used in this study at

an operating voltage of 100 kV.

The {111} lattice planes with a

spacing of 3.1A were clearly resolved.

A small amorphous or damage

cluster of diameter -12A at the core of an edge dislocation can be
noticed 1n Fig. 6.

The presence of the dislocation can be realized by

counting the fringes on the left as well as the right side of the
damage cluster.

Region "A" in the figure is the edge of the foil which

always gives amorphous-like mottled structure due to contamination in
the microscope at the thin regions.

-36Another specimen with an implantation dose of lxlo13 ions/cm2
was observed in high resolution mode and the image is shown in Fig. 7.
This image was taken at an electron-optical magnification of 4xl05x
using a defocus value of -880A and subsequently magnified by lOx.
defocus value is close to Scherzer defocus condition.

The

The damage

regions marked A, B, and C in Fig. 7 are of size- SOA diameter and are
spaced -100 A apart in the crystalline matrix.

Figure 8 is the mag-

nified image of region 'A' in Fig. 7 giving more detailed nature of the
damage region and the c/a interface.

The interface is only of the

order of few lattice spacings with a typical width of -12A.

The core

of the region A has a typical mottled structure characteristic of
amorphous specimen.
The images of another specimen with a critical dose of 5xlo 13
ions/cm 2 (Fig. 9a and 9b) show interesting features.

These two

images were taken from different parts of the same specimen.

Figure

9a shows a small crystalline island surrounded by an amorphous
material.

The size of the crystallite is quite small and the presence

of {111} type cross fringes can be distinctly seen from the optical
diffractogram shown in the insert.
planes in the Silicon lattice.

The spots correspond to {111}

At the places where the interface 1s

seen edge-on, the fringes characteristic of crystalline material end
abruptly and the c/a interface looks to be very sharp and smooth at
atomic level.

But in another region of the specimen, the lattice

fringes are highly distorted and broken (Fig. 9b) and co-existence of
crystalline, highly damaged and amorphous regions (marked CR, DR and
AR) can be noticed.

The boundaries between these regions are not

-37distinct, but it is clear that even the crystalline regions (CR), there
are some packets or islands of amorphous regions inter-mixed with the
crystallites.
A similar result was obtained in the case of specimen implanted
with arsenic at a dose of lxlo 13 ions/cm 2 but at liquid nitrogen
temperature (77°K) as shown in Fig. 10.

Co-existence of amorphous and

crystalline regions may be noticed in Fig. 10.

The lattice fringes of

the crystalline regions are broken and distorted indicating that these
regions are damaged, containing high defect concentration, but still
possessing crystallinity.

These features seem to be the same in the.

specimens implanted near the critical dose; but there is a subtle difference between room temperature and liquid nitrogen temperature implantations.

The degree of crystallinity in the crystalline packets is

mor·e pronounced in the case of room temperature implantation.

This

might be due to .agglomeration or clustering of points defects created
during the implantation temperature.

Whereas, in the case of liquid

nitrogen temperature implants, the wafer is never heated up above room
temperature and hence, the defect clusters are perhaps smaller and more
numerous.
5.3

Lattice Image Simulations

Experimentally, it was observed that the crystalline and amorphous
phases co-exist with clearly-resolved interfaces, the sharpness of the
interface being influenced by its orientation with respect to the
electron beam direction.

The periodic structure characteristic of the

crystalline material almost always ends abruptly at the interface and a
mottled structure characteristic of the amorphous material on the other
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side of the interface is noticed.

This at first seems unlikely as

there could be a gradient in concentration of point defects across the
c/a interface.

It is therefore expected that the lattice fringes

should gradually disappear and the mottled strucure should eventually
emerge giving rise to a diffuse interface in contrast to the experimental observation.

It is therefore speculated that the actual concen-

tration of point defects has some role in influencing the visibility of
lattice fringes.

There could be a critical concentration of point de-

fects at which the lattice structure no longer shows a regular periodicity.

In order to support this argument theoretical analysis of the

lattice fringe images was done with varying point defect concentration.
to 15).

The results of the computer simulations are shown in Fig. (11
Atomic models of the silicon lattice in <110> projections, as

discu.ssed in Chapter 4 with varying point defect concentration, were
constructed and a fully-dynamical multi-slicecomputation scheme was
used for latt.ice fringe image simulations.

The unit cell consisted of

890 atoms at a thickness of 3.84A which 1s the interplanar spacing of

{110} planes.

The simulations were done for three different crystal

thicknesses (10, 20, and 30 slices) under three different focusing conditions (-440A, -660A and -880A).

The simulations incorporated all the

microscope parameters characteristic of the Siemens Elmiskop 102 (E 0

=

100 kV, Cs

=

1.2 mm and Cc

=

1.6 mm).

-39Figure 11 is the output of Def. 128 program showing the potential
distribution in the unit cells, considered in the present simulati~ns,
in the electron beam direction.

Figure lla, b, and c are for 5%, 10%,

and 15% defect concentrations respectively.

It is quite clear that

Fig. 11 resembles the atomic models shown in Fig. 16.

Presence of va-

cancies and split <110) self-interstitials can easily be noticed in
Fig. 11.

The simulated lattice fringe images of {111} planes are shown

in Figs. 12-15 for a perfect lattice with no defects (Fig. 12) and a
lattice containing defect density of 5% (Fig. 13), 10% (Fig. 14) and
15% (Fig. 15) for varying crystal thicknesses at three different
defocus values.

The scattering calculations in the multi-slice program

incorporate 2580 beams and the crystal is tilted in such a way that
only one reflection (111) is strongly excited.

An

objective aperture

of radius of curvature 0.19 A- 1 inc.ludes both the transmitted beam
and Bragg reflected beam (111 type reflection) for the image formation.
It can be seen in Fig. 12 to 15 that with the increase of point
defect concentration from 0 to 15%, there is a gradual change in the
image from perfect fringes to less and less distinct fringes.

This

feature is more distinct in Fig. 13a, 14a, and !Sa with a crystal
thickness of -40A.

At hi,gher thickesses, on the other hand, this

feature is less distinct, possibly because of absorption-induced dynamical effects.
5.4

Optical Simulations
The same two dimensional models of a Silicon lattice in <110> pro-

jection containing a defect density of (a) 0%, (c) 5%, (e) 10%, (g)
15%, and ( i) 20% were again used on the optical bench, in the form of

-40photographic negatives, to get the Fraunhofer diffraction patterns.
The results are shown in Fig. 16.

It is clear from Fig. 16 that with

the increase of point defect concentration from o% to 20% (Fig. 16a to
16i), the.spot pattern, characteristic of a periodic object, gradually
becomes less and less distinct and the amorphous halos, characteristic
of an aperiodic object become more distinct.

The significance of these

results will be further discussed in the next chapter.
5.5

1.2 MeV Electron Irradiation
A thirt foil of (110) Silicon (p-type) was exposed to a high energy

elect.ron beam for about 20 minutes at 1.2 MeV in the high voltage microscope at room temperature (R.T.).

The objective of this experiment

was to see the effect of high energy electrons on inducing 'homogeneous 1 nucleation. and growth of amorphous clusters in unimplant.ed
Silicon.

The actual specimen temperature during irradiation could have

been above R.T., but it was not measured.

The electron beam was

focused to a size of -2 ~ on the specimen maintaining a beam current
density of 5x1o-9 !mtps/cm 2 .

No electrical charge accumulation was

found during the irradiation process.
current density used for this study.
mated to be

4x1o 13 electrons/cm2.

This could be due to the low
The total electron dose was esti-

The ener.gy of these electrons

is high enough to displace the atoms in the Silicon lattice from their
regular sites, thus producing vacancies and interstitials.
After irradiation, the specimen was transferred to the Siemens 102
for high resolution imaging of the irradiated regions.

Figure 17a

~s

the conventional bright field (BF) image of the irradiated area of the
specimen at low magnification.

The region, encircled, is further

-41magnified and shown in Fig. 17b.

The most striking feature of Fig. 17b

is that it shows what may be clustering of interstitials generated
during the irradiation (Regions marked P, Q and R).
The same regions (P, Q and R) were imaged in high resolution mode
to further characterize the nature of their structure.

Fig. 17c,d, and

e show lattice images of these regions with the {111} type planes
clearly resolved.
25-30A.

The size of these regions is of the order of

In Fig. 18, the high resolution image of the region

'P' is

shown under different defocus conditions ranging from -660A to -1320A.
It can be noticed from Fig. 18a-d that the contrast of the region 'P'
decreases relative to the matrix as the defocus value changes from (a)
to (d).
To verify the possibility of contamination within the microscope,
the lattice fringe images. were simulated with a cluster of interstitials deliberately introduced in the atomic model as shown in Fig. 19
using the previously described fully-dynamical-multislice program under
tilted illumination conditions.

The simulated images support the pos-

sibility of obtaining darker contrast due to interstitial clusters as
suspected.

The implications of these results will be further discussed

in Chapter 6.

-426.

DISCUSSION

There has long been speculation as to how the nucleation of an
amorphous phase takes place in radiation-damaged crystalline
materials.

There- are two phenomenological models available for the

crystalline-to-amorphous transformation in Silicon, in parti.cular as
discussed in Chapter 2, applicable respectively to light and heavy
ions.

Moreover, the term 'heterogeneous nucleation' which is widely

used in the literature is somewhat misleading.

It is true that near

the end of the range of a heavy ion, there could be enough localized
displacement damage for the formation of an amorphous zone, but this is
not a heterogeneous nucleation event in the classical sense.

The mech-

anism of the c+a transformation and the nature of the damage that leads
to the formation of amorphous zones still is not well understood.
An attempt is made in the present investigation to study the c+a

transformation in arsenic-implanted Silicon at room temperature using
High Resolution Electron Microscopy (HREM).

A few general comments

need to be mentioned before proceeding further.

All the high reso-

lution images presented here show a typically mottled structure characteristic of an amorphous material at the edge of the foil.

This indeed

is quite a common observartion in all high resol~tion microscopy work
irrespective of the nature of the specimen.

It is a general belief 78

that this feature is probably due to contamination and therefore should
not be confused with the ion-implantation damage regions.

Improper

imaging conditions can also lead to a mottled image structure which
might be confused with a damage crystal image.

Extreme caution is

-43therefore needed to be sure to avoid this effect.

However, the

observation of many regularly-spaced isolated damage regions (e.g. A,
B, C of Fig. 6) in the present study rules out this possibility.
It is very unlikely that the observed zones were due to any artefact.
The model proposed below is based upon the belief that these are the
radiation induced amorphous zones.
6.1

Unified Model of the c+a Transformation
6.1.1

Nucleation of Amorphous Zones

As stated by Titov 103 , every projectile ion in an implantation
process produces a plasmoid of vacancies and interstitials, which
during their short 1 ife time, either agglomerate to clusters, mutually
annihilate or seggregate at other defect clusters or sinks.

The prob-

ability that a particular event will dominate depends on various factors such as the mobility of individual point defects, temperature,
interaction of various defects and so on.

If the temperature is high

enough for the mobility of individual point defects but not for defect
clusters, it is anticipated that nucleation of the amorphous phase will
take place by agglomeration of point defects or by migration to
existing defect clusters, foreign atoms, dislocations or grain boundaries (a true heterogeneous nucleation).

The stress field of some

existing defects is strongly attractive for the elementary point defects.

As shown in Fig. 6, a dislocation core may have acted as a

nucleation site for the formation of an amorphous zone.
Though the ion implantation process is performed nominally at room
temperature, the actual temperature of the specimen could be S0-100°C
higher and in this temperature range, elementary point defects are

-44known to be mobile while divacancies, trivacancies and larger clusters
of vacancies and interstitials are not.

The elementary point defects,

therefore, quickly migrate to the sinks such as larger clusters of
point defects and dislocation lines.

In the present case (Fig. 6) such

a phenomenon may have occurred at a dislocation line leading to a classical heterogeneous nucleation of the

amorphous phase.

With increase of ion dose, more isolated amorhous zones,
size were found to be nucleated.

-so

A in

No dislocations were usually found;

however, the nucletion sites could have been small dislocation loops
formed by clustering of interstitials.

It is not likely that these

isolated amorphous regions A, B, and C in Fig. 7 were created by individual implanted ions at the end of their trajectories.

The flux was

too high to correlate with such a small number of relatively large
amorphous zones.
Whether the nucleation takes place directly at the heavily damaged
zone near the end of an ion track or not should depend not only on the
type of ion (light or heavy) but also on the temperature.

If the tem-

perature is low enough to prevent long range migration of defect clusters but high enough for the mobility of individual point defects, the
nucleation can be heterogeneous in the sense that amorphous zones form
at already damaged material in the vicinity of a small interstitial
cluster even for light ion damage such as boron.

At low temperatures

with low mobility of individual point defects, the nucleating defect
cluster may be more often associated with the end of an individual ion
track particularly for the case of a heavy ion.

The lattice may relax

-45suddenly to an amorphous state at these regions when the concentration
of the point defects locally reaches a critical value.
A true homogeneous nucleation involving a homogeneous distribution
of mobile point defects and nucleation of amorphous phase homogeneously
in the matrix when the defect concentration reaches a critical value as
suggested by Chadderton 72 might take place if the temperature is high
enough for a uniform distribution of generated point defects and there
are no heterogeneous sites such as dislocations.
unlikely.

This seems highly

Such a phase transition is extremely difficult to verify

experimentally.

Probably a direct observation during electron

irradiation of a perfect crystal might help.

It

is the competetion

between the rate of generation and rate of migration of the point defects that determines the. temperat.ure at which the nucleation mechanism
would change from heterogeneous type to homogeneous type.

At still

higher temperature coarsening of interstitial disloc.ation loops occurs
so that the· total dislocation

densi~y

can never reach high levels.

A point that has never been clear so far is whether or not a damaged zone that contains more than some critical concentration of point
defects undergoes relaxation to a lower energy amorphous state which is
in some way distinctly different from a crystal containing a high density of point defects.
'•

If such a relaxation does occur, there should

be sharp inte·rfaces in partially amorphous material separating the
regions that have relaxed from those that have not.

In Fig. 6, an

amorphous zone is seen in the vicinity of a dislocation core.

The

-46observations in Fig. 6, Fig. 9 and Fig. 10 are consistent with the hypothesis that a sufficiently damaged crystal does relax to an amorphous
phase at some critical point defect concentration.

Figures 9a,b show a

small crystalline island surrounded by an amorphous material and
co-existence of crystalline and amorphous phases intermixed together
with sharp interfaces.

At the places where the interface is seen

edge-on, the lattce fringes

charact~rstic

of crystalline material end

abruptly; in a distance of the order of an atomic dimension the image
changes from distinct fringes to the mottled image characteristic of an
amorphous material.
The simulated lattice fringe images in Figs. 12-15 show that such
a sudden disappearance of lattice fringes would not be expected unless
there is an abrupt change in the structure.

It is clear from the re-

sults that for a gradual increase 1.n point defect concentration, there
is a corresponding gradual change in the image from perfect fringes to
less and less distinct fringes.

At 15 percent Frenkel pair concen-

tration, the image is close to that characteristic of an amorphous
material, but the change is very gradual.

Incidentally, this value

without incorporating local lattice relaxation, agrees well with the
estimated value of 10% by Christel et a1. 33

In order to experi-

mentally verify the fraction of atoms to be displaced before the crystalline material relaxes to an amorphous state, a systematic study was
conducted using the optical diffraction technique as described in
Chapter 4.6.3.

Figure 16 show that as the Frenkel pair concentration

increases from 0 to 15%, the spot pattern characteristic of a periodic
object gradually becomes less and less distinct and the amorphous halos

-47characteristic .of an aperiodic object become clearer.

This result is

in agreement with the results of image simulations and the argument
that the amorphous state does not appear to be reached simply by increasing the point defect concentration until lattice order gradually
disappears.

The position of the boundary of the amorphous zones pre-

sumably corresponds to the surface inside of which the critical concentration of point defects necessary for the damaged crystal-to-amorphous
transformation has been reached.
6.1.2

Growth of Amorphous Zones

Growth of the amorphous volume and finally the formation of a 100%
amorphous layer with the increase of ion dose can take place by two
mechanisms:

(a) by the growth of the existing amorphous zones and (b)

nucleation of increasing number of amorphous zones and their overlap.
In a. crystalline matrix, these small zones· should only be metastable so
long as the point defect concentra,tion in the surrounding crystal stays
below the critical level.

They should shrink by a net trans.fer of

atoms across the interface from the amorphous side to the crystalline
side.

However, the migration of an amorphous-crystalline interface

needs an. activation energy >2.4 ev. 104 , 10 5

At room temperature, the

·thermally activated rate of migration would be negligible.

Simultane-

ously with t·he formation of amorphous zones, however, interstitials and
vacancies which are mobile at R.T. will be created in the crystalline
material.

All the previously formed crystalline amorphous interfaces

should act as sinks for these defects.

Their recombination at the I.n-

terface and other radiation-induced transfer of energy to atoms at the

-48interface should provide the necessary activation energy for a
continuous partly athermal shrinkage of all existing amorphous zones.
Therefore whether a 100% amorphous layer would be formed or not formed
would depend upon the relative rates of formation of new amorphous
zones and shrinkage of existing ones.
According to this model, 106 at liquid nitrogen temperature (LNT)
where self interstitials and vacancies are immobile, the shrinkage rate
will be negligible and the point defect concentration in the crystalline regions should also increase to the critical level at which
existing amorphous zones might expand.

At the other extreme (high tem-

peratures) the point defect concentration, except near the ends of the
ion track will never reach the critical value and amporphous zones
might shrink faster than new zones are created.

A continuous amorphous

layer would, therefore, never be formed.
As the temperature increases, the kind of damage that builds up 1n
the crystal changes.

At low temperatures, the damage is expected to be

rather homogeneous consisting of elementary point defects; their mobility is restricted.

Therefore, the nucleated amorphous zones may arise

from elementary point defects distributed randomly.

Near room tempera-

ture elementary point defects are no longer frozen in place, they tend
to cluster and hence the smallest stable defects would be divacancies
and larger clusters of vacancies and interstitials.
temperature, it is expected that the

s~ectrum

With increasing

of defect complexes dis-

tributed randomly in the matrix will shift to larger and larger clusters until a temperature is reached when dislocation loops of interstitial type predominate.

Therefore, the amorphous material formed

-49at higher temperature is expect·ed to be less homogeneous.

This could

explain the differet regrowth behavior of amorphous layers formed at
low and high temperatures by ion implanation.102
The behavior in both the electrical sheet resistance and optical
refractive index measurements can also be explained in the general context of the above model.

For example, region I in the refractive index

vs. log (D) plot corresponds to a low dose regime with a relatively
slow increase in n.

In this dose range, it is not ureasonable to con-

sider two simultaneous processes that are independently occurring:

(a)

direct formation or nucleation of new amorphous regions whose number
increases relatively slowly with the increase of dose and (b) a gradual
accumulation of point defects and their clusters in the crystalline but
damaged regions.

In region II, the sudden change in the refractive

index might be due to the fact that with the continuous accumulation of
point defects in the crystalline damaged reg1on, a sudden nucleation of
many_more amorphous zones might be occurr1ng, thus rapidly increasing
the total fraction of amorphous material.
6~2

High Energy Electron Irradiation
In order to study the effect of high energy electrons on inducing

nucleation and growth of amorphous clusters in an unimplanted Silicon,
a thin foil of <110> Si was irradiated with 1.2 MeV electron beam near
R.T.

In Fig. 17b it can be seen that there is an uniform distribution

of defect clusters giving black and white contrast.

The high reso-

lution images of these clusters (e.g., P, Q, and R) indicate that they
are of the size

25-30A.

from these 1mages.

The depth distribution is hard to predict

A similar effect of irradiation in Silicon was

-soreported by Thomas 107 after 20 minutes of irradiation at 700 kV at
R.T. and by Fo11 108 after irradiation with 650 kV electrons at low
temperatures giving a similar black and white contrast.
Frenkel pairs created by the electron beam at these dose levels
either recombine spontaneously, migrate to surface sinks or participate
in the clustering process depending upon how far the interstitials and
vacancies are separated from each other and from the sinks.

Near room

temperature, presumably, the mobility of vacancies is much higher than
that of inter8titials and therefore those interstitials which are far
away from vacancies may cluster or be trapped at existig defects such
as impurities.
Assuming .that each electron produces a Frenkel pair, the steady
state concentration of Frenkel pairs produced during irradiation at an
electron flux (~) of -3.3 x 10 10 electrons/cm 2 /sec used in the present study is estimated to be -6 x Io15/cm 3 /sec.

From this, the

saturated cluster density is calculated using the method of Makin109
a-nd found to be
cluster density

SOOA.

-z. 37
is -z

x 10 14 I cm 3 •

The experimentally observed

x Io12/cm 3 assuming a crystal thickness of

With the error involved in determining the cluster density and

the error in the thickness value assumed, it is reasonable to think
that both the theoretical calculation and the experimental observation
are in agreement.

Therefore, it is tentatively believed that such a

clustering process is occurring in the present case leading to a darker
contrast in the regions of the clusters.

Further systematic experi-

ments need to be carried out to confirm this.

-51The possibility that the dark contrast zones could be due to contamination was studied by two independent methods:

(a) examining the

high resolution images of the same area under different defocus conditions (Fig. 18).

A thin layer of contamination is expected to give

rise to Fresnel fringes at the edges with defocusing, (b) lattice fring
image simulation (Fig. 19) with a cluster of interstitials.
lation did show a region of darker contrast.
may eventually evolve into amorphous zones.

The simu-

Small clusters like this

-52SUMMARY AND CONCLUSIONS

In spite of many past experimental as well as theoretical investigations, the production of disorder and the mechanism of the crystalline-to-amorphous (c+a) transformation in tetrahedrally-bonded semiI

conductors such as Si and Ge have yet to be completly understood.

The

main points of debate include (i) whether the nucleation of an
amorphous phase is indeed 'homogeneous' or 'heterogeneous' in character
in the classical sense, (ii) whether a heavily damaged region relaxes
to an amorphous state when the point defect concentration reaches a
critical value, (iii) whether the c/a interface is smooth or rough at
atomic level and

(iv) how the nucleated amorphous zones grow for

complete amorphization.

An attempt is made in the present investi-

gation to understand this fundamental phase transformation in arsen1.c
implanted Silicon using high resolution electron microscopy.

The fol-

lowing conclusions can be drawn.
L Whether the nucleation 1.s 'homogeneous' or 'heterogeneous'
should not only depend on the mass of the ion implanted but
also on the temperature.

From the present observations, it

seems unlikely that there is any case where nucleation of
amorphous zones takes place in a truly homogeneous way.
2. If the temperature

l.S

low enough to prevent long range

migration of small defect clusters but high enough for the
motion of elementary point defects, nucleation of an amorphous
phase is likely to take place by formation of a localized high
density region of small clusters.

-533. A crystalline region containing a high enough point defect or
cluster concentration does appear to relax to an amorphous
state.

In partially damaged crystal, isolated amorphous and

crystalline regions do co-exist with sharp interfaces.

Lattice

image simulations support this conclusion.·
4. Growth of the amorphous zones and the transition to complete.
amorphization depend upon the temperature which effects the
mobility of the point defects, dose rate and the mass of the
implanted ion.

It is the competition between the rate of

generation and rate of.thermal and athermal annealing of
amorphous zones that determines whether the amorphous zones
grow or shrink.

This needs further study.

5. High energy electron irradiation experiments gave evidence for
clustering of interstitials near room t.emperature.
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LINEAR FOUR-POINT-PROBE FORMULAS AND CORRECTION FACTORS
Configuration

Comments

> lOS

1.

Thick sample, boundaries
from probes

2.

Thick sample, near edge

For non-conducting boundaries the error may be as
high as 100%

3.

Circular rod

Applicable to pulled cryals

4.

Thin sample, with
W < 0.1S and boundaries
)20S from probes

No corrections required,
p = 2'11'S(V /I)

p

Rs

= 4.53 W(V/1)
= 4.53 (V/I)

-56APPENDIX I I

RECOVERY OF POINT DEFECTS IN·SILICONllO
Defect Type

Silicon Doping
(n or p)

Activation Energy
(eV)

Annealing Temp
C"K)

1.

Double negatively charged
monovacancy

n

0.18

70-80

2.

Single negatively
charged self
interstitial

n

0.30'

130-140

3.

Electrically
neutral monovacancy

p

0.33

150-180

4.

Singly positively
charged or tho
rhombic <110>
split self interstitial

p

0.85

370-420

s.

Electrically
neutral tetragonal <100)
split self interstitial

p and
intrinsic

0.92

540-600

6.

Divacancy

n and p

1.5

570-670

I
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-58APPENDIX IV

There is no known direct method to precisely characterize the
structure of amorphous zones of size <SOA (e.g., amorphous zone in
Fig. Ia).

In the conventional optical microdiffraction method using a

small ( 0.5 mm dia) selected area aperture, the diffraction effects
from the aperture often interfere with those from the amorphous zones
causing a serious problem for interpretation.

This is evident from the

A new method based upon periodic extension of the amorphous

Fig (Ib).

zone as a two dimensional array Fig. Ic) was developed to overcome this
problem.

The success of this method is demonstrated in Fig (Id) in

which tiny spots, two bright spots and amorphous halos correspond to
the array, the {111} type lattice fringes and the amorphous zone respectively.
Using this method a preliminary attempt was made to distinguish
the possible differences in the spatial periodicities present in various amorphous zones when the dose levels are varied.

Figures (II a, b,

c) are the high resolution images with varyng arsemic doses.

Amorphous

zones of Fig (II a, b, c) were repeated as periodic arrays as shown in
Fig. (II d, e, f).
diffractograms.

Figure (II g, h,i) are the corresponding optical

A gradual decrease in intensity and finally disap-

pearance of {111} reflections and a gradual increase in the spatial
extent of amorphous halos with increasing dose can be noticed in Fig.
(II g, h,. i).

The spatial extent of amorphous halos in the reciprocal

space is inversely proportional to the spatial periodicities in the
real space.

Therefore, by comparison, it could be possible to detect

-59subtle differences in various amorphous zones at least on a qualitativ e
basis.

More systematic experiments are needed for further use of this

method.

Fig (I)

Principle of 'periodic extension' method (a) same Image of
Fig. (7) at lower magnification (b)

optical

microdiffractogram of the region in square of (a) using a 0.5
mm size aperture.

Diffraction effects from the aperture can

be seen.
(c)

Periodic array of same re g 1on but magnified by lOx.

(d)

Optical diffractogram showing the diffraction from (i)

the {111} lattice fringes (spots) , (ii) amorphous zone
(amorphous ha los) and (iii) the periodi c arra y (closely
spaced spots).

Fig (II)

Periodic extension applied to thr ee amorph ous zone s of thr e e
specimens with varyin g doses (1 x 10 12 , 1 x 10 13 and 5 x

10 13 ions/cm 2 )
(a)

Same as Fi g . (6).

(d) and (g) are th e periodi c arra y of

the amorphous zon e and its optical diffra c to g ram
respecively.
(b)

Same as Fig. (8).

(e) and (h) are the pe riodic arra y

ann optical diffractogram respectively.
(c)

A portion of Fig. (9b) .

(f) and

(i) a re th e pe riodi c

array and optical diffracto g ram r e spe c tiv e l y .
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FIGURE CAPTIONS

Fig (1)

(a) Schematic representation of Gaertner Ellipsometer (b) and
(c) showing the resolution of incident and reflected beams
into 'p' and 's' component waves.

Incident beam is

elliptically polarized and reflected beam is plane polarized.

Fig (2)

Schematic line diagram of the four-point probe set-up.

s2

S1,

and S3 are the probe spacings and I & V are the

current arid voltage respectively.

Fig. (3)

Schematic line diagrams of the geometry of TEM specimen
(a)

orientation of Silicon wafer and As+ implantation

(b)

Silicon wafer after As+ implantation showing the

isolated damage regions
(c)

Geometry of TEM specimen, after chemical thinning,

showing the wedge shape.

Fig. (4)

Plots of refractive index (n) and change of sheet resistance
- Vs - log (dose).

Dose levels were varied from 1 x 1011

to 5 x 1015 ions/cm 2 .

Three regions I, II, & III may be

noticed.

Fig. (5)

(a)

Bright field (BF) 1mage of heavily implanted <100>
Silicon.
ions/cm2

Arsenic implantation dose is 1 x 1014

-71(b)

Diffraction pattern of the corresponding reg1.0n, showing
De.bye-Scherrer rings and spot pattern characteristic of
amorphous and crystalline regions •.

Fig. (6)

Lattice image of <110> Si with As+ dose of 1 x 10 12
ions/cm 2 showing the {111} type planes of spacing 3.1A and
presence. of a sma11 (-12A size) damage/ amorphous region at
the core of a dislocation.

Fig. (7)

Lattice image of <110> Si with As+ dose of 1 x 10 13
ions/cm 2 .

Isolated damage regions A, B and C can be seen

distinctly.

Fig. (8)

Enlarged image of damage region 'A' in Fig. (7) with a clear
picture of the amorphous core and the c/a interface.

The c/a

interface is rough at atomic level.

Fig. (9)

Lattice image of <110> Si with a dose of 5 x 10 13 .
ions/cm2 (close to ~*)
(a)

..

Small crystalline island in amorphous matrix.

Optical

microdiffractogram of the crystallite is shown in the
insert.
(b)

Co-existance of amorphous region (AR), damaged but still
crystalline region (DR) and crystalline region (CR) can
be seen as marked.

-72Fig. (10) Lattice image of (110> Silicon with a dose of 1 x 10 13
ions/cm2 at liquid nitrogen temperature.

Co-existance of

crystalline and amorphous regions with sharp interfaces can
be noticed.

Fig. (11) Potential distributions of the unit cells (Fig. 16 c, e, & g)
considerd for image simulations.

The unit cells consist of

890 atoms with Frenkel pair defect concentration of (c) 5%
(e) 10% and (g) 15%.

{111} plartes

Fig. (12) Computer simulated lattice image of

with 0% Frenkel pair defect concentration.

1n

Silicon

This image shows

the success of the computer program.

Fig. (13) Computer simulated lattice images of

{111} planes in Silicon

containing 5% F~enkel pair defect concentration.
(a)

Defocus

~Z

= -440A

(b)

~Z

= -660A

and (c)

~Z

= -880A

for

a crystal thickness of 38.4A.
(d)

~Z

= -440A

(e)

~Z

= -660A

{f)

~Z

= -880A

for a crystal

thickness of 76.8A.
(g)

~Z

= -440A

(h)

~Z

= -660A

for a crystal thickness of

115.2A.

Fig. (14) (a) to (h) Same as Fig. (13) but with 10% Frenkel pair
concentration
(i)

~Z

= -880A

for a crystal thickness of 115.2A.

-73Fig. (15) Same as Fig. (14) but with Frenkel pau concentration of 15%.

Fig. (16) Atomic models and optical diffractograms of various Silicon
lattices in <110> projection with varying Frenkel pair
concentration (a) 0% defect density, (c) 5%, (e) 10% (g) 15%,
(i) 20% and (b), (d), (f), (h), (j) are the corresponding
optical diffractograms.

A gradual development of amorphous

rings can be noticed from (b) to (j).

Fig. ( 17) TEM pictures o.f <110> Si after 1.2 MeV electron irradiation
for 20 minutes at a beam current density of 5 x 109
Amps/cm 2
(a)

Bright field (BF) image of area irradiated

(b)

Enlarged image of the area encircled in (a).

P, Q, R

are the regions of interest. for HREM (c), (d) and (e)
are the lattice images of regions P, Q and R marked in
(b)

Fig. (18) Lattice images of region 'P' 1n Fig (17b) under various
defocus conditions
(a)

6Z

~

-660A, (b) 6Z

-1320A.

= -880A,

(c) 6Z

= -1110A

and (d) 6Z

=

A decrease in contract level and lattice fringe

visibility may be noticed from (a) to (d).

-74Fig. (19) Computer simulated lattice images of {111} planes in Silicon
containing a cluster of self-interstitials
(a)

Atomic model of the unit cell, considered for the
simulations.

(b)

Simulated lattice fringe image at the defocus value of
~Z

= -660A.

The center portion has darker contrast due

to the cluster of interstitials.

This is consistant

with the experimental observation.

--
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Reference to a company or product name does
not imply approval or recommendation of the
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Department of Energy to the exclusion of others that
may be suitable.
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