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ABSTRACT

Lattice disorder produced by heavy ion implantation of cadmium
sulphide crystals at 50 K ahd'300 K has been invéstigatedvqﬁing Trans-

mission Electron Microscopy (TEM) and Rutherford Backscatteriné {RBS)/-

Channeling techniques.

-. o ;
TEM observations of Bi+, Art and Ne* imb1antgd Egmgl?s sthed
that two types of dislocation lbops were produced, t&ﬁe I with a Burgers
vecto; b = 1/2 <0001> and typé'II with a Burgers‘vectbr b= 1/3;<11?0>.l
:Type IT Toops were nearlyMwice as large in size and two to three times
gfeater in number densith%Lin type I 100#5.’ The large 1dops of type II
_ were predominaﬁtly vacancy loops. Both types”of Toops lie predominantly’
in the_ilIDO} and {1120} pfjsm p]aﬁes. The loop size and number dengityr
iggfeased with’ﬁﬁzgeasing energy deposited into e]astic,co]lisidns. For
1nczeasing ion dose the ]oop'51ze'1hcreased whiTe_the_nhmber density

decreased. |

In-situ measurements of the lattice -disorder hayéLbegn_made
usinﬁifhe RBS/Chahne]1hg'technique"with 0.6 MeV to Z.ELMeV He' chanfieled
ajoqe the a-' and -c-axes of the CdS crystals. The émoung’af.disorder was
.measufed'iﬁ terms of the are;l density of;cadmiﬁﬁ sCattering centers

-(Nb),;and the minimum dechanneling yield (x . ). Measured N values

min
were found to be two orders of magnitude lower than ‘theoretical predic-
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tion and the Xmin values were about an order of magnitude higher than
those calculated éésuming random]y,displaced-scatterihg”centers. The
- disorder was greater measured a]ong the c-axis than along the a-axis.
It ‘was also greater at 300 "K than at 50 K. These observations suggest
that the lattice d1stort1on is greater 1n the" d1rect1on perpend1cu1ar to
the c-axis. It was a]so found that ND increased with” increasing E
while Xmin values were energy 1ndependent over the energy.range
‘1nvestig€ted._; These results and the rapid increase in -ND values
observed when thé crystal is tilted slightly away froﬁ,fhe channeling .
direction ('Off—Axis‘ measuréments) are.conﬁistent with the presence of

~dislocation Toops as observed‘by the TEM.

%
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CHAPTER 1

= © " INTRODUCTION

_ The tethnological importance of e1ementa1 semiconductors has

Tong been establlshed. Currently,’ compound sem1conductors, part1cu1ar1y.'

I[I-V¥] and III- V compounds, are becoming increasingly important because

of the1r electronic propert1es.

Cadmium sulphide is a direct band~gap (2.42 eV), II-VI compound .

‘f; sem1conductor [Neuberger (1969)1. f Th1s material is su1tab1e for the

fabrication of p-n junction electro-optic devices such as 1ight emitting

 diodes (LED)- énd so1er cells. .CdS is normally either n-type_ or
insu]ating and'attempts‘to convert it to p-type by cohventione]
diffusion techniques have fa11ed Th1s failure is ascribed to fts
tendency toward self- compensat1on [Mandel (1964), Kroger (1965)1
resulting from surface d1ssociation at temperatures required for the
diffusion of dopants. Therefore, jon 1mp1antat1on wh1ch can be used to
" dope 5em1conductors at lTow temperatures offers a promising alternative.

In addition, ion impIantation provides precise control of. the total

amount and concentration profile of the implanted dopants. rHowever, a.

serious disedvantage of this technique is the accompanying lattice

disorder which results as” the energetic ion .dissipates: its kidetic

1

i



L)

energy upon penetrating the target,

This thesis is concerned with -the characterization of the
1éttice damage produced in CdS crystals due to implantation with various
ions. Two independent analysis techniqgsi.yere emp]o}ed; nahe]y, Trans- '
mission Electron Microscopy (TEM) and Rutherford Backscattering &%BS)/

: Channe11ng. Attempts will be made to correlate the RBb/channel1f(/

i

results w1th the defect structures observed in the e]ectron m1g£pscope.

-~

t

In chapter 2, the crystal structure and physical properties of’

v .

CdS- are 'presentgd, followed by a review. of previous studies-rof ion

Amplantation effects in single crystals. This is followed in cha 3
by a br1ef theoret1cal ha kground on atom1c c0111s1ons ‘in solids a]ong

w1th the nature of defects produced by on 1mp1antat1on in’ metals and‘

L
-

sem1conductors : . - <:\

The damage analys1s techn1ques used in the present study are

TS

‘discussed in chapter 4, This discussion 1; divided into two sections:
the operation’ of .the transmission electron microscope a]onQ with the
.theories of image contragt and characterization of defects relevant to
this study, and the theoret1ca1 ‘a$pects of the RBS/channe11ng technlque g
and the methods of - damage determ1nat1on. The accelerator fac111txes for
RBS/channe]ing ana]ysis and ién 1mp1anta;ion are'described.in chapter 5.
”'Sample preparatioﬁ procedures and alignment of the sing?eicrystgls‘for
chaﬁne]ing studies are discussed. Important experimental parameters are

also presented.
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" In chapter 6, the experimental results of implantation damage
characterized by TEM and RBS/thanneIing are presented. fhis chapter is
divided into three'sections: TEM observations of lattice disorder and
chanacterizatjon.of the defects produced; the damaée as measured'using
the RBS/channeling technique; and finally .a correlation of the results
-obtained by both‘techniques. | ' | |

A summary of conc]uﬁions relating to the 1mplan£ation damage

produced in' CdS is reported in chapter 7.

o
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CHAPTERE 2

LITERATURE SURVEY |

In th1s chapter an 1ntroduct1on to the “erystal structure and
‘b
propert1es of CdS are presented f011owed by a review of prev1ous

.studies of ion implantation in CdS.

L]

2.1 Crystal Structure, Atomic Bonding and Properties of CdS

CdS norfial\ly crysta]ltzes in the hexagona] wurtz1te structure.

Fig. 2 1 shows’a schematic of the atamic arrangement of Cd and 5 atoms
LN .
i wurt 1te structure with the major planes and - axes 1abe11ed in

indices. The hexagona] structure is’ def1ned in terms of the
lattice parameters a and ¢, which are reported [Dev]1n (1960)] to be
0.4137 nm and 0.6716 nm respect1ve1y. There are two mo]ecu]es in the
hexagonal unit ‘cell w1th two Cd atoms at 0 0,0; a /3 2a /3 c/2 and two
S atoms at 0,0 u, a1/3 2a2/3 (c+u)/2 where u = 3¢/8 and nd a2 are
© unit vectors along the a1 and a, dtrectlons of the crysta1 as shown in
'Fig._Z.l(b). Each Cd atom 1s bonded to four § atoms, approx1mate1y at
the corners of a tetrahedron. The wurtzite structure does not have a
center - of symmetry and there is . a ‘polar axis parallel to [0001]

Consequently wurtzite crystals are p1ezoe1ectr1c and also pyroelectr1c

[Azaroff and Brophy (1963)]. 'CdS 1ike other II-VI compounds.has partly

e T T e =t ek — < Ui 4 < L L
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Fig. 2.1 a) The structure of ‘a CdiS crystai'(wurtzite) showing indices

of planes and directionsj b}  basal plane projection
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cogalent and partly ionic bonding which arises as follows. . A cadmium

-

atom has §§2 electrons while a sulphur atom has 3523p4 bonding electrons

in its outer shell because of its high 1on12at1on potent1a2 Cadmium
shares its two electrons with sulphur. However, sulphur has a higher

electronegativity compared to cadmium hence the 552 electron c1oud of. .

&+
cadm1um is shifted toward the su]phur atom giving r1se to ionic nature

of bonding. A more detailed study of atomic bond1ng in II-VI compounds -

is given by Neuberger [1969].

The type of conduct1v1ty, whethen electron (n- typ;),-qr ho]e

(p- type) of II-VI compound mater1als,.1s in general, associated w1th the
.departure From_ sto*ch1ometry as ;opposeg‘ to TII-V group mater1a15- in

which the conductivity is éontfoTTed-by'the type of impurity present.

CdS as grOWn always exhibits n-type conduct1v1ty wh1ch is associated

w1th a sulphur vacancy ar1s1ng from a su]phur def1c1ency in the

a ‘compound. If such crystals are annealed in a_squhur afmosphere or if

the crystals -are grown in’ an excess sytphur vapour pressure, then the

resulting crystals will be insulatifg,

4

2.2 lon Implantation in CdS = i T

-~-Early attempts to fonn a p n Junctlon in CdS by ion 1mp1antat1on

were reported by ‘Andersen et al. [1968], Chernow et al-. [1968], Pollard’

and Hartke [1969], Hou and Marley [1970] and Shiraki et al. [1972].
Anderson et al. [1968], Hou and Marley 19703 1nvest1gated phosphorous

1mp]antat1on at energ1es of 50 keV 0.3, 0. 5, and 1. O MeV at 300 K for a

®
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total dose of 1x1015 ioris.cm'2

. The authors succeeded in converting the

implanted iayer to p-type after‘annealing at .around 720 . Pollard and

Hartke " implanted 400 keV arsenic and phosphorus (5x1014 ions.cm"z)‘at

r670-770 K. They also succeeded in forming a p-type layer. Chernow et.

‘al. implanted high ddses of 25 ke 81" (up to 1.6x10*% dons.cm™?) and

formed a'p-type ﬂayen without any annealing treatment. Shiraki~et al.

- [1972] formed p-type 1ayers by implantatign with 200 keV nitrogen ions

for doses of 1015vions cm 2 to 1017\73hs cm” -2 at room temperature T

L

These sampies were coated with 200 nm of 510 for subsequent annealing

in a controiied inert gas atmosphere at 670 K. 'The same authors

' ‘characterized the p-n Junction produced’ u51ng I-v and C V measurements.

In further work the same authors [Shiraki et al. 1973] investigated

‘ eiectroluminescent and photoluminescent properties and found red

1uminescent bands at 725 nm and 900nm.- The same red bands were observed

"in neon implanted specimen suggested that lattice defects present in the

[

CdS are respon51b1e for the observed. behav1our and not the. 1mpianted
spec1es. Eiectron Paramagnetic Resonance (EPR) investigation by the
same authors confirmed the ex1stence of squhur and - cadmium vacancy -

clusters. . Other 1nvestigations of the various emission properties of

‘1on-imp1anted CdS and other II VI compounds have been reported by

Gibbons et al. (1965), Tell at al. (1970), Barnes et al (1972)3 Norris
(1973), Walsh (1977), and Bryant et al. (1973, 1982).

2.3. * lon Implantation Damage Studies of CdS Crystals

v .
[

As seen above the properties of impianted‘materiais are
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stronely dependent upon both the chemical nature of the implanted ione
and the lattice defects ‘produced by these ions,  Therefore, it is
important to determine the type and concentration ot the defects

produced.

w

Ion imp]antation damage can be'investigated by various
techniques. These ~techniques may be broadly divided into two groups,

direct or indirect Tecnn1ques such as transm1ss1on electron m1croscopy

-

(TEM) Rutherford backscatter1ng/channe11ng are generally direct

£l

techn1ques allowing a quantitative measure of the defect concentrations
td be obtained;' Indirect techniques - involve studying phys1ca1.
properties such as qps1st1v1ty, 1um1nescence mechanical hardness EPR
etc. by wh1ch the defect 1eve1 is obta1ned from the change in the
measured parametervr_‘\ |

In the present study, RBS/channe11ng and TEM were selected to
study 1mp1antat1on damage in CdS because of the direct and quant1tat1ve.

4(Egssment offered by these techniques. Stud1es of ion Jmplantation

' damage in ~£dS us1ng the RBS/channeling techanue have been carr1ed out

by . Armitage tﬁ1970] H1111an5 et a].‘-[1971], Miller et al. '[l972],
Hutchby, et_a]._[1992]9-Grigor‘ev et al.'[1924 11985] and Baxter [1977].
The general conclusion. of 'these Studies was that the implantation damage
increases to- ‘Saturation with 1mp1antat1on dose and that heav1er ion
'damage showed a tendency to saturate at lower doses for 1ncreas1ng ion

N -

mass‘vuidecreas1ng ion energy. The dose requ1red for damage saturation

45 tho orders of magnitude greater than. the dose required to amorphize
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e]éménta],aqégllflv éroup semiconductors [Walker et al. 1978]. Th;
_>§aturaf16ﬁ.damage did not result in amorphization as in Si; Ge and III=V
semiconductors except in the case of 40 keV fluorine (1»:‘101-7 1ons.cm'2)
and chlorine (8x_1016 jons. ém'z) implants [Hﬁtchby .et al. (1972)1.
These impiént doses "of Cl and‘FJare very high which may have forméd a

1

chemical compound with host atoms. . ) :
Lattice disorder in ion imb]anted-CdS has been investigated by

Williams et al. [1971], Oley et al. [1970] and Govind et al. [1971]
using the TEM tebhnique.‘ Williams et al. studied lattice disordef in
CdS produced by'100 keV zinc imp]an;atioﬁ for low doses (5x1013 ions. ~
pm'z) énd‘found that smgl] vacancy or interstitial clusters of 1 to\3 nm
in diameter were forméd. On ahnea1jn§ at. = 670 K, these c]usﬁer§’
rearranged, to form small dis]ocationi loops. Govind et al. aﬁa}ysed
samples implanted with 25 keV bismuth and observed "black-spots" of = 10

| nm in ,diameter. However, the nature of .the "b]agk-sppts“- was -not

determined.

Yoshiie'et al. [1980, 1981, 1983] hawe studied electron démage'
of II-VI compounds in ﬁ high vo]tagé e]ectron»microécope. Thé authors
observed d151qcatibn_loops in CdS crystals after elec¢tron irradiation at
enérgies >300 kéV, at temperatures below = 670 K. It was cohclu&ed that
fﬁéﬁe loops were of jnterstitia] type, either with the Burgers vector
B = 1/3 <2I105 on (1210} planes, or with 5 = 1/2 [00011 on the (0001)

plane.
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Most of the ‘pr'e\n'ous investigations o‘f lattice diso.r‘der in
cadn:l‘ium sulphide wer;e concér‘ngd wi‘th quantifying .the damage using RBS/
channeling, 1:EM, and optical emission properties. In this study, a
detailed evaluation of the 1lattice disorder in CdS imp1antéd'with
Crar'ious ions, Ne+, Ar+, Kr¥, and Bit is under'taken',"with analysis being
carried out using both TEM and RBS/channeHng. The nature and quantity

of the defects are established and the interaction .of channeled ions

v

with the defects is discussed.



CHAPTER 3

THEORY
31 ATOMIC COLLISIONS IN SOLIDS
3.1.1 Introduction L g

In this section, the theoretical aspects of atom1c c0111s1on5"'

in so]zds and the resu1t1ng lattice d1sorder are described.

When' an energetic ion strikes a target, it generates severa]
recoiling atoms by a series of elastic collisions. It also loses energy
by interacting with the target e]eétrons (inelastic collisions). If the
reco11 atom is suff1c1ent1y energetic to be permanently displaced from
1ts lattice site i.e. energy received > Ed (the threshold d1sp1acement-
energy), at least one 1nter5t1t1q]-vacancy pa1r_1s formed. In many
cases the primary recoil will be energetic enough to distribute its
energy in a cascade of atomic collisions (co]lision'cascade),'ejecting
secondary atoms fﬁcm their lattice sites. The following discussion of
atemic collisions in solidé shall be restricted to ion energies typical
~to the ion implantation process, 1.e.“eﬁérgies from a few keﬁ to se@eral!
hundred keV. In this energy’ reg1me the co111s1on between an 1nc1dent

jon and atoms of a target is s1mp11f1ed by the fo]]ow1ng assumpt1ons

11
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i) The collision is b1nary, i.e. the incident keV jon 1nteracts with

one stat1onary lattice atom at a time, hence the mean free: path (m f. p )
'

_‘between collisions is very much greater than the mean interatomic

distance.

i) The'energy losses due to elastic and inelastid interactions are.
independent. , (\

iii) The collision can be described c]éssica]ly and ‘non-relativisti-

cally [Mott .and Massey (1965)].  This is valid for particles with

waveiength, A such that,

A= h (2 ME) 1/2\» p (3.1)
where h is Planck's constant
Ml and £ are atomic mass and energy of the
incident ion respectively
p is the distance of closest.. approach or

the impact parameter-.

Fig. 3.1 :illustrates. a typical two bbdy scattering process'_
between an ion ,ahd a target ‘atonlfin' both the labohatory coordinate
Syséem (Tab. c.s.) and the center of mass co-ordinate system (c.m. c. s)
In the c.m.c. s., the 1nc1dgnt ion is elastically deflected through an

ang1e @ transferr1ng k1net1c energy T to the struck atom. The

'scatter1ng ang]e 2 and the recoiling atom energy, T, are given by

{Goldstein (1958)] as .
~ o ' 4
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b) A bl% coIhsmn in the Center of "1ass Coordmate System

A A



14
Y ~du '
@C=n-2pf ' . ' (3.2)
0 //{1ff73(U)/E' - peut 1 12 '
where E'= M E/(M 2) Lo
u = 1/r where r the distance between the

.

colliding atoms
= 1/p
V(u). is the interaction potential.

M2 is atomic mass of target atom;

-

and T=T sinf(e/2) S (3.3
NE e ARME/ M b o2
where Tm = vE f_4M1MZE/(M1 + MZ) .

For head -on collisjons T = T s and -the max1mum energy transfer

to the recoiling atom w111 .ocour.

-

_3.1.2. The Interatomic Potential-

4

The type pf‘interatomic potentiai depends yef& much ypon_fhe,
distance of closest approach between the ion and target atom. The .
general form of the 1nteratom1c potent1a] is shown in F!g 3. 2 It is
attractive at 1arge distances and strongly repu]s1ve at short d1stances.

The 1ntermed1ate region corresponds to the equ111br1um 1nteratom1c
. ] .
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separation, d. The attractive part of the potential arises; almost
entirely from Coulombic fbrces for fonic solids, while for covalent
solids it is a result of the electron exchange interaction. In the

repu]s1ve regime, the potential is due to e]gctrostat1c repulsion of the .-

pos1t1ve1y charged nuclei screened by the1r surrounding e]ectrons

The-magnitudejof the repulsion depends on the abitity of the
orbital electrons to screen the nuclear charge. For very close

‘approach, the screening effect 'is_‘neg1ected__and the interaction is-

simply Coulombic of the form: : ' : ‘
V(r) = 7,2 ezlr.‘ (3.4)
172 ’

where il and 22 are atomic numbers of incidentyion

and the target atom respectively

o |
. 3
-
b
. 1T
R= _ |
n- . .
9
..§\ v.
' :‘f/ INTERATOMIC  SEPARATION
u )
- L
= e

F{%.-3.2 Genefal form of the interatomic potential in terms of

interatomic distance | ‘ o

")
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‘appropriate, . ‘ ‘ L
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For keV ion-atom scattering, a wide range of 1mpact parametersx

15 poss1b1e Therefore, a number of approximate potentzals, to treat

each part1cu1ar range for r, were proposed. 1 . : J’ﬁ‘
ij For r < d, the Born-MayéF”tlQZZ]‘potentia] is relatively euccégsfuT;
V(r) = A exp(-r/B), f | (3.55
where A &ﬁB are constants derivable from the elastic moduli.

This potential is,,howeﬁer,'too weak for small values of r.

fi) For r << d, the screened potential due to Bohr [1948], is more

2

'

V(r) = [ZIZZez/r] exp (ir/a) (3.6)

where a is the Thomas Fermi. screen1ng distance g1ven

by L1ndhard et al. (1968) -
) 2/3 . 2/3,-1/2 _
a= ao(Z1 ;.+ Z," ) , (3.7?
" where a, = #2/me®” is the Bohr radius, _
"Q, | . R _“ O _ 5

iii) The interatomic potent1a1 for the 1ntermed1ate region of

‘separat1on wh1ch 1s appropr1ate to the ion 1mp1antat1on work is obtained

from the Thunas Fermi statistical model of the atom and 1s given by
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V(r) = {z Z,e 2/} ¢TF(zl,zz,r a) _ (3.8)

q’TF is called the Thomas-Fermi screening function which has
been caiculated, numerically [Firsov (1958)] and tabulated by Gombas
(1956). ¢TF tends to unity as r+ 0 (Cou]omb1c scattermg), and to zero
as r + =, Lindhard [1965] has proposed a si.mph'fied fornmi for the
Thomas-Fermj screening, tunction which is given as »

,i‘.&a

¢1.5.(r/a) =.t>' r/a | (3.9
[(r/a)? + c?] e - '

where C is an adjustable parameter

-
i

.A relationship between these various potential 'functions as

ca'lcul‘ated by Gibson et al. (1960) for two copper atoms, as a functmn

of their separatwn, is shown in .F1g.‘3 3L It is seen from the f1gure

“that the Bohr potential drops much faster than the Born-Mayer po‘tent1a1

%

r increases.. It becornes zero at a d1stance o,f = 0 3. un1ts of the

.

. att1ce constant while the Born-Mayer potential has a some finite - va]ue
at very small - va]ues of r. A more detaﬂed treatment of tnteratomc
potentm]s 1s dea]ﬂ with by Torrens [1972] and by Carter and Co]hgan,
[1968] '
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Fig. 3.3 Yarious proposed 1nteratomiCnpotenfjaIs between two -
S i . )
‘copper at_oms

.

3.1.3. Energy Loss Processes

r .
There are two major energy loss processes that an ingcident ion
undergoes when penetrating thr'ough a target matema]. One is referred

to as nuc:}ear energy Toss, in which e]astxc 1nteract1ons occur between

the ,1nc1de_'nt jon and the sqreened nuclear charge of the target atoms.

" The other energy loss process is referred to.as electronic energy loss,

in which an interaction take place between the incident ion and th?\
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target electrons. Although the two energy 10ss processes are

correlated,. Lindhaid [1954] has suggested that they can be treated_

separate]y. Hence the total energy 1055 per unit length, -dEfdws where
X is the distance measured a]ong the d1rect1on of 1nc1dence of the ion,

15 g1ven by the sum of the nuc]ear and electronic energy 1osses, 1 x:

:‘_ﬂ : o

¥

- GE/Ox = (dE/dx)| + (dE/dx),  (3.10)

where (dE/Hi)n is the nuclear energy loss and,

f'{E}/dx)e is the e]égtroﬁﬁc energy loss:

R
' .

Hence, the total 1nc1dent energy, E, can be written as the

L Sum of the total nuc]ear energy depos1ted v(E), and5thevtota1

e1ectron1c energy depos1ted, n(E), i.e.,

oy

©ESaE saE)r . '(3.11)-_

L1ndhard Scharff and Sch1¢tt (L 5.5 ) [1968] have deve]oped a
comprehens1ve un1f1ed theory for at0m1c stopp1ng in terms of a

d1mens¢on1ess energy €, where

S

e 7‘: 2
e S aME/L Tt m e (3.12)

o)
."5‘ .

which leads to an un1versa1 nuc]ear Stopping curve as shown in

Fig. 3.4. Since e]ectron1c stopp1ng is a function of the ve]oc1ty of

.the inc{dént ion, a universal curve does not exist.

. . . . . ' - . T

« fal
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- Fig. 3. 4 Nuclear and e]ectronTC stopp1ng powers in terms. of theayh

.

dimen51on1ess energy parameter €. E]ectronic stopping.. .-

T - power i$ given for k = 10.15 and 1.5 (dashed 1ine),
L ' , ‘ o ™~

‘As the ion penetrates the target 1t continues to lose energy
unt11 it comes to rest. Assuming a random array of atoms in the solid
and the;statistica]]y random nature of the cgllisions, different ions
will have a different number and sequence of co]11s1on avents before
they come to rest. Hence, there will be a distributjon of stopp1ng
dlstances (ranges) which is usua11y assumed to have a_Gaussian shape.
This has 1ead to the definition of mean ion range R, the projection of

this range into the incident d1rect1on is ca]led the prOJected range R

and their standard dev1at10ns are known as the straggling- AR and aRp

X

N



i) the spat1a1 d?str1but10n of the these defects,
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3.1.4°  Number of\Disblaced Atoms and Damage Distribution of Defects-

In ion 1mp1antat1on studies; in add1t1on to the location and
range dletr1butat1on of the implanted atomf*‘one wou]d general]y like to
determine the f0110w1ng

1) the concentrat1on of defects produced,

iii} the type of defects produced.
. ,
- / . .
Collision theory can give information on items (i) and (i1)
while item (iji) is difficult to predict theoreétically since the final

stable defect configuration dppends upon a number of factors such as

acrystal structure, the mobility of the defects "at the implantation

temperature, the 1nteract1on of the defects w1th impurities and other
Scrystal defects etc; The spatial d1str1but1on of defects 1s g1ven in
terms of the, spatial d1str1but1on of the -incident fon energy dissi-
pated 7n eiasfic collisions, since inelastic 'collfeions "do not in
general .contribute to atomic_dieg1acements. The.spatial distr{butﬁoﬁ of

the range and energy deposited in atomic callisions is described by an
. 3

3 /’/}ngpgrodifferentia1 equatich given by Lindhard‘et,el. [1963] for
RS - ¥

¢

F(F, E) = Nar fdop

[F(F-6F, E- T - Mai) + FIF.-oF, To- 0)
" + JFo(F o Toi=Ui)1 + (1- Nerfda, ) F(F- &F, E)
! . - (3.14)
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whefeI?(F,E) 1s'a?spat1;§ distribution function for a partieie
. ' at position 7 ' '
Nardan’e is the proBabi]ity that the particular
co]]fsion ‘occurs in &r,
Tn is the energy tfansferred to the recoilfng atom,
. 71;1‘;5 the energyffransferred to the 1th electron,
Ed is the displacement'energy for the target atem,
uli 7s the ionization energy of the 1th e]ectron, ~and

i Fe is the spatial distribution funct1on for the e]ectrons:
—_— Th1s equat1on¢ is a linear Boltzmann transport equation for
which assume}lpns cqm51dered in Sec. 3. 1 2 are valid. An exact solutien
of the above equat1on 1s 1mposs1b1e unless further snmp11fy1ng
", approximations are made. It is therefore necessary to find the spatial
d:stribut1on moments and reconstruct the distribution from them. To
determine the mWmnents of the deposited energy distribution both sides of -
, equat1on {3.14) are muit1p11ed by r’, and then 1ntegrated by parts.
47’// This resu]ts in a recurs1ve expre551on for each spatial moment
"EW1nterbon et al. (1970)] defined as ' {\-
= [ PF(F.E)dPr. (3.14)

ﬁL: The Edgeworth expans1on, a weighted Gaussian distr1but1on is
- eommon]y used for jon . deposited emergy and ion range distributions,
: beE“use of its simplicity, and because ion energy and range d1str1-

but1ons arg often c]ose to be1ng Gaussian in - shape. For ions 1nc1dent

sﬁﬁiﬁﬂ to he target surface, the Tongitudinal distribution expressed ine

”’L
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~ terms of an Edgeworth expansion, would be:

F(z,6) = (§//TZ7,) exp(-t%/2) f(z)  (3.15)

. Ha : .
where f(g) =1 = —g—§72(3c - c3) ?E (——g - 3) (3 - 5cz+ C4)
H
: 2 ¥ - -

2 .
3 2).(15 - 45:24 5.t 6

-( ) and

e

- 2= 2> :
C o 1/2 ) ) . ]
Wy ‘

P

where M) =z - <>)™

g =1 for the range distribution of the ions

v(E) for the damage distribution

n(E) for the ionization.’

Two‘important parameters for damage determination are the first -
two moments of the spat1a] distrbution of energy depos1ted 1nto nuclear
collisions; the mean damage depth RD

P
standard deviation of the damage d1str1but1on ARE )

and the damage stragg11ng or

. A s1mp]e model to determing the number of d1sp1aced atoms which’
resu]ts from a co]11s1on cascade Was proposed by K1nch1n and Pease
[1955]. This model treats the collision as a two body event and assumes
that the struck atam will be displaced permaneht]y only when it receives

an energy greater than or equal to Ed' Accordiag to this model’the
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number of displaced atoms, NKP’ is
Nep = E/2E . - . (3.16)

This model has been modified by Sigmund [1969] using a power

law approximation to the Thomas-Fermi screened CouTomb potential and

: coprected to attount for replacement collisions and for énergy deposited

in electronic processes, both of which result in a reduction in the
fiumber of displacad atoms. The modified Kinchin- Pease formula for the

number- of displaced atoms is given by, /f”A\”““

\/

Np = 0.42 v(E) /€. (3.17)

This equétion states that ND»varies 1ineerly with the elasti-

cally deposited energy. This linear relation breaks down as. the

- energetic incident ion mass and the target mass increase, since a region

of higher density of recoil atoms is created.. At some point, the mean

free path between collisions becomes comparable to the mean interatomic

~ applied. Brinkmah [1955] proposed that when such 2 condition arises, an

energetic jon creates a v101ent1y disturbed’ region cosisting of a

vacancy rich central core surrounded by a high density of 1nterst1t1a]s.

'Depend1ng upon the ion energy, ion mass-and the target atomic mass the

disturbed region may encompass a volume approx1mate1y equ1va1ent to the

ent1re collision cascade or may occupy some 1oca]1zed volume (sub—

.

cascade). Since all of the atoms in the cascade volume become displaced

‘distance and hence the basic assumption of binary collisions cannot be ‘
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from their lattice site, the region is referred to as a displacement
spike. Heavy ions with energies in the range of = 10.to 60 keV would-
typically produce a displacement spike [Thompson (1981)].

e

When the energy of the moving ion drops bj%ﬁm.a certain value

where it cannot create new d1Sp1acements, the energy of the ion is .-

. d1ss1pated by thermal vibrations to the .Surrounding 1att1ce, therby
raising “the temperature of the lattice. This type of energy dissipation
forms what. is called a thermal spike.” A comprehensive analysis of
thermal spikes is g1ven by Seitz and Koehler [ 1956 1. A general
description of high’ dens1ty cascade: effects has been reviewed by

Thompson [1981] ' ’

Basc1a11y, there are two parameters which 1nf1uence the

relative 51gn1f1cance of the energy spike in estab11sh1ng the damage for

a given 1on-target system, they are (i) the average energy . density -

.

depos1ted in elastic collisions, e over. the cascade volume and (11) the
time requ1red to d1ss1pate ‘the shike egergy, i.e. the spike life t1me.

The ev is given by [Thompson (1970)1,

0.2 v (E)

6, = ——— - T T (3.18)

where Vcais the volume of the central core of

the caseade determined from the

-
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statisticai"cascade parameters; i.e.

p Tongitudinal damage straggling ((AX2>)1/2

o and tranﬁverse damage stragg]ing(<Y2>)1/2‘

[Winterbon (1975)].
and RV is the ratio of the individuaﬁ cascade

volume to the statistical cascade volume.

/s

The average individual cascade volume is determined from

Monte—cérlo sihu]ation of several collision cascades [Ha]ker (1977)]

Sigmund [1974] has attempted to define the spike lifetime in terms of
normal  thermal conductivity considerations for the deposited 'energy
density which, depending upon the materiai-ranges from 10714 to 10711

sec.

i s e ek
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3.2, A The Nature of Lattice Disorder

In this sect1on, crysta] lattice defects produced by heavy ion

1mplantat10n into metals and sem1conductors are discussed. The nature

of the damage produced depends on the chemical bond and the structure of

the target as well as on the implanted ion species, its energy and dose ,

and the 1mp1antat1on temperature.

+

The 1att1ce defects produced in the solids ‘are caused by-kinetic

" energy transfer from the energet1c incident ions to the target atoms.

When the energy transfer exceeds the threshold displacement energy of

the target atom (= 10-50 eV), the atom can be displaced permanently from

its equ111br1um 1att1ce site resu]t1ng in an unoccupied site called a
vacancy. When the d1sp]aced atom or ijon comes to rdst in a metastab]e
position in the 1nterst1ces of a lattice 1t is called an interstitid].
This interstitial-vacancy pa1r is called a Frenkel defect. a The dis-
p1aced atom can e1ther rema1n in the 1nterst1taa] s1te or it may m1grate

to a s1nk such as a gra1n boundary on surface. If the latter occurs,

the resu1t1ng vacancy is- known as a Schottky defect. If vacancies are’

formed in a compound crystalline material with ionic'character,
: N

7 eTectrical charge neufra1ity must be maintained and this will result in

as many anion vacancies as cation vacancies being produced. In semi-
conductors, the vacancy may be electrica]]y neutral or have several

charge states depending on the position of the Fermi level and whether

-1t acts as a donor or acceptor.

&
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An_interstitial introduces considerable 1att1ce strain in the

surrounding region compared to the strain produced by a vacancy. In
general for metals, the 1nterst1t1a1 format1on enerlly, E f » 15 consi-
derably higher than the energy for the formation of a vacancy Hence,
it is expected that interstitials would m1grate at a ]ower energygrE
than vacancies, thereby relieving the strain focally. Ei.m. is typi-
cally an order of magn1tude 1ower than the vacancy m1grat1dn energy,
B+ For examp]e in CdS ‘Ei.m; for Cd and S are & 0.29 eV and
= 0.22 ey respectively ‘[E1sby (1971)1, wh1]e E . 1s several ey,
Vacanc1es and 1nterst1t1als may combine spontaneous]y over short
‘d1stances and effectively annihilate and restore 1att1ce perfection. The
extent of th1s mutua1 annihilation zone has been ca1culated for copper
[Gibson et -al. 1960] and found to extend up to 50-100 atomic vo]umes
- Defects may also m1grate depending upon the1r mob111ty and agg?omerate
.to form clusters. By forming c]usters, the overall strain is reduced in
the lattice compared to that due to the same number of 1soTated defects-

The common forms of three d1mens1ona] c]usters—are precipitates (ciuster

of 1nterst1t1als) and voids (ciusters of vacancies).

Another type of Iatt1ce 1mperfect1on is called a dislocation.
A dislocation can “be cons1dered as the boundary between two regions
(s]1pped and uns]1pped) of a surface which are derfect themse?ves but
are out of reg1ster with each other Bas1ca11y, there are two types of

d1s]ocat10ns One is called an edge d1s1ocat1on in which .an, extra. half

>

—Llene of atoms (ABCD) is imagined to be 1nserted into the 1att1ce,,as,‘

-Shown in. Fig. L3.5 (a The edge of the extra p1ane is called an edge
' T
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! dis]oeatibn 1{ne. The. other type of dislocation is screw dis1bcation,
in which the 1atfice is imagined to be sheared on one side of ABCD
re]ative'to the other side in Ehé direction AB (Fig. 3.5 (b)).. The
boundary between the sheared‘and unsheared regions on plane ABCD (i.e.

Co) s called a screw dislocation.

Fig. 3.5 {a) An edge dislocation DC fdrmgg by 1n5eran§%én extra

‘half plane of atoms in ABCD (b) a screw dis]ogatioﬁ 0C

3

is formed by displacing thé“face ABCD relative to each -

-

other in the direction AB [from Hull (1975)1.

[
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A dislocation is defined in terms of a Burgers vector (5) and a

dislocation T1ine. The Burgers .vector is defined as a closure failure of

- the atom to atom path (called a Burger circuit) taken in a perfect

crystal compared to the identica]ycircuit taken in the crystal
sdrropnding dislocation as shown in Figs. 3.6 (a) and (b) for an edge
d{§1ocation, and Figs, 3.7 (a)f%nd (b) for a screw dislocation. The
Bufgers vector is then defined as-the vgetor joining tﬁe points Q to.M.
The Burgefé vector indicates how much and in what direction the lattice
has slipped‘WTth_respect_&o'the uns1ipped région. The Burgers vector of
an edge dislocation is ﬁorma] to the line of dis1o§ationfwh11e‘for a.
screw dislocation it is ?ﬁra]le]., The Burgers veetor of a dislocation .
is always the same 'énd is fndependenp of the positionf’of'?the

dislocation._
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Fig. 3.6 a) A Burgers circuit around an edge disléca.tion,
A b) the 'same circuit in a perfect crystal; the closure

failure (M) is the Burgers vector [from Hull (1975)].

Fig. 3.7 a) A Burgers circuit around a screw dislocation, - '

b) the same circuit in a perfect crystal; the closure

_failure (QM) is the Burgers vector [from Hull (1975)].

[
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When a dié]ocation is ‘contained entTrer within a crystal, so

‘that the 1att1ce outs1de and inside the boundary is perfect, the defect

. structure is ca]Ied a d1s1ocat1on laop. The s1mpIest type of Toop is a

pure edge d1s]ocat1on Toop formed either by the coa]escence of inter-

stitials or vacancies for which the Burgers vector is. perpend1cular to

the plane of the 1oop. This type of d1sIocat10n Toop cannot g11de and

will not move conservat1ve]y ‘under the action of an appl1ed stress since

the - Burgers vector is not in.the glide plane [Hull (1965)]. Such a

dislocation 1oop is called a prismatlc d1s]ocat1on IOOp which is sess11e‘

’by nature._ A schematic representat10n of vacancy and 1nterst1t1a1 1oops

is shown in Figs. 3.8 (a) and (b) respedt1ve1y.

—

A
Fig. 3.8 Schematic f]]ﬁstration of the dislocation Toop,

_a) vacancy type (b) interstitial type.

#- e——
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Another type of dis]bcation']oop is one in which the Toop and

its Burgers vector lie on a glide plane. The nature of the dislocation
changes with pos1t1on alang the Toop r1ght from pure edge, mixed dislo- °

cation to pure screw as shown in F1g. 3. 9 (a) and_ (b). ~ In addition

there can be loops whose Burgers vector is ne1ther para]]eJ nor perpen-

d1cu1ar to the plane of the 1oop.

Unslipped o

—Glide plane o Slipped —

~ Section plane Edge —]

Fig. 3.9 (a) A dislocation Taop on a glide plane; b) with a miked
- ‘ edge and screw dis]ocatioh‘[from‘Shewmon'(1969)]l

¥
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The Burgers vector of Fhe dislocation loop is defined using the
_convention of Finish Start/Right Hand (FS/RH) [Hirsch (1970)], as illus-
trated in Figs. 3. 10 (a) and (b) for vacancy and 1nterstit1a1 loops
respect1ve1y. Accorqﬂng to this convent1on an interstitial loop has a
Burgers vector po1nt1ng upward andrf vacancy Ioop has a Burgers vector

po1nt1ng downward perpend1cu1ar to the plane of the loop. . . >

v . -

(‘ ' 4 |

" Fig. 3.10- Illustration of the FS/RH convention for defining
Burgers vecton for (a) a vacancy dislocation loop.

and (b) for an 1nterst1t1a1 d1s]ocat1on 1oop [from

Lorreto "and Smallman (1978§7. ' e

£
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D1s]ocat1ons and dislocation ‘Toops are examples of 11ne defects
‘1n a crysta]., However, a- number of p]anar defects also exist in a

= t

-cpystal, e.g. stacking fau]ts, gra1n boundar1es, tw1n undaries, and
Tow ang]e bound;riee. A stacking fau]t in a crysta] results when the’
stacklng of an atomic plane or p]anes dev1ates from the normal stacking
sequence. The Tlattice on either side of ‘the, fault fis perfect The”
stacking sequences of spha]er1te and wurzite' areashown in-Figs. 3.11 (a)

and (b) respectively, which.are represented as fo]]ows

oSN
suhaler_ e accybBaacybpg - ---
wurtzit aabga a b Baabg----

( : - There are two types of stack1ng faults 1n the wurtzite struct-

ure; Type, I contams one violation of the stackmg -sequence, -or one‘,
triplet. of a sphalerite structure wh11e Type Il contains two violatians.
-of the stack1ng sequence, or two triplets of the spha]er1te structure.
‘The Type I fault is represented as, '

“ h
“ . o
o Y . -

Tybe I - aab Baca b g c Ybecy=--~ -3

| —

and Type II fault is represented as

Type 11 ‘a'a bBaabB8cyaacyaa---.

The Type I fault has a lower stacking fault energy than the Type Ir

fault, since it conta1ns only one v1oIat1on of stack1ng.}
- . ) ) V

1
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The cross section and projection an the c:plans of sphé1erite

(a) and wurtzite (b) str.uctures.
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"CHAPTER 4

o " ©

ION IMPLANTATION DAMAGE ANALYSIS- TECHNIQUES

Introduction: This chapter describes the hrincipies of the TEM and
RBS/channe1tng .techniqdes _applicab]e to” the present jnvesttgetion.
Section 4.1 contains a generalr introduction to the operation‘ of the
transmiseion electron microscope, followed by theories of image contrast’
and characterization of lattice defects by TEM. In. Seé;,4 2 the basic
principles of Rutherford backscatter1ng and the channe11ng téchn1quesu
‘are outlined, fo]!owed by their app11cat1on to. the measurement of

‘1att1ce diserder. The methads of data ana]ys1s adopted for the present

work are also described;

4L Transmission”E1ectron Microscopy-

4.1,L \ Introduction:

‘ 'The,transmission'e]ectroﬁ mtcroscope is a well established too]
for study1ng crystallographic defects present in crystalline mater1als
Bas1ca11y, it consists of an e]ectron source and -an assembly of e]ectro-
magnet1c Tenses mounted in a vert1ca1.c01umn._ The column is evacuated
- to a pressure better than‘lO's Torr. The thin sample (<40.1 um thick) to -

‘ be 1pvestigated is mountedaen-a goniometer capable of tilting the_sample’j .

Ly
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along two orthogonal axes so that an appropriate set of crystallographic-
planes can be brought into a d1ffract1ngzeond1t1on. Since the wave-
length of high energy electrons (e.g. wave]ength of_lOO keV electrons is
f3;7x10'3' nm) 1is comparable to the megnitude of the lattice strain’
around a defect, a shadow is formed in the ~mage when lattice planes

affected by the defects are in diffracting condition. The resulting

contrast in the image is called diffraction contrast.

The electron microscope can be operated in two principal modes;
iméging or diffraction. The electrons transmitted.through the sample :
are brought to focus in the back focal plane of the-obdeptiye jené,
forming a diffraction pattern. In the image mode, ehe image formedtby
the objective is further magnified by the intermedfate and projector
lenses while in the diffraction mode, the intermediate 1ens strength is
reduced so that the back focal p]aee of the objective is focused on the
viewing screen, formigz a diffracting pattern from the i1luminated area
‘of the specimen. When the undjffracted‘beam;is magnified to form_the
..ihage, one gets ‘a bright fie]d (B.F.)} image and when the diffracted beam .
is magnified to form the image, one gets a dark field (bﬁf.) image. The
selectiOn of B.F. or d%F. images. are mhdeaby inserting an objectivel'

aperture in the back focal plane of the objective.

*
<

If another aperture {selector aperture) of diameter D is p]aced
in the f1rst intermediate 1mage pTane then those e]ectrons travers1ng an
area of d1ameter D/M of the specimen will reach ‘the. viewing screen,

where M J's the magn1f1cat1on of the obJect1ve 1ens. In this way, a
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S

objective lens x 23
intermediate lens 8
projector lens x 100

Electron source

Condenser lans

Object

M — Focal plane of objective — Selector aperture .

Image

Intermediate
lens’

Projector lens

Microscopy Qiftraction’
“fe) ' {18

("

Fig. 4.1 Ray paths in the elactron hiérosaape (a) undar imaging

al.

condition and (b) diffraction condition.[from Hirsch et

©(1965)]
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diffraction pattern from a small selected area of the sample “is

o 38

-obtained,, This mode of difftaction‘pattErn formation 1s called selected

area diffraction (SAD). c o

For proper interpretation of an image (electron micrograph) a

SAD pattern from the same area -and orientation of the sample is essen-

t1a1 Indexing of SAD patterns has become a standard pract1ce and is
dealt with in any text book on_e]ectron microscopy [Hirsch et al. (1965)

and Edington (1975)]. Once, the SADb pattern is indexed the sample

orientation (foil orientation) and the electron beam direction-(B) can

be determined.

Since very thin samples are essential. for transmission of

electrons, the -reciprocal lattice points of such thin samp]es get

elongated in the form of a rod perpendicular to the foil surface. As a

result of this, d1ffract1on spots are obtained even when the recfprocél

lattice points do not touch the Ewi]d sphere. For some defect ana]ys1s

. an add1t1ona1 parameter sg, the dev1at1on vector joining the rec1proca1.

1att1ce po1nt to ‘the- Ewald sphere in a direction paraT]e] to B . is

o

requ1red (F1g. 4. 2)

‘A brief discussion of image contrast theories and methods of

'

characteri%ing lattice defects pertinent to the present work is given

-0
__..\'J
~Na
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Fig. 4.2" The deviation parameter Eg in the terms of the Ewald

sphere in reciprocal space [Lorstto and Smallman (1978)].

4.1.2. Theories of Image Contrast

To develop the theorles of imag«:- contrast . two smpl:.fvmg
_assumptlons are usua.llv made. In the flrst assun'iptlon the ﬂrysta.l is
theoretlcallv dlvxded into small columns pa.rallel to the dlffracted beam

direction and . trges_e columns are consmered independent of ea.ch othe

The inteasity at the bottom surface of t

“ ..
'lmatlon is known as column approxlmatlon In tie second assumption two

"




' 1ntens1ty contribution from each~slab is then ca]culate'

. up to get the 1ntens1ty at the bottom surface of the co]umn

"tude of the diffracted beam ¢ R 1s then g1ven by

40

mation. In the following section two theories of image contrast are
discussed: (a) kinematical theory and (b) dynamical theory.
- -

(a) Kinematical theory

Apart from the assumptfons made above, the kinematical thedry

assumes that (i) the electronf are scattered only oncé and (i) the

depIet1on in.the intensity of the 1nc1dent beam due to scatter1ng of
electrons from the column is considered to be very sma]] and can be

ignored. S ~. -

In otéer- tﬁ calculate the ‘intensity ;at”'thé B‘ttom of each
column ¥T£2;>pérfect crystal, each. column is ;magined to pe divided into
small slabs perpendicular to the direction of the d1ffra ted beam. !The
assum1ng that

each slab acts as a Fresnel zone and that these contributi s are summed

= (nifgg) g exp [-2ni§gz]q; - . (4.1) ~

-

‘. where &g 1s called the extinction distance for the operative

"reflection '§, 'defined as a critical distance in a .

perfect crysta] at wh1ch the transm1tted intensity

fa]ls to zero before increasing again
»

<

)
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t is the thickness of the sample.
Eg is given as,
! ¢
Eg f nvccoseB/Af(B) | - -(4.2)
where'V' is the volime of the unit cell
(e) is the atomic scattering factor for scatterlng
“through ar angle e

6 is the.Bragg an91e.
. S

1

©If §g is not_a function of the crystal thickness then integration of eq.

(4.1) gives. ' ‘ . «\\—’;ﬂ/;,-\‘ )

“¢g = (wi(Eg)(sin(ntsg)[nsg) {exp(—iwtsg)}i . .(4;3)

and theé intensity of diffractéd beam ig becomes,

[

sl (2,2, .2 - P2
Ig .¢g (n (£g J(sin wtsg/n

s ). e (4.4) -
g ) U
If §g # 0 the 1ntens1ty of the d1ffracted beam osc1]]ate5 for.
increasing sample thickness,* Such intensity var1at1on with 1ncrease in
samp]e thickness g1ve5 rise to th1ckness fr1nges wh?ch are found ijn

almost al) e]ectron m1croscope specimens,

- There are 11m1tat1ons to th1s 51mp1e theory for example 4

a) if assumpt1on (1) is to be va11d the th1ckness of the sample has to'
) -‘ | - . .
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be much smaller than the E s0 that there are not enough -scattering
centers to rediffract the electrons back to the transm1tted beam by
multiple scatter1ng. Hence for 10wer order reflections thé sample

thickness myst: be a fractton of E or < 10 nm (gg for Jow order

reflection is = 50 nm), _ . .

b) when sg = 0,-eq.(4.4) reduces to

1}

\ 2. : ’
. Ig (“E/Eg) ; and for t > €gﬁwl then‘Ig > 1

.
.

which imp]jes that the diffracted intensity exceeds the ihciqent

intensity, which is physically meaﬁing]ess.' Such shortcomings are due

. K »
to. the basic assumption that the diffracted beam is always of very low

1nten51ty compared to the undiffracted beam (assumption (ii)), as seen

to be trye’ only at Iarg;\ﬁilues of sg and/or<;:\ngyéh1n crystals.

determine the inflyence crystal Nmperfections® such as distocations?

-étacking fau]ts etc., have on the image contrast the d1sp]acement R of

a Aﬁp@ cell from its 1att1ce position in the perfect crysta] needs’ to be

e

calcu]ated.. For a cnysta] conta1n1ng defects Eq. (4 1) w1]1 be mod1f1ed'

-

to o 4, ' L.
(" t ) . o

8g = (mi/E ) | exp{-2ni(5.z + g.R)} dz. - (4.5)

g~ ‘MEgs [ exp g ‘ |

-

. The expre551on for the d1Splacement R depends upon the type of

defects present, for examp]e for a: screw d1s]ocat1on at depth t be]ow

the surface of a crysta] the d1sp1acement at a po1nt P(x X,y32) (Fig.

4.3) is given by

P
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= (B/27) tan"l{(2oy)/x) : (4.6)

o .

% where b is the Burgers .vector ' : N

Y
v

‘and-the scattered amplitude.is given as

. . . t ’ A
¢g = (nﬁ/gg) f exp{-zni(Egz+(§.B/2n)tan"1[(z—y)/x]}dz- (4.7)
s | - |

By so]v1ng th1s expression a prof11e of the electron 1ntens1ty

R as a- funct1on of d1stance from the defect can be obta1ned Because of

the s1mp]1fy1ng assumpt1on made 1in the, k1nemat1ca] theory, details of

1magea contrast cannot SZ‘—;;EQ:EEed pr0per]y. However, the Burgers

:vector of\the d151ocat10ns can be . determ1ne¢ by observ1ng the 1mage -

_contrast under dif;erent d1ffraq£lng cond1t1ons If one compares the

Tva]ue of ¢ for perfect and 1mperfect"€$ystals the"two expressiohe

differ on?y by . the term g R. Therefore when R .is perpend1cu]ar to g,

then g R = 0 and the d1slocat1on 1s predIcted to be invisible. For

exampﬂe in a screw dislocation the d15p]acement vector R is parallel to

b and it will be’ 1nv15151e when - g.b = 0 Th1s situation corresponds to

the case of the Burgers vector iy1ng in the reflecting plane.

L a?
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Fig. _4.3‘ Schematic 'iﬂustr'ating)gle model used to calculate -

the amplitude of the diffracted beam on the bottom
surface of thgcrystal [Lor"efto_ and Smallman (1978)F.

-

L




" one cons1ders that,

(b) Dynamical theory
o ) ..k' ' ‘ )
Dynamical theory of image contrast: accurately describes the
d1ffract1on process occurr1ng in the electron mlcroscope ~The assum-

ptions which were made in the k1nemat1ca1 ‘theory. are discarded and nowA

4
Y
£

(1) e]ectrons may be rediffracted back from the diffracted beam 1into
the transm1€§ed beam, and ‘
(i)  absorption of electrons by the spé%imen can occur, *
L . A

A more deta11ed formulation of the theory wh1ch ‘includes

severaI beams j.e. the mu]tlbeam case, 1s rev1ewed by Howie and Goringe
“[1971] Since the theory allows the red1ffract1on of the transmitted

énd diffracted begms, the transm1tted amplitude, bge and diffracted

amp11tudes, ¢ , are coupled. The cbup11ng is descr1bed by a pair of .

d1fferent1a1 equat1ons known as the Darwin Howie- Nhe]an equat1ons,

_ . L do, in in
. o T T 4% E ¢ exp(2n1s z) '
EEY RO : (4.8)
. / y g& in i ) (- )
‘ = oo o+ . exp 2n1s z).
4z T 9. & 0 .

Us1ng this theory the depth var1at1on of the transm1tted inten-

‘._s1é¥ in a perfect crystal may be. obat1ned from eq. 4.8.

2

wro
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The g'iffpacted intensity I is'given as _
[g= o5 %= (/e . s1n2(nts VAT L O T

¥ ;

and the ‘transmitted intensity is given as

1- ¢g

—
o
!}
-
(=]
it

(4.10)

where §eff (s 2, £ '2)1/2.

_ Coo

The intensity osci1!ate§ with depth, with a periodicity pf»ﬁg when §g =0
<\ ' '

- - —1 o
1.8 Sgpp = &y —~
. and. ¢g 2 = sinz(nt/gg).. t ‘ (4.11)

It can be seen“that Eg increases Q{fh increasing order of. reflection

because f{©) decreases as 9 1ncreases. For §g‘>> @ which is the case

for- thngeak beam condition, geff = -g and Eq. 4.9.reduces to

e

. (nz/gé)“ sinz(wt§g)/(n§g)? I (4.12)

-which is.as derived in eq.(4.4) for the kinematical condition.

‘A
o
kS

p .
The. contrast from an 1mperfect crystal is considered. in

prec1se1y the same way as in the k1nemat1ca1 theory j.e,-by 1ntroduc1ng

“an extra phase factor 2ng.R, we get



-

! e 4
| d¢0/dz.e (in/go)¢° + (iw/gg)¢gexp(2ni§ge + 27ig.R) - (4.13)
dgg/dz = (in/E§)¢oexp(-2w1§gz - 2qig.R) + (‘i'rr/Eo)cpg- (4.14) e

As seen in the k1nemat1ca1 theory, the 1nv1s1b111ty cr1ter1on

can also be app11ed here ta determ1ne the Burgers vector of the dislo-
-cat1ons. There is a smoofh transition from the dynam1ca1 theory to the
kinematical cond1t1on which depends on the value of § g . Consequently,

-

qihe k1nemat1ca1 *conditien occurs as sg 1ncreases

.7 #1.3.  Characterization of Lattite Defects By-TEM
.Y . _ |
In this section fmage characteristics of some of the crysta]-

]ograph1c defects relevant to tRe present study are summarized.

ur/,’— (i) Dislocations: ‘

In the preceeding section it was shown that a screw dislocation
is invisible when g.b =0, wh1ch is-known as the invisibility criterion.
»For an e1ast1ca11y isotropic- so11d the d1sp1acemeqi associated with a
screw dislocation is in the direction of the Burgers vector. Therefore
g.b = 0 is a sufficient cond1t1on for the invisibility cr1ter1on.
However, for edge and -T/xed dislocations the. &d1sp1acement field is

complex and therefore' t.f:

yynv1s1b111ty cr1ter76“‘g B = 0 is not .

sufficient for comp late” i of the d1s]5 £1on image. For a pure
‘ZR

edge dislocation it canb¢;19 "LHirsch et at’. (1967)] that the invisi-

b1]1ty criteria are g.b —0.-nd g.bxu-= 0. If g.53= 0 but g. B x a0

_ .-\ : . f}; ‘b
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a residual contrast of the dislocation image remains present, where u is

" the unit vector along the dislocation line. . . -

%

-

The Burgers vector for d1s1ocaf§Pns can be determined by
imaging the djslocations under the two- beam cond1t1on Wwith sevaral
d1ffrac ing vectors. A pair of d1ffract1ng vectors‘_g2 and §3 is
ocbtained for which the dislocation goes out of contrast'and is observed
in ‘the §1 reflection, i.e. §2.5 g3.5 = 0 but 91.5 # 0 as shown in F1g.
4. 4 for the case of an edge dislocation. This means § is perpend1cu1ar
to both §2 and §3. For elastically anisotropic_materials, d1s1ocat1ons
are often of m1xed character (having both edgé and screw components} and
"have a comp]ex displacement field associated with them. In such cases,
- dislocations do not go comp]ete]y‘ out of contrast but g1ve a weak

contrast when the above 1nv1s1b111ty cr1ter1a are app11ed*~\\

.
‘ 5
.*:‘s;‘ | ‘ -5 ‘
W= |t M
% 1Pgs
) " \_ j //
\ o - V/ ) : k—‘

-
Fig. 4.4 Demonstr. e §.b = 0 rule for an edge ‘dislocation.

Only the‘*ﬁtt1ce planes that be]ong to g1 are strongly bent, so
that 3,.5 # 0 whe*as..gz.ﬁ = 5.6 = 0 [Reimer (1984)1.
‘ & o (’ : o .

-
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{ii) Dislocation loops:

In studying dis]ocat{on Toops one is primarily interested in
determining thehtype (i.e. interstitial or“vacahc}) and Burgers vector
of the ioope For convenience, the dislocation loops are classified
into two groups on the basis of. their image contragt which in turn
depends upon their sjze. They are:

(a) large 1oeps with a diameter >10 nm which give clearly resolvable
images. The general appearance of large dislocation loops is either
circular or e111pt1cal depending upon its or1entat1on with reSpect to
the electron beam d1r‘ect10n. A

(b}  smal ]oops of diameter <5 nm which appear as’ b]ack white dot

contrast under dynam1ca1 conditions (i.e. sg 0) ¢

1

-

(a) Characterization of large Toops

7 Tdkidistinguish lthe 1mage contrast produced by d?Slqcat1on
loops of either vacancy or 1nter‘st1t1a1 type,>th9ca5e of a 1arge
prismatic loop is cons1dered here. F1g. 4.5, 11]ustrates vacancy (a)
and 1nterst1t1a1 {b) loops or1ented on either side of the electron beam
such that the d1storted planes approach- the Bragg condition, The -

“position of the image of the loop is determ1ned by the factor (g b)s

- In the case illustrated, (g 5)5 >0 for both types of loops. The image -

of the loop forms inside the 1oop as shown by .the sol1d sine jhlfhe

-

f1gure. In contrast, for‘the Oppos1te or1entat1on ((g‘ )sg <0} of these

loops the image will form outside the loop. If the sign of g Or.§g is
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. , ‘
reversed, the image of the Toop will: shift from 1ns1de to out51de the
Toop or vice versa. This forms the bas1s for determining the character

of the loops provided  the inclination of the loop plane jis knqwn.

(b) Characterization of small loops

Small Toops (<5 nm) appear as black dots when imaged under
kiquatical conditions (1.e. §g£ > 1), However, if the same loops
happen to be near the sample surface they may give rise to black- wh1te
dot contrast when imaged under dynamical conditions (1,e. §g é 0). The
diffraction contrast APising from sma]llloops has ‘been studied- in detail
by Hj]kens et al. [1972]. To determine the nature of loops which give
black/white dot-contrast, a vector T is defined 1n such a way that it
rpo1nts from the center of the black dot to the center of white dot. The
or1entat10n of T With respect to g depends upon the depth from thg
surfa;e. The nature of the contrast for interstitial and vaégkcy loops

at different depths of the samp?e is schemat?cal]y dep1cted in Fig. 4.6:

(a) and (b) respectively. —
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Fig. 4.6 Schematic of diffraction chtrasgk'from sihall {a)
. ' !,_ .
interstitial loops ‘and {b) vacahcy .loops } from

différept depths within the sample [from Wilkens
(1972)1.

(1) Stacking faults i

'-Imqge cbntrast_arising from stacking fgults in the wurtzite
structufe has.been §tudiéd by a number of workers [Black et al. (1962,
1964) Chaddefton et al. ﬁ(1963,1964)]. The geneéral feature of the
contrast consists of a parallel series of é]ﬁernate dark and bright

fringes of equallthickness. The stack1ng fau]ts are invisible when g. R

=0, or an 1nteger, where RF is the displacement vector of the fau]t.l

The type of fau1ts in the wurtzite structure has been'1dent1f1ed by

Black et al. [1964] by observing the contrast of the first and last

fr1nge under var1o§s-d1ffract1on conditions.
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4,2. Damage Analysis by RBS/Channeling

.

N .
. + .
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-y
In this sect1on the theoret1ca1 aspects of the RBS/channeling

techn1que are given a]ong with the procedures for obtaining ‘the number
of d1sp1aced atoms or scattering centers. Dechanne11ng of the aI1gned

He™ beam by various defects 15 also d1scussed.

>

4.2.1. Theoretical Aspects of the RBS/Channeling Technique
| Q;:x% ~/
(a) Rutherford Backscattering

w o ' When a beam of high _energy ‘f%ypicaily 1-3 Mev)

=protoqs or helium ions strikes the surface of a taréet some of the inci-
dent partic]es_wi]] be elastically backscattered. The energy, El’ of
" the particles scattered through an‘ang?e ¢ 1s related to the jncident )
particle energyrE0 by.

E1 = KEd, ‘ (4.15) :

where K is called the kinematic factor which is given by

- . B -

+ . : . 2 - . )

[1-(Mi/M2)2sfnzell/z+(M1/M2)cose

= - . (4.186)
3 _

The k1nemat1c factor depends only on. the rat1o of the incident,

Ml, to the target, Mz, atomic masses ‘and on the scatter1ng ang]e. The =



likelihood of thewpccurrence of an elastic scéttering event at an angle,

-

8, in the laboratory coordinate system is given, for M 2, by

do/da = (2122e2/4E0)2[sin'4(e/2) - 2(m/m)% -1 (4.17)

where dg/d9 is the differential Rutherford scatterihg

cross-section.

Fig.4.7 illustrates the fundamenta1 feafures of‘ah‘expehimenta1
arrangement for Rutherford‘backscatfering analysis, The incident beam
of protons or hefium %ons is collimated with a set of apertuﬁes.before
- impinging on the target. A small fract%on of these partic]és wj]l béck—
scéttef from the target. ' Part of this fraction is co]]ectgd by &

suitabje particle detector (genera]]y a silicon surface barrier

detector) situated at an ahg]e &, with a solid angle dq.

. : l . . ‘ ‘, !5‘
‘ ;&D | .
| - H*and He' detector

|

|

[

|

180-8 . S L beam_ i)
--C __/ ) o . \

#
goniometer collimators

L4

Q:ystc(

r

Fig. 4.7 Schéhatic diagram of the experimental set-up for_a

~7 C ‘ chanhe]1ng-backscattering experiment

~ : : .o | o

RSP WL
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A typ1ca1 backscatterlng spectrum from an amorphous target of

atom1c mass M2 is shown in F1g 4,8. The 1nc1dent part1c]es which are
elast1ca]1y scattere% from the surface of the target are Helected at an .
' energy El’ .accord1ng to equations. (4, 15) and (4.16). This energy

corresponds to the h1gh energy "edge of the spectrum. Those particles

which penetrate into the sample steadily lose energy through inelastic
c01]1s1ons with target electrons. These may be backscattered elasti-
cally from d1fferent depths within the target and give. rise to the”
plateau region of the spectrum. S1hce the d1fferent1a] scattering cross
‘section is seen from equatdon (4;17)‘to be inversely proportionad to the

Square of the energy immediately before the scatter1ng event ‘the

' backscattering yield 1ncreases for particles that have penetrated deeper

1ns1de the target Those particles wh1ch penetrate deeper inside the

target and subsequently backscatter at a depth t, will lose energy

r o
dur1ng the ingoing traJectory and the outgo1ng trajectory, If it is

3

assumed that the- QEtected particles have suffered only one eTast1c <

collision at a depth t, then the energy of such part1c1es after 1eav1ng
the target’ may be used to establish the depth at ‘which the back-

scatter1ng event - occurred

The energy of the exiting particle is given by = a o
=k (Eo' 8E5p) - AEput . , .(4.18)
where AEin and AEOUt are the 1ne1as£1c'energy Tosses during
the ingoing and butgoing trajectories (as seen in Fig. 4.8).
g ) - S -



. target of

atomi

- 11

Fig. 4;8 N‘typical_backscattgring spectrum from an %qg:gﬂpus
. v il

55

atomic

mass Mg

inctdent jon beam

€ mass My
energy Eo

target.



56
For spall values of t (=100 nm), the stopping power during the
ingoing trajectory S(E{n) and the outgoing trajectory S(Eout) can be

-

considered constant. N
Hence, A\

B 7 KD (R )/c0s8] - £5(E,,)/cos(180 - (5 ¢ ) (4.19)

out

LV

where g is the angle between the surface normal and the

" incident trajectory.

Diffdrentiation Qf Eq. (4.19) gives the . required energy to depth

-

conversion as

- 4E =\Ai[{KS(E1.n)/cosB} + S(E ) /cos(180 - (B + 8))] - (4.20)
‘ﬂ‘ : S . . L. ." ’ [‘\ 7
The.m1n1mum va]ue of At wh1ch can be measured i.e. the depth-
‘ ' ]

resolution, depends upon the energy resolut1on (aE'') of the detector

9 L Fﬁnd the scatter1db ang1e For a good qua11ty $i surface barrier
\} detector, AE''s 15 keV. for MeV He' 1ons, then if-g=0 and @ = 160°, the
‘ ~ depth resolut1on for 2‘MMeV He® on CdS has a Qa]ue Qf appfoximateiy

= 25 pm. -

"‘

The depth resolution can be improved by Modifying tthgsﬁIE
’f“*) h ‘ ‘ eiing geometry such that the path length of the ingoing beam and/or

)
outgo1ng beam is 1ncreased This can Be done by either tilting the

.

*
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sample with respect to the incident beanm (glancing angle of incidence)
and/or 1nsta111ng a detector at' a glancing exit ang]e. However there

are pract1ca] 11m1tat1ons to ‘the attainab]e depth resolution dye to

surface roughness, energy straggl1ng and angle of acce tance into the -
. detector [Williams (1975)_and (1978)7. Ahso the g]anc1n:k;n§TE\gecﬁetry

1ntrodUCes large inaccuracies in quant1tat1ve analysis 1f the ang]e is
not known accurate]y. The depth reso]ut1on for 2 Mev He on CdS as
calculated for at''= 15 keV, g= U © = 100° s = 6 nm,

o o

-~

i

(b) Channe]ing
-
When a major axis op p]ane of a single crystal is oriented

parallel to the d1rect1on of an energet1c 1nc1dent ion beam the ions are

gently steered away from the atomic rows .or planes by a series of corre—‘

lated small angle - co]11s1ons.“ The jons are- then said to be channe]ed

_and th1s steering phenomenon is cal]ed channelrng The 1mp11cat1on of

th1s p1cture of channeltng is that the channe]edd;ens oscillate between

the str]ngs of atoms and never penetrate closer to the str1ngs than the
L

screen1ng distance, a, (=0. Ginm). _his c]ose encounter processes such

H‘as those - that - occur in backscatter1ng, the product1on of - X =rays. or 1n-

“hpc]ear react1ons are proh1b1ted for channe]ed ions. The channe]ing
phenomenon is well descr1bed in a number of books {Morgan (1973);

'Fe]dman Mayer and Picraux (1982)] and excel]ent rev1ews [Gemme] (1974)
Davies (1978)], hence, only a brief outline of the relevant part of the

theory will be presented here

-

A\
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Fd

e - ] 4

Fig. 4.9 Schematic diagram’illustrating the channeling phenomenon

Fig. 4.9 111ustrates the phenomenon of channe11ng in which an

energet1c beam of protons or helium ions is incident—st an angle y with

respect to the atomic rows.. The angle ¢ 'is smaller than®a crypical-'f-‘

angle ¥e3 —J wh1ch is defined as~the largest ‘angle for wh1ch ions can

matnta1n the1r channe]ed traJector1es. Since hany atoms in the rows are

" participating in the steer1ng process, one may consider a continyum

model {Lindhard (1965)] in which. the nuclear charges of these atoms are

assumed to . be un1form1y d1str1buted along the row. Henck the traje-

_.ctorl;s of the channe]ed part1c1es can be descr1bed 1n terms of a single

continuum potential U(r), where r is the perpendicular d1stance~irom e

atomic rpﬁ. -Lindhard_[iQGS] gives the tonfinuym thénti§tﬂﬁ§ -

W(r)= (2,2,e%/d) M (a.21)

=



3 . 59
where r is the distance from the row of atoms
d is the atomic spacing along the channeling .
direction, and D -

= ¥3 .is a constant. : T

U(r) 1s approx1mated as being 1ndependent of the.d1stance along
the row, and acts perpend1cu1ar1y to the _atomic row. | An tmportant

consequence of this model is the conservation of the transverse energy

of the channe1ed ions, E.. I L S
! = N
For a channe]ed ion, : .
T _ _
~ 2 ) : . A
Er =B v+ U(). | )

The concept of the critical ang1e for channe]tng emerges from
’ »

—

the fact that when channeled(lons approach ¢the atomic row too closely

the c¢ontinuum approx1mat1on breaks down and the gentle steer1ng process

is. d1sturbed as the 1on 1nter/cts .With 1nd1V1dua1 atoms. Breakdown of

this steady state process ]eads to dechannel1ng. The minimum d1stance

of*approach for wh1ch channe11ng occurs, r nin? corresponds to the case

when 1ons are 1nc1dent at the cr1t1ca1 ang]e w . The critical ang]e w

channe1ed ions i.e,

S - W
max _ 2 '
ET R Eo (o U("'min)
or = Wlrgg ) ENE o (43

min L

v
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Substituting for u{r in)‘ from equat1on (4.21) in ‘equation
(4.23) one determines that channe11ng occurs for ang]es
.~ a

v = {ZizzezlEbd) 1nl(ca/r)? + 14e. (4.24)

Genera]]y, except @t low temperatures (<< 300 K), the therma]
mot1on of the atoms in the direction perpendicular to the channel limits
the m1n1mum d1stance of approach rmtn' Hence, a first order estimate of v
the cr1t1ca1 angle Ve for axial channeling is obtained by . subst1tut1ng
the transverse root mean square thermal v1brat1ona1 amplitude, ms fer

PminTin equat1on (4.24), B

ve = 4Z,7,¢%/E4) 1 [(Ca/b )+ N}WZ .
or MW= A/ 2) In Licars )2 1]1’2 (4.25)
' where wl' = (221 o€ (Eod)l/%, ‘whtch is called the‘

- ° characteristic angle

F1g 4 10 {a) shows the backscattered energylspectra for 1.0

. MeV-He '1nc1dent along the <111> axis and in a non a11gned d1re;t1on in

"

‘a s111con crystal, and Fzg 4 10. (b) shows the norma11zed backscatter1ng

.:y1e1d as a funct1on ‘of t11t ang]e (angular scan) obta1ned for 1.0 MeV,

L

gkm 1nc1dent about the <111> d1rect10n in a s111con cnystal As can be

seen, the backscatter1ng y1e]d decreases as- the 1nc1dent beﬁh approaches

the channehng d1rect1on. The ha]f angular width at the ha?f mvﬁmum

L Vl/Z' 2§’ shown in the F1g. 4 1u (b) 15 tne exper1menta] critical angle.

. The - norma]rzed m1n1mum yle]d xm1n' as’ shown in Fig. 4 10 (b) is defzned o

T




61

rd

as the ratio of the backscatter yd‘e]d for an aligned incident ion beam
to that in a non-aligned direction @nd is given by Lindhard (1965) as
o _

-

(4.26)

Ymin rms
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Any experimentally measured value of Xmin is affected appre-

c1ab1y by the thermal vibrations of the lattice atoms, interstitial

impurities, tattice defects in the crystal and ~also by the initia]

divergque gfithe incident beam. It .Js this;hehaviour that enables the

channeling phenomenon to be used as an analytical tool in the study of
]att1ce dtsorder, identification of- 1att1ce defects and determ1nat1on of

the'w1att1ce location of impurities in a crystal: provided that the

spat1a] d1str1but1on of the‘channeled ions (f]ui‘distribution) across

the ehahneJ ii known. The Flux d1str1but1on across the channel can be

ca]cu]ated as explained below.

The ion flux F(r t) at any position r, 1n the plane perpend1-"

cu]ar to the channeling d1rect1on (transverse plane) can be calculated

"if the potential U(F), at that. point 1S~known. The potential U(F) can
be calculated from the‘MoTierejhumerical_approximation [1945] to the

" Thomas-Fermi interatomic potential and is given by
. , P

PR

Figs. 4.11'(§§ and (b) show plots of‘equipdtentia] contours as
d

‘uAtom1c Yows para]lel to the c-axis, are formed Qy alternate Cd and S: .

)

atoms’ while atomic rows Répallel to the a-axis are formed by pure Cd and

»
pure S aﬁ_ﬁs %%#”the mtéed rows an average of - Z2 of Cd aqd S was taken

in calcu]at1ng the- cont1nuum potent1a1._ An ion entering the crystal at
the‘pqint'rin,‘picks up an'idittal transterse energy U(rin)" It the

L]

T e

ent along the two maJor axial channe]s 1n CdS.

U(F) = (112,68 /7)(0.1787/2 *'0.-3?:.0'_3”3 + 0:55e71+27/2), K‘hu‘*
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angle of incidence with respect to the lattice row is %, then the total
transverse energy,,ET, is given by
o

= E(rips Egr 90 = Ulryp) + Egsin®y, - (4.28)

0
K ' If defects are present within the channel then mu1t1p1e scatt-
er1ng by " these defects W111 Tead to an angular d1vergence, §(t), which .
increases with depth te This will resu]t in an additional component to
ET in Eq. (4.28) of E sin 6 tl For ¢ ’J}/ the ion is constrained to
move in the area A(ET) of the equ1potent1a1 contour def1ned by Fins E
and &(t). . Lindhard [1965] hee shown thap_after penetrat1ng a certain
depth fons reach a statistical eqﬁT]ibrfeﬁ. ‘In'this situation, the fons

have equal probab111ty of being anywhere w1th1n A(E “Fhe probability

P
of finding a part1c1e somewhere in the a]]owed:area’A(ET) is given by

' 4
- - L ~ .
‘P(ET, r) = IIALET) for U(r) < ET |
. =0 for U(r) gy (4.29)
A
The net probability of finding an jon at r can be Eouq</
1ntegrat1ng the above probability over e incident transverse plane
perpendicular U% the 1ncidept'beam directipn. This is given by
Fi7) = AR ) /A(EL)e o (4.30)
: ET% (r) _‘-m» L) ' e .
o A
* From this resg]t the flux at any point T ‘in the channel for
any incident ahgle can be calculated. Fig. 4.12 shows the flux distri-
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i

Udt1on across the c- ax1s channel in CdS in terms of r/r0 {where ro is
e ~

radius of the channel) for 2 MeV He' 10ns. This plot shows that the
effect of channe?1ng is to transfer a spatlal?y uniform distribution of
channeled ions” into- a distribution that s peaked at thg center of the
channel, ‘Th1s feature of channeling is called flux peak1ng and shows

that the f]ux=n1nten51ty and hence the close encounter probab121ty

approaches zero near the atom1c_qus The experimental evidence for

ﬂux peakmg has been gwen by Andersen et al, [19717.

F]ux peaking s an equ111br1unx process wh1ch requires a few
hundred nanometers depth to ‘become fully established. Also the amount

of f]yx peaking is eXtremely sensitive to the initial perfection of the

‘crystal to the incident beam d1vergence ’thegmd? vibrational amplitude
: and to the amount of lattice . dTSorder in the crystal, A1l ghese

- parameters are sources of multiple scatter1ng which reduce the flux

peaking. . ‘While it is d}ff1cu1t to specify the extent of the flux

peaking 1n any given 51tuat1on the fiux near the 1att1ce_;nus~is‘a1ways

very smatl.

- -

4.2.2 . Damage Determination

In Sec. 3.1. 4, 4t was mentioned that in ion 1mp1antat1on damage

. stud1es, one is 1nterested in determ1n1ng the: total damage, the depth

¢
d1str1but10n of the damage and the type of defects . produced In this

sect1on methods of determ1n1ng the above quant1t1es are d1sCussed
v Q . =

ta
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To quant1fy the ijon implantation damage the measured back-
scatter yield needs to be separated into two components, one due to the
backscattering of the channeled particles from the displaced atoms, and
// _ the other due to backscatter1ng from all of the atoms of the crystal of
P, : partvc]es that have been dechanne]ed at shallower depths. The analy-
t?ca] procedure for measur1n91§?mage can be explained with the he(P of

7 .

- Fig. 4.13 which shows the backscattering yield foF 2 eV He' inCTHent

ﬁ__g// a]éng the c-axis and in a nonﬂa11gned direction on an un1mp]anted and a

40 keV Bi implanted (1x10 15 ions.cm ) CdS crysta]

- The small peak that appears near the surface in the undamaged
crysta] spectrum is dye tp backscatter1ng from atoms at the beg1nn1h§ of
each row in the‘Lrystal . additional contr1but1ons can ar1se from the
presence of a surface oxide or thin amorphous layer onthe Crysta1 sur-
face. ‘The backscattered yield for a damaged crysta] ex1b1ts a Iarger
peak due to backscatterang from the d1sp]aced atoms and an increase in

y1eid beyond the damnage reg1on‘because of the 1ncreased dechanne11ng of

He jons as thew

hass through the’ damage reg1on and are scattered by the

defects 8les > Yoo o LY

e ’ : T .

The backscattered y}e?d under the !damage peak D’ after’

correcting for-the dechanneled: component is the result of we1ght1ng the

ra&ha] .distribution of the\HQSp1aced atoms at a depth’ t, G(r, t) by the

channeled beam f1ux dJLtr1but1on F(r,t), i.e, ‘\;)‘

L3

[



-"\_,_,_\’ “
J . * t
| .
" 2rsof . . v s \
2500F
_ ~
2250+F 4
. \
o 2000F D , ]
Ell 4 :
> B 3 \ B
~ ° _wsof g :
L40. 150 - 160 - 170 = - .80
, - ENERGY (Mev) ‘
e & . P o ' S ‘
a - ) - ’ st ) o ” L
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but1on of the scatter1ng centers across the channe] w1]1 be d1scussed

o= JB(rt). Flrtyda (4.31)
A .' v

*
where A is the area of thgﬁfgennel accessed by the beam

First. it will be assumed that G{r,t) and F(r,t) are un1form

across the channel and later the effects of nonunTTorm1ty of the d1str1-

p T

The analytical procedure by which the backscatter peak 1is
related to the amount of damage present 15 based on the assumption that
at some depth t, be]ow the crystal surface the incident aligned beam

cons1sts of an a]1gned and a non-aligned (random) component [Bogh

(1969)] The probab1]1ty for a transgt1on from the random component to

the a]1gned component is cons1dered t3 be neg]1g1b]e [Bﬁgh 1969)3;. The

backscatterwng y1eld Y (th from a depth t, is given by . o

8] = () g (WO < x 0%+ (e

-

»

where Xg is the non- a11gned fract1on of the ana1y51ng beam“

given as YR/YD, where

'YR is the backscatter y1e]\“Tor‘1ons which Have been”

ND(t) is the atom1c denshi:'of d1sp1aced atoms t a
. ¢ d ’ e
» deptht, an

N is-the atohic density of the orysta].

<

S -
P
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The fwst term on the right s due to the scattemng of .
channeled Ions from d1sp1aced atoms and the second . term is due to the
non-aligned portwn of the beam. If equat1on (4.32) is so]ved for ND(t)

one gets, ' _ - %

* . ‘. o~

‘ ND(t) ﬁ:{'n(t)ﬁv(t')} - xR(t):_I/{‘l - Xﬂ(tﬁ\ : (4.'33)

' It can be seen from th1s equatwn that in order to obtam the
concentrat10n of scatter‘mg centers at a given depth the random
fraction of the beam a{/a depth t must be known. This requires ‘;
knowledge of the type of dechannehng behaviour which occurs in the
damage region. An exact model for‘ dechannehng w1‘)} de‘pend on the

. number of small- ang]e scattering events

hich characterize the channeled

to non-channe]ed tr‘gh;ition. )
v e~ -

v

N N(tdt can be
'obta]ned ‘using a - s1mple hnear dechannehng approximation. In this

4
approach FFeldman (1971)]1 a straight ]Tne is drawn from the channel (a)

The tota1 number of displaced ato

behmd the damage peak in the damaged spectrum to zero at the sur'face
channet (b), .as shown in F1g. 4. 14 and a correction 1s made for' the
contmbutmn from the undamaged yield to. the tota] y1e1d. The number of

.seatterung cente)* ,(_ND) can then be calculated from the._foﬂowing

equation, S R R A N
-7 Toe - e T '
z YD(-i).-(b-a')Y(‘a)_l_Z-[g"Y,,(1')-Yv(d)e(b—d_)/Z.]. YR
Ng = NaE /s, 152 - 1 — , (4.34)
o _ Yy - Yplade SR S P
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¢
is the average random stopping power of He 1ons

incident on Cd in CdS and

ﬁc

N\

Fig. 4 14 The ]1near dechanne11ng approx1mat1on to determ1ne

o~
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The use of af’Fandom stopping power for ‘the al1gned beam

introduces some error in the valye of. ND, s1nce the stepping power for
~
an aligned beam is always smaller than the stopp1ng power - for a

non-a]igned beam, The‘d1fference in the stopp1ng powers depends upon

the channeling dlrect1on the 1nc1dent beam energy, and a]so on ‘the type

and the amount of damage. The d1fference in stopang powers for the two

dlrect1ons was found to be abouh 30% for 1-2 Mev He 1n an undamaged

crystaﬁﬁf/dtt1ger and Eisen™(1973)]. This d?fference decreases rapidly

_as the damage bu11ds up in the cﬂystal %
L

= . - In the backscatter spectra of a damaged Cds. crysta] the cadm1um

@ 4 . B .

PO } ) . . ".‘ . . - A

d1sorder peak is d1st1nct]y observab]e while the sulphur- d1sorder peak
-is much smalier and super1mposed on hIQh background due to counts from
-cd gioms 1y1ng dleper in* the target, consequent]y 1n the present study

only the cadm1um drsorder was determ1ned Svnce the channe]ed beam ﬂhl]

'?ose energy by 3ne1ast1c scatter1ng events w1th both the sulphur and the.;”

cadm1unlfatems of ‘the crystal, an average of the Cd and the/E: atoms
stopping _power [Bragg rule (1905)] wds uSed in tpe catculation of N
- To" facilitate the damage ca]cu1at1ons a computer program was used to
determ1ne the tota] damage " The total damage was calculated. over the

same depth for ail the ana]ys1ng beam energies, L

R
-

‘When scatterlng centers are non-un1form]y d15tr1buted across
'the channe], it is possible to obta1n 1nformat1on on the radfal d1str1-¥

‘ but1on of the scatter1ng centers G(ryﬁ), by measur1ng\NQVpT for.

d1fferent vaJues of area accessed across the channel, “A method of

—

L. - ) i . & & ! L

b



74

vary1ng the accessed area of the channel by the 1nc1dent beam is to t11t

" the crystal by a sma]] angle y, (<gc) away from the channeling _

direction, ‘ By doing this channe?ed Jons’ will pick up add7t1ona1

.etransverse energy ET, equal. to E w . and move closer to the rows of

atoms, Tne tota] transverse energy of the channe]ed ions then beComes
(ref. eq. 4.28) '

¢
e

o
Ep = Ulng) v o

. where AE is the add1t10na1 increase in transverse energy due

o to the finite co1]1mat1on of the beam and to mu]t1p1e

. T scatter1ng from the rad1at1on damage as wel] as from

inelastic scattering from atomic electrons.

Tia

By changing ¢ the tota] transverse. energy of the channe]ed jons

can be varied. ' The rad1a1 d1str1but1on of the scatter1ng centers can

. Now be determ1ned by measur1ng N for d1fferent values of transverse

energy 1.e distance from the atom1c rows. This method of determ1n1ng’J

G{r,t) has been app11ed by Fotr et a].(1976) and Thompson et aT.-(1976).;

" *
- 3 . : - ~
. * L} - .

4.2.3. Dechanneling by-Defects

As d1scussed in Sec 4, 2 2 an incident a11gned beam consvsts of
channeled and non-channeled components within the target Scatter1ng

from e]ectrons therma] v1brat1ons, lattice defects such as point

4

' defects .and extended defects prov1de mechanasms for scatter1ng the

¥y,

gl
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“ctgqne1ed component into a non-chazfe]ed condition. Once the incident
-papticles are dechanne1ed, they maj be scattered through 1quer eng1es
- because correlated ¢o11ision events no longer occur and they may
penetrete_ closer to the 1attice' atoms. Dechanne11ng in undamaged
crystals at different tepperatufes has been studied by the Catania group
for Si and Ge [1970] and by Davies et al for W crystals [1972]. For'
the axial channe11ng case the Catan1a group reported 2 pim dependence

of the dechanne11ng rate (dechanne11ng per unit depth), wh11e Davies et

al. found a weaker dependencedon the v1brat1one1 amplitudes.

_,}‘

“The presence of defects ‘within the crysta1 increases the- rate‘ o

of dechanne11ng. The probab111ty of dechanne]1ng per unit - depth
(dP/dt), is g1ven by the product of -the dechanneling factor. o> wh1ch'
dependp on the type of defect, and the defect density, ND‘ Jf p is

"known ) the random fraction of the beam, XR( ), can be determined from

xR(t?:= xv(t) +[1 + x&(t)][l -exp{jé cDND(tf)dt'}] (4.35;E}

i where Xv /th“YV is" the minimdm yield--in the undamaged

spectrum.

N

A‘detailed despription~of dechanne}ing by defeCts can be'fpuhd
in a recent review article by Pathak [1982] and an excellent book
- 'Materials Analysis by Ion Chande]ing, Submicron Crxste]]ography: by |

Feldman, -Mayer and Picraux [1982]. A bpief description pf dechanneiing

]



" “by various defects follows. - - e

a) Dechannéling by Point Defects -
7

o

. /7 The defect dechanne11ng factor % for 1so]ated atoms a

channe1 is given Qy the Rutherford scatter1ng cross section - For,part~

. micles. scattered through an angle @, greater than the critital ahgle wc,'

® .
3 [ . N L e b \

AT

°n (“’1/2) = j (do]dn)dn L . (4.36) s
. ,]')12 " ‘ _\A .
© Substituting for (dc/dﬂ) from equatior (4. 17) , and approximating for
S OSEIRUEL i Ly
: ey RS i3 d)”f, "
+9p .can be given as o
| ~
op = 12, 1,e%d/2E . o (4.37)

Thus, for-'a particular jon-target combination the dechanneling

is invers]y proportional to the ﬂanergy of the aha]ySing beam." 'This‘
‘method of ea1cu1at1ng % assumes that dechanne11ng is. caused by s1ng1e‘,.
c0111s1on events as d1scussed in Sec 4.2, 2. The s1ng]e scattering -

approxfmat1on ho1ds for an area1 atomic den51ty of < 1017 d15p1aced- 3
-2 7

4

atoms.cm . If the area] dens1ty of randomly dtsp]aced atoms exceeds'j‘

1017 atoms.cm” 2, the number of sﬁﬁtter1ng events 1ncreases and a p]ura!

. [Feldman &t a1, (1970)] or mu1t1p1e‘ [Keil et al. (1960)] scatter1ng
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2:‘"‘2‘. R ‘. . . . 5 . R
o r. - .- ~approximation-should be app]ied? Dechanneling under these conditions
‘r,:;h“: =% has -beam treated by Luggujjo and Mayer [1973]. - I o .
—t ‘; ¢ .’. .T, ‘ .
et b) Dechanneting- by Dislocations "
- v . 3 4 . .
[ ..:' J s L,, . L e
- - T - Fig. 3. 1 (a) shows a schematic of an edge dqslocat1on w1th the

);{ Burgers vector, 5, norma1 to the d1slooat1on Tine CD ta descr1pt1on of «

r . ‘ - ‘ .
2 ¢ the d1s]ocat1om is'.given in -Sec. 3.2). Dislocations generate- atomic

*étsplécements ﬁn_ the‘surroundjhg cry$talline materia1 where‘roWS‘and

Y : --p1anes‘are bent‘in such a uay'that heighbouring atoms ip the rows‘anq: '

| .p1ane§ are shifted a sma?] amount from their équiTibrium pos1t1on. wheﬁ .-

| channe]ed part1c1es pass through these d1storted channe1s they encounter .:&'
a smoothgturvature.of the ghannel. The effect of this curvature is to

) 1ncrease the transverse energy of the channeled ions thereby enhanc1ng\ _' '

the dechanne11ng of the incident beam.‘ -An est1mate of the dechanne11ng :

due to a d1siocat1on can, be obta1ned by ‘determining the maxﬁmum _amount
-'t~I‘ o ot curvature of the channe]s wh1ch would allow the channeleq part1c1es
to reMa1n channeled after_travers1ng the_d1s]ocat1on.‘ Queré [1968] has

derived .an analytical eipressioh to. obtain values for' a.. for’ dislo-

D
cations. He assumed a c&]indrica]lregioh around the dislocation axis
- referred to as the “dechanne11ng cy11nder“, inside which the Watticé
' d1stort1on is 1arge enough such that part1c1es enter1ng th1s reg1on will
| become dechanne]ed. In the reg1on outs1de-the “dechanne11ng cy11nder
>the Tattice d1stort1on is not 1arge enough for dechanne11ng to occur.

The resu]ts of th1s analys1s showed that .



S an E

| | | | 78 -
o) = « [a5]1/2‘/¢1 - R (4.38)

where k is a constant dependent on axial or planar channeling,

distocation type and orientationdpredictingAan Eol/z.

'The author ca]cu]ated the va]ues of « for ax1a1 chenneTing‘
xaveraged over all <possible or1entat1ons, wh1ch are 0.40 for sgrew;
. dislacations and 0 47 for edge d1s1ocat1ons., Equation {4.38) predicts
. 1/2 dependence of the dechanne11ng factor The probability of

dechanneling per un1t depth dP /dt, is obta1ned by mu1t1p1y1ng a, by the

D
projected 1ength Ny per unit volume of the dws]ocat1on,

i.e. _gPD/dt = ap Mplt). _ , ’ / _' |

' Picraux et al. [1978] have developed a method to obtain the
‘dechanne11n9 factor from the exper1menta1 data of ion-implanted aluminum
and, s111con crysta]s for. both ax1a1 and planar channe11ng " The authors
‘derived the fo110w1ng express1on for the dechanne11ng probab111ty
assum1ng that the d1rect backscatter1ng of rhanneled ions 1s very sma11 :
compared to the total dechanne11ng,_ ’

P e o
.

dPy/dt = gy ny(£) ¥‘.TnE(,l_-xvr(‘t))/(1fxD(t))_]‘- (4.39)

e " The1r results gave the same energy dependence of the dechan-»

nelzng factor as the one obtained by Quéré. Results of Zn 1mp1anted Al
_crystals [Foti et al. (1977)] and. QQ, Ga, Ge and Cs implanted - Al
éryste]s [Hussa1n and Linker (1980)] also showed the Eol/2 dependenCe

for the dechanneling factor. Foti et al. further characterjzed the
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damage by,TEM end fonnd the_presence‘qf dis]ocations‘in the-implanted
crystals. | |
_ , . o e
As mentioned above, thé dechanneling factor depends: upon the
channeling direction relative to the 'Burgers‘"vectqt .of the dislo-
cations. For example, for edge dislocations, as shown in fig;.3.5(a),
part1c1es channeled a1ong the d1s]ocat10n axis will have a minimal
amount of dechanne11ng because there are effect1ve1y no p]anar
distortions in the channe]1ng d1rect1on, ‘while part1c1es channe]ed
normal to the plane defined by the d1sIocat10n axis and the BﬁFEE{S
vector, will have maximum-® dechanne11ng because the planar d1stort1on 1s.'

maximum in this d1rect1on. ' ' ’i R : -
ii1) Dechanneling by Dislocation Loops . '

. The mechan1sm of dechanne11ng by d1s]ocat1on ]oops is similag
to that of d1s]ocat1ons except that the extent of the d1stort10n around ,
the d1slocat1on 1oop is much smal]er because outs1de the -1o0p the‘

‘Burgers vector sums to zero [Hu11 (1975)]

The energy dependence of the dechanne11ng factor per. un1t S
Iength of a d1s1ocat1on 1oop, due to circular vacancy 1oops in a]um1num,r
has been theoret1ca11y 1nvest1gated by Kudo.[1976 1978]. F1gure‘(4.15)
shows .that the dechanne11ng width for channe]ed He ions;.increésee:.'
_1n1t1a11y as’ E 1/2 ,»reaching a maximum at E = 500 keV, and has an elmost
‘constant value at h1gher energies. ~ In the low energyﬂreéfne channe1ed

!
\

\

W
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ions preferent1a11y feel a d1sp1acement field .in the. vicinity -of the
-1oop, where the d1sp1acement f1e1d 1s similar to that for a straight
. dislocation. At higher energies the per10d of the_oscr]]at10ns of the
channeled ion trajectories becomes-]aréer'thén'the dispofted region of

the chaqne1 and hence the dechénne]ing'width becomes%indEpeﬁdent'of Ed'

Results of Picraux et aT r1982j'for the channeling of He+ a]ong (111)_71 -

‘;planes of Al conta1n1ﬁ§ dislocations loops’ agreed with th1s theoret1ca1

-ored1ct1on.

‘Fﬁg. 4 15 “Ca1cu1atéd enefgy dépehdehcé oF~the~dechanhe1ing
factor for a c1rcu}ar dislocation loop of radius R.= 4.7 nm =

20xb where b is the magn1tude of the Burgers vector [from Kudo

(1978)3. - .
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iv) Dechanneling Due To a Combination df Point Defects and Line Defects

P

So far, the discussion of. dechanneling as consideredl indi-

i+

vidual types of defects, however a more general case would involve a .
combination of point defects and extended defects. In‘the-fo1lowihg an

attempt tq;separate'the total dechanneling‘into the various componehfs‘

is given.
Xmin measured behind the qamaga peak ~at channel -a is a summa-

tion of three dechanneling components. These components are:

\'i)'
scattering from the vibréting nuclei 1A an undamaged crystal, Exv(a)];
i1) dechanneling by point defects produced by implantatioﬁ [xg(a)],and

.~ iii) dechanneling by extended defects produced by implantation, Exk(a)].

To separate the dechanneling component of the line defect, xk
-'the,following assumptions are made to simplify +the Ca1cu1ation:

i} the dechanneling compog;pts aré considered to be simply additive,

i) T (D) fgla) Hagl@) - (4.40)

O Bin = inld) =y (2) \( '
o 'x;(q.) + xk(ér). )

1]

¥
L 3

defects has been” examined for various materials by Howe et al.[1976].

However in some cases they found that the total dechanneling deviated

‘dechanneling .by multiple scattering from the target e]ectroﬁs and

The additivity- of lattice dechanneling due to vibrations and point

¢ e——
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apprec1ab1y from the additivity of the 1nd1v1dua1 components. However
in the following calculation. .this. dev1at1on is ignored because of - a 1ack
of the exact knowledge of the amount of the dev1at10n.

'ii);- dechanneled particles are not scattered back 1nto channe]s, and -
iii) the critical angle is not changed by the 1ntroduct1on of d1sorder
L Xg is ca]cu]ated for measured va]ues of N (for randomty
distributed atoms) using Bygh s s1ng]e scatter1ng mode [1968] at
d1fferent energies, as shown in FTg. 4.16. xv(b) is measured experimen-.

tally. Hence, the dechanne11ng c0ntr1but1on by extended defects x;(b)

can be determined:

Vi
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CHAPTER 5

» L}

EXPERIMENTAL TECHNIQUES

: s . o \ ¥ w
Introduction: Transmission electron mic‘r‘b'scopy and RUther'for'd ;
backscattering/chénne]'Ing techniques were used to s.tudy ic;n imph.mtation
damage in CdS cr‘yst.als This chapter‘ describes the expér‘imentaf faci-
lities used for th1s work as we]] the method of sample preparatmn.
Some relevant expemmenta] parameters are ilso presented. The chapter
is divided into two main sections. In Sec. 5.1. deta1'1s of the trans-
mission electron microscopy exﬁ'eriments are given while in Sec. “5.2.7
details of.the ion implantatjon and RBS/channeling experiments are
présented.

1Y

5.1, ELECTRON MICROSCOPY
N
»

'5.1.1. The Transmission Electron Microscope

[}

Tﬁe TEM work pr'esented here" was' dérried out\usi.n“g two tranﬁ-_
mission eIectron m1croscopes, one at the McMaster University (Phﬂ1ps'
Model 300G) and another at PMRL-CANMET, Ottawa (Ph1hps Mode] 400T) A
pr‘ehmmary study of 1mp1antat1on damage was done on the 11_1ps 300G,
while t_:he_Ph111ps 400T microscope was used for ‘the, ?nS‘ re'so1ut1'9n
studies. Theﬁbﬁi]ips’BUOG was operated at 100 kv with a fixed diffra-

84
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'ct1on aperture (1 um) for selected area d]ffract1on, wh1le the.Philips.,

400T was operated at 120 kv w1th an adJustabIe d1ffract1on aperture _A

cold f1nger situated near .the sample was a]ways maintained at 11qu1d
n1trogen temperature. This reduced the effect1ve pressure in the
v1c1n1ty of the sample wh1ch m1n1m1zes the carbon contam1nat1on on the

7‘ sample,

5.1.2 Sample Preparation For TEM Studijes

Thin f]akes (a few m1crons thick} of cds crystals were obta1ned

- from Cleve]and Crysta] Inc. Var1ous techntques to th1n the samples were

attempted of which the fo]1ow1ng one  was most successfu] ‘ The
crystals were floated*in-a bath of dilute HCI (30 %), ma1ntained at a
temperature of 45° C. CIf- the temperature of the etching so]ut10n was

R e ST .
raised, etchtng of the crysta]s proceeded ﬁaeter/’and very small thin

~regions around the .sample edge were produced At lower temperatures the
‘etch1ng rate slowed down considerably, CrystaTe Were removed from the'-
) solution from time. to time to check the th1ckﬁess u51ng an optical
microscope, Once the edges were thin enough they: were rinsed with

T ' .
dtst11]ed water fo]]owed by/a methy1 alcohol rinse. The crystals were -

dr1ed~on ]1ntless lens c]ean1ng-paper. These th1nned samp]es were then
mounted, between a folded copper grid of mesh s1ze 100 ' Al1. the-samples

were exaaned in the TEM before _implantation “tg - ‘check the crysta]

quality, Those samples wh1ch were found to have stack1ng fau]ts or

other growth defects were discarded.
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5.2. Implantation and RBS/Channeling Experiments

v

In this sect1on a coup]ed acceierator system is descrwbed thCh

was used for 10-150 kev ion 1mp1antat1on and 1n-s1tu damage ana]ysis by
. the backscatter1ng/channe]1ng technique. - 4 br1ef decr1pt10n of the
tar;et chamber, sample man1pu1at1on and data aqu1s1t1on system is g1ven
in Sec. 5.2. 2. A deta1]ed descr1pt1on -of the exper1menta1 set-up is
given by Na?ker (1977]. In Sec. 5.2. 3 the experimental procedure for
surface preparation and a11gnment of s1ngﬂe crysta]s of CdS for axial
.channe]Tng is outlined and in Sec 5.2.4, 1mportant experimental

Parameters are calculated. *

A |

5.2.1. - Implantation aﬁd'RBS/Channe]ing Apparatys .

~

s e

A coup]ed acce]erator systmm shown schemat1ca11y 1n F1g. 5.1,

has been used for 1mp1antat10n and in-situ analysis. It cons1sts of a

7 150 KV jon 1mp1anter and a" 3 5 My Van de Graaff acce]erator. ‘A beam
from e1ther acce]erator Mmay be directed to the target via a common
ana]ys1ng magnet, thereby a]10w1ng “in-situ .ana]ys1s of jmp1antation
,damage te- be carried out, A feedback circuit is used to stabilize the

energy of either beam-to * 2 keV, Damage analysis was performed using

u.6 tofz 8 MeV‘He ions from the Van de Graaff, ‘with the beam be1ng_

channe]ed para11e1 to e1ther the c- or the a- a§1s of the CdS crysta]
_;Typ1ca1 Het beam current den51t1es used in’ acquiring tne a]1gned and
--non-aligned spectra were = 10 nA/mm and =5 nA/mm respective]y. The

analysing beam was collimated us1ng & pair of 0.75 mm d1ameter apertures

-

‘%o
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separated by 130 cm.  This heéu]ted in a half angu]ar‘divergence of

0.026°. nK#
<0.01:nn) eo that analysis at different posit&ons on the target cohld'be
““performed. ‘ o o
' A

The ‘ion implanter used was a Texas Nubiear Corporation Model

9509 Cockroft-Walton neutron genehator which was modified to accommedate -

a Danfysik 911A "Universal" ion source suitable for producing ions from

~gas and solid sources. During imp]antatﬁon; the collimating apertures

" were replaced‘by 2 mm and 4 mm apertures; the 1atter one being nearest‘

to the tabget. To ensure the un1form1ty of the 1mp1ant the fon beam

'(after passing through the 2 mm aperture). was rastered hor1zonta11y and‘-

vertically across-the 4 mm aperture. using two pairs of e1ectrostat1c

plates. A]so both the apertures were - p]aced off axis vert1ca11y with

'respect to the beam axis so that there is no d1rect path along the ‘beam -

.11ne from the magnet to the target. " This ensures that 1mp1antat1on of .

“ions neutra]1zed between the magnet and. target is avo1ded The pressure

in.the system was <. 1x10° G‘Torr.

5.2.2. “Target Chamber, Sampie Manipulation and Data Aquisition

L

" Fig. 5.2. shbws a eéhematic‘of the 1nterior-oflthe target cham-

ber. The samp]e is mounted on.a gon1ometer with two degrees of rotation

WIth respect to the incident beam. The angu]ar reso]utton of the tilt.

ang]e-1s(<0.025° and for the azimuthal angle.1s,ﬁ1 . The target—1s

cdnnected to -a cryocooler by a fjexib]e‘copper braid surrounded by a

P

e co]limating-aperturee are movable vertically (resettable to .
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copper -inner shield which is aiso connected to the cryocoo]er When

~implantation and analyses were done at 300 K, the shield surrounding the

target was stil) coo]ed tec 50 K . The 1nner sh1e1d and the target are .

e]ectrtca?]y isolated from the cryocoo?er by a 10 um Myiar film,
Another shield directly cooled by liquid nitrogen enc]osed the greater
ipart of the inner sh1eld The inner. cold shield acts to reduce the
effective pressure in the v1c1n1ty of the target to <10 Torr since

the partial pressure of a]] gases except H2’ He and Ne is <10';0 Torr.

.

-.To avoid Woss of secondary e]ectrons from the target, a_suppre-

ssion voltage of —220 V was app]1ed to two meta] rings- which were

. mounted on teflon r1ngs p]aced inside the 1nner sh1e1d, in the frdnt and
rear end of the inner sh1e]d Integrat1on of ‘the total incidept current

- on - target was made by summ1ng the - target. and shield currents. A

5

removab]e Faraday cup is 1ocated at the entrance of the target chamber

for 1n1t161 beam set- -up and to check the effect1veness of the e]ectronf

suppression on the target R ' . -

In the damage ana]ySis the backscattered He' particles are

detected by two silicon - surface barr]er detectors (FwHM = 15 keV) at-

scatter1ng angles of 100 and e1ther 150° or 160°, Rad1at10n damage of

“the detectors dur1ng 1mp]antat10n of the sample is avoided by extern 1y

control]ed shutters wh1ch cover them. ‘F1g7\§.3 shows a b]ock diagram of

the data aquisition system. A current 1ntegrator (Ortec mode] 439)

measures the beam current on the target ‘or: on the Faraday cup. A timer/ -

scaler (Ortec mode] 771) i% used as a control un1t for the data aqu1—

= -

-
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sition, It jg- norma]]y preset to stop counting after the digitizer
output reaches a preset total charge, and STmu]taneously it stops the
_pu]se height ana]yser ‘(PHA) by turn1ng off the ana]og to d1g1ta]

converter (ADC) via argate (Ortec model 426), .

The backscattered He part1c1es which reach the detectors
produce a s1gna1 (pu]se) which is proport1ona] to the energy Thjs
pulse passes~through a pre- amp]1f1er (Canberra model 1408), and a Iinear
amplifier (Ortec mode] 572). The signal is d1g1t1zed using a Northern

Scientific‘ {mode? 8192) ADC. The ADC s connected to a PDP 11/05

computer, programmed for- puTse height analysis data acqu1s1t1on Another

simi]ar'set of electronics and an ADC (Tracor Northern .model TN 1314)

are used for data aqu151t10n for the other scatterTng geometry (100 ).

5.2.3, Surface Preparat1on and’ AT1gnment Procedure for Ax1a1_

ChanneITng of CdS Crysta]s'

o}

The s1ngle crysta]s of . cadm1um sulph1de (5x5x2 - mm) used throughoUt«

this work were purchased from CleveTand Crysta] Inc. These crysta]s ;'

were annealed in a su]phur amb1ent to ensure st01ch10metry after growth

“Some crysta]s were cut parallel to the c—ax1s while others were'6ut

-

perpend1cu1ar to the C-axis. The crysta]s were re-used after remov1ng
the previous 1mp1antat1on damage by pol1sh1ng with a 0.3 um a]um1na'

slurry;u1th water. on-a DpP- c]oth [Struers Scientific Instruments] Tne_

final polish was done by chemicatl lapping w1th & 50% dilute so]ut1on of

HCY on an ac1d res1stant peT]on cloth [PAN W Struers Sc1ent1f1c
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Instruments] for few minutes.

The crystal qua11ty and surface polish was inferred from the
backscatter1ng/channe11ng techntque by cons1der1ng the measured values

- of Xoine The value of xmin_theoret1cally attainable was calculated from
equation (4.26); with pims‘= 0, Xmin is 0.007. ‘The measured value of

Xpip determined from RES with 2.0 MeV He' at 300 K was =.0.04 while at

50 K it was = 0.015. The presence of lattice strein; defects, surface

“contamination and:ekperimental beam divergence will all contribute to an

increase in Xain®

€dS crystals were aligned either parallel to the c- or the
a- ~axis by the method proposed by Andersen et’ al. [1967] The basic.
operat1on is to observe the backscattered y1e1d at the detector as a
functton of the angle between the beam and the samp]e (az1mutha1 and

3 \ee‘\\jlt ang]es) _ ~ When the beam 1s 1nc1dent within the (sma]?)‘cr1t1ca1
angle for channeling- anng a 1ow 1ndex crysta]]ograph1c p]ane or ax1s, a
dramat1c reduct1on in the y1e1d will result. In pract1ce, the crysta]
was tilted approximately 6 from normal to the beam'and rotated to f1nd

| y1e1d decreases as major planes become para]]e] to the beam. - Keeping
the same planar dip the crysta1 Was - t11ted to. 8° Aand the correspond1ng
a21mutha1 ang]e was ?qund. In th1s way severa] pa1rs of tilt and
azimuthal ang]es correspond1ng to’ var1ous planar: d1ps, cou]d be’ found.
Then, the angular cond1t1ons for the p]anar dips were plotted on a
standard stereogram. The 1ntersect1on of the lines drHWH/through each

-pair of po1nts correspond1ng to the same plane gives the maJor axial
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direction. The unit cell of the CdS crystal structure is hexagenal and
consequent1y there are six majpr‘planes in the d%rection of the c-axis'
~and the a—axfs {refer td Fig. 2.1). Hence six major planar dips could

be.pbtained. ‘ T

5.2;4."‘Ca1ciu1ation of RBS and Channeling Parameters

i), The Kinematic Scattering Factor {K). SO

During the course of fhis work, th:i?/scattering ang1e'qéo—
metries were uééd,.namely 100°, 1509\and 160~. Thé kinematic factors
~ for these angles were ca1¢q1ated usiﬁg‘equation (4.16) and 1§;reported
in Table 5.1: I -

T~

© Table 5.1

The kinematic scattering factor (K) for Cd and S for

the fhree scattering geometries (4Helés projectilg).

Scatié;;;gfzﬁg1e

100° . 150° 160°
Keg T - 09199 0.875  0.8710
ks 0.7847  0.6259  0.6144

Q . o N
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ii) Stopping Cross-section for Helium in CdS

The sem1 -empirical values for the stopping cross sect1on e (in

{15
electron volts per- ﬂO

-

atoms.cm ) for He as given by Z1eg]er and Chu

[1974] were used in this work. These‘values are approx1mate]y ;0%‘1ower

than the values exper1menta11y obtained by Hutchby et al. [1972] for

heljum in ambrphgus,éadmiuh.sulphide in the energy range 0.25-3 Mev.
For compound semicenductors, the Bragg additivity.hule (ref. Sec. 4.2.2)
has been applied to determine,the total stopping power. The average

stopping powers are—listed—inm Table 5.2 for the beam enehgjes'used in.

' this work..

i) ._Energy td Depth” Conversion

o

Accurate conversion of the energy scale into a- depth sca]e'

requires the knowledge of the stopp1ng power of the samp]e for a beam in

”'a non- a11gned d1rect1on, and in a channe11ng d1rect1on for undamaged :

and damaged crystals. Since exper1menta1 values for stopp1ng power in

the channe11ng d1rect1on are not ava11ab1e in- the 11terature, the

4

stopping powers in a non aligned d1rect1on for He® .at diffehent

‘energ1es are usedg1n_the energy to depth conversion.- For the'three'_

scatter1ng -angles (100 1509, and 160 ) the energy to depth conversion

r(sca11ng factor F} was calcu1ated by taking the molecular dens1ty of CdS
‘to be 2.01x10

22 -3

mo1ecu1es cm” - : e
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Table 5.2

. Calculated stopping” power for CdSgafam different He™ heam

energies for the three scattering angle geometries., v,_,df‘

- -

S%opping Power S, Scaling factor '
(eVQLO'lS atdms.cm'Z)‘- F(eV/nm) .
Ehergy Eo‘ -Q----?----;scattering angie.i--—---f--—-
(Mev) 100° 150° 160° . 100° 150° 160°
1.0, 1325 399.6 381 6.6 8.0 7.7 L
1.6 1204 362.5 345 - 24.2 7.3 6.9
2.0 11173433 326 22,5, 6.9 6.6
2.4 © 1038 319.5 304 20.9 6.4 6.1
2.8 . 906 301.5 287 19.4 6.1 5.8
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iv) Analysing Beam Energy Calibration

The incident energy of the beam was calculated from the channel
of the cadmium edge- of the non- a]1gned Spectrum, and a know]edge of the
gain of the ADC (keV/channel) and" accounting for the dead layer ]oss in
the silicon surface barrjer detecter (% 30 keV). The gain of the ADC is
calculated by acquiring a spectrum using a precalibrated pulser (Ortec
mode] 812) at various known ‘energies, . The pu]ser was initially
cal1brated Wwith respect to the given detect1on System and associated.
e]ectron1cs This was done by acqu1r1ng a4 spectrum of a]pha part1c1es'-
of known energ1es 5.486 Mev 5.443 MeV and 5. 389 Mey emltted from ::

Nn source and norma]121ng the pulser output to match these em1tted

.energ1es
V) Detector Geometry Calibration

The solid ang]e subtended by the detector to the center of thes
. target can be measured geometrically and cross checked by RBS analyszs
us1ng either a thin f11m of a heavy atomTC mass e]ement, of known thick-
lness depos1ted on a ]1ghter at0m1c mass substrate or a known concen-
tration of heavy mass atoms 1mp1anted 1nto a 11ghter mass substrate.
. '

In the present 1nvest1gatlon the solid angle, Q; was conf1rmed

by tak1ng a RBS ana]ys1s of a silicon standard 1mp1anted With 1x1015

Bi.cm™2 at Cha]k River Nuclear Laboratories . [CRNLT
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The RBS analysis of the samp]é gave an jsolated peak on high

energy end of the spectrum. The total number of counts in the peak is

given by

Yield = (Nt) Q (do/dg) & . (5.1)

where Nt is the number of Bj atom:;.cm'2
Q is the total number He fons incident on the target
dg/dq is Eheddifferentia1 scattering:crosg-section for He
on silicon |
| | g . N

~ The solid angles of the 160° and 100° detectors wére determined

to be 2.61x10‘3 sr. and 2.11)(1-0'3 ST. réspécfiveﬁy.

vi) Implant Doée Determfnation‘
: The implant dose ‘waé determined 'by heasufing the _intégrated
charge on thé target over the time of 1mp1ant and knowing'the-area‘of
the iﬁplant. The area of the 1mplant was ca11brated by 1mp1ant1ng a
dose of‘¥1smuth “into a s111con crystal, analysing it by RBS to determ1ne
_ the dose ‘using equation .5. 1.; with the calibrated detector geometry
.The rad1at1on damage in the s111con crystal produced by “the- bismuth

- implant changes the surface colour and allows the area to also be

measured geometr1ca11y to c0nf1rm the calculated 1mp1ant area.



CHAPTER 6

RESULTS AND DISCUSSTON

e

Introduction: . This chapter is divided into three major sections.

In Sec. 6.1, the results obtained from TEM studies of ion 1mp1antat1on
ldamage produced in CdS crysta]s are presented Sec. 6.2, glves “the
results from the RBS/channeling studTes of the lattice d1sorder produced ‘
by the 1mp1antat10n of various doses at 50 K and 300 K, analysed e1ther
along the c-ax1s or aTong the a-axis. Finally, in Sec. 6. 3, results of

the TEM and. backscatter1ng exper1ments are correlated.

6.1. TM

The TEM results are divided into four sections: in Sec. 6.1.1.
the implantation induced defects are character1zed and the dose depen--
dence of defect production is presented, in Sec. 6. 1 2. a compar1son is

“made of defects produced by d1fferent ion spec1es, 1n Sec 6. 1 3. obser-
vations are presented for samples 1mp1anted at 50 K and annealed for 20
hr. at 300 K3 End in the 1ast Sec. 6.1.4..an_attempt is made to identify

the type of disiocation Toops. -



' 1oops [H1rsch et a1. (1970)

6.1. {(b)-1is. measured as 3. 5>;1016

~

_ , 100
6.1.1. 'Damag:\Eharacterization and Damage Dependence on Implant Dose _

°‘ . "
To study,f’e effeots\of ion ‘dose on the size and concentrat1on
I"\

/ -
of defects, the samp]es were 7mp1anted at 300 K w1th 60 keY Ar ions to

doses af 5x10 ‘_1ons cm 2 and 2x10 1ons cm 2. In another experlment

~»samp1es wWere 1mp]anted at 300 K with 60 keV Bl, to doses of lx1014

-2 . . R . -

--1x10 and 2x101 tons com c. R S

- oy o ® Lt

” Figs 6 1 (a) and (b) show the br1ght fleld e]ectron m1cro-r

" graphs 1n the qua51 -two beam j;ond1t10n (0002 and 2110 reflect1qns ‘
' respect1vely) from a samp]e 1mp1anted to a dose of 5x10 Ar'lem 2. Th
.correspond1ng se]ected area d1ffract1on patterns are 1nset.‘ Fig. 5&:

© . {a) shows most]y b]ack dot contrast however near the edge of the sample

b]ack/wh1te dot contrast (1nd1cated by the arrowgs 15 observed. Th1s

&
"type of contrast genera]]y results from e1ther very- f1ne preC1p1tates or
B vo1ds, or poss1b]y from d1slocat1on loops w1th very sma]] d1ameters The;. ’
"poss1b111ty of vo1ds and prec1p1tates was ru]ed out by t11t1ng

‘experiments, conf1nn1ng ‘the observed contrast to be due to dislocation

»

F1g. 6. 1 (b) a]so revea]s b]ack d*t _contrast- . 1nd1cat1ng the

b presence of sma]] 1oops, as we]] 1arge ]oops are seen. The number

denstty of 100ps 1n Fig. 6. 1 (a) is 9x1015 '3, whereas that 1n Fig.

'3. .The sample th1ckness used in the

density ca]cu1at1om was measured for some sampies from their sterep

: ‘m1crographs and found to be -,60 nm. The average‘diameter of.the'1oops

. K

fel

T
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(a)
Electron microgfap
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lanted with a dose of. 5x10
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0002; (b) with g = 2110.



O

with the reflection 3

102
= 0002 is = 7 nm and that with g = 2110 is =13

L

nm. ~ Both m1crographs were taken from the same region of the samp]e.

Comparision of these m1crographs shows that the large 1oops wh1ch are in

contrast us1ng g = 2110,are-out of contrast for g —.0002. Becaose of

the very high density of": 1oops observed for g = 2110, it was notl.
‘;pdSsioﬁe_ to establish-a one to"one correspendence betweén the two
'nicnographs for the dots due -to small Toops. However the dnastic'change

in number dens:ty of«#100ps shows that a large number of small Toops also

- gb out of contrast w1th the ref1ect1on g = 0002. This means. that those

J

]oops wh1ch are present in the 0002 ref]ect1ng condition. haVe a Burgers

vector alodg the c- ~axis and the lbops which. are present 1n the 2110

reerct1ng cond1t1on hage a Burgers vector along the a- axts or perpend1-

cular to he ‘c-axis. The magn1tude of the Burgers vector along the

- ' . ’ -

c-axi§ is one-half the 1att1ce spac1ng along the e- ax1s i.e. B =,c/2 =
172 £000£; and the magn1tude of the Burgers vector perpend1cuﬂar to the
¢c-axis 1s the 1att1ce spac1ng a]ong the a—ax1s i. e. ._B- = 1/3 <1120>
[Yosh11e et- al. (1980), (1981)1. . The former type of 1oops wid 1
hen’;tter be called "type I" and the‘Jatter type of loops "type 7.

Figkﬁ s o

@ . 15 a d1ffract1on pattern from a 1arge _region of an

argon 1mp1anted sample éxlOls Art.em -2

"
(OlIO) while th. 6.3 shows a schemat1c standard diffraction pattern of

) showang'a fo11 or1entat1on of

a h c.p-. structure with” (0110) or1entat1on for comparts1on The. d1ffrac-.‘

t1on pattezn of;F1g. 6. 2 “showed ne1ther any d1st1ngu1shab1e deg?adat1on

of the |gttern ner any extra spots or r1n§s compared to the d1ffract10n‘

b . r -



Fig. 6.2 - A diffractiop pattern from an argon implanted cds crystal

s (2x10™° ar*.cn?) 1n the (0170) orientation.

- B * N ..
2itd. 002 auz

%-t.:sr%-n.ars grr»iic]

+

A standard diffraction pattern for the h.c:p. sStructurs with

(01I0) orisntation fEdingTon (1973)].
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.
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pattern of the unimp]anted sapple.. This observed diffraction and the ‘

images for the tmplanted samples show that the crysta1 structure does

not amorph1ze afterrheavy ion 1mp1antat1on

Fig. 6.4 (a) and (b) are micrographs with reflectighs 0002 and
?llUlrespectTve1y, from a region of a sample implanted to a dose of
2x1015 An+.cm'2, the former showing we]]ﬂdefined circular loops. - Large
"1oopstvwith .segments which are=-g§ha1]e1 lto“'ﬁ are out of ‘contrast as
expected theoretica]ly for this reflection condition (see Sec. 4.313).
Fig. 6.4 (b) shows a large dens1ty of defects in wh1ch a not1ceab1e
feature is that there are many pa1rs of paral]e] 11nes ortented perpen-

'd1cu1ar to g = 2110. Such’ 11ne contrast appears to be due to dislo-

cation lcops Tying in the prism planes of type {1120}, which are perpen- -

dicular to the foil p]ane {OlIO} | Sinc@& these loops arg¢ slightly

1nc11ned to tHe beam d1rect1on they give contrast from the. dpper and’
lower part of the loops, wh1ch would appear as. paIrs of Itnes. This
means that these Toops Tie in the prism planes {1120} which are~perpen-

dicular to the g = 1120 . In genera], the c1rcu1ar contrast arises due

" to circular }oops 1y1ng in'the foil plane i. e (0110) C1rcu1ar 1oops

whmch are 1y1ng 1n other planes wr]] give e]11pt1ca1 contrast J If the

d1s]ocat1on 1oops are lying 1in thd basal p]ane and have a Burgers vector '

along the  c-axis, i.e. pr1smat1c 1oops, they shou]d give e1ther a
' straight line cbnfré%t-penpend1cu1ar'to g = [0002] (when seen edge on);
- or’eaiﬁs‘of'para]1e1 iines when inclined to'the beam direction. Fig.
© . 6.4 (a) does_hpt show any line contrast;urather-it.shows well defined
circular- loops indicating thét these loops ahe also lying in the foil,

-

SR
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plane hav1ng a2 Burgers vector along the c¢-axis. If there are small‘
prismat1c loops-(<2-3 nm in d1ameter) it woqu be d1ff1cu1t to distin-
guish‘the{r contrast from that for lToops lying jn the prism planes
having a Bungers vector along the c-axis. ‘

The next set of micrdgraphs, #igs.‘ﬁ.s to 6.8, are takenfrgh‘a
sample imp]anted with.increasing doses of 60 keV B1‘+ at 300 K. Fig. 6.5
is a m1crograph corresponding to a dose of 1x10 B1'+.cm_2 taken in the
0002 operat1ng reflection. It shows 1oops of type I in b]ack dot as
ge]] as.. b]ack-wh1te dot contrast The average diameter and density of -
‘the toops are = 7 nm and ?leie cm ? respecti&e]y. The same sample was '
fnrther fmp]anted to a total dnse'df'lxlﬂl5 B1'+'.cm'2 and a pa{r of
microgiaphs were taken from the same region’ﬁﬁﬁgs the 0002 and 11?0
reflecting conditfons (Figs. 6.6 {a) & (b)). The average 1oop s1ze
incredsed te a‘diameten of = 15 nm -and ccnsequent]y the 100p contrast
changed from dot contrast to a typical double’ arc contrast i.e. the
d1ameter perpendicular to g went out of contrast as seen in F1g 6.6(a).
Fig. 6.6 (b) shows a very high density of dls]ocat1on Toops of type II.‘
However some weI] def1ned‘d1slocat1on 100ps may be:seen in the
-micrograph. ' l
. The same samp]e\ was. further 1mp1anteL ‘to a total dose ofi
~2x1015 Bi* -cm 2, and two pa:rs of stereo micrographs were taken from the
same area under 0002 and IUIO ref]ect1ng cond1t10ns, wh7ch are shown in
Figs. 6.7 and 6. 8 respect1ve1y when these pairs are obserVed in a

stereo viewer, smail and large 1oops are ‘seen to be distributed through-
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Fig. 6.5 ‘ETECtFOH micrograph showing black dot, and white dot contrast

froma CdS crystal implanted with 2 dose of 1x10%4 Bifcm'? at ¢

300 K.
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out.the depth._ After identifying the uppef and.lower surfaces, the
thickness of the sample‘was estihaﬁed'at several places to be .60 £10 nm.

The stereo pairs for the reflection § = 0002 (Fig. 6.7) show
loops. in doub]e.arc'COntrast. The diaﬁeter of the loop perpendicular to
g %s out of contrast. The same Toops (marked with arrows) when observed
with_ﬁ = 10I0 reflection (Fig. 6.8) go completely buE of contrast and
vnow appear with Stack{ng fault contrast. Tﬁése obserVations suggest
that these'1oop§ aré due to partial dis]pcatiﬁns lying in the basal

v

p]ané. o . . o

| The loop'diameter and the loop density-dependencé onfimp]anted
dose for argon and bismuth are given in Table 6.1.- The loop diameter

increased while loop density decreased, with increasing impiant dose,




110

“(eooo - 0)

g
A B |

-uod 2 apgnop ty sdoop uoryeso[sip Butmoys sydedBodd L 0aaals

710
)

z

w - 3 . 1

o

¢

(HXZ Jo asop v ) A paquedn 915430 §p) e wodj 15847

Jo ared y 79 tBiy

o




111

"(01lg = B) sabutay 3{ney
mcpxumum se buraeadde pue pm@;p:ou Jo u:o z_mumpasou Buiob ts%g b4

tL Um>_mmmo maoo_ Uo11e10(S1p I mcrzo:m m:am;mOLuPE om;mpm mo -dled v 89 by

- . . .
- . .

i__.o ) b\




112
Table 6.1
© The size and density of dislocation T_b"ops as'a function of
implant dose. .
| 1
Ton Dose Average Loop L Average density
species (ion_s.cm'?) Diameter (nm) g (:cmf3)
‘ - Lo - o ,!‘
bic Bre . -Buc bic
60 kev Bi*  1x10'* 7 1g “2x10*® . 4.5x10t0
s waot? 15 2 Cox10t? 2.2x1016
| - 2xa0t® 20 25 7x10%° . 1.5x108
@ . o
60 kev Ar* - sx10 7013 ox10t®  3.sx108 ¢
caaot® 13 20 1.3x10*%  1.2x10t8
' <
A
I/ |
N
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As mentioned in Sec. 5.1.2, all samples were mounted in a

folded copper grid befgre 1mp1antat1on To  observe the difference
betWeen implanted and un1mp1anted reg1ons, one ‘of the 1mp1anted samples

' was de11berate1y moved sllghtly S0 that the regions covered- “by the grid

bars were _exposed to the e]ect:bp beam along with the implanted region..

Fig. 6.9 shows the m1crograph of such a region, where 1mp]anted and

un1mp1anted reg1ons are seen - together.‘ They corresponding SAD patternsf'

from -each. region - show the same or1entat10n as seen from the 1nsets. The

tobservat1ons of this sect1on may be sumnar1zed as fo]]ows :

(1),> Bismuth and argon 1mp1antat10ns dqxbot amorphize the crystals but

"y
produce dislocation Toops. .

(11) GeneraT]y, two types of Toops are observed type I has a Burgers
vector a]ong the c~-axis, and type II has a Burgers vector perpéndicu]a?
(iii) The ]oops of type I & type II lie predom1nant1y in the prism
p]anes of type 1100 and 1120 except for h1gh dose 1mp1ants where the

. 1mage contrast becomes too comp]1cated to analyse.

.

,(1v) The diameter and the density of- loops -of. type Il are near]y 2 to 3

times larger than those of type I loops. -

(vj- _The d1ameter of the loops increases wh11e the dens1ty of the loops

decreases with 1ncrea31ng 1mp1ant dose.

Ly -

Y

[
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F1g 6.9 E]ectron m1crograph from a CdS crysta] 1mp1anted w1th a

dose of 2x10 .em™2 at 300 K showing implanted and

unimplanted regions s1devby side,
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6.1;2. Compar1s1on of ngage Production with Elast1ca]1y Dep051ted
{
Energg

Py o

In thts section a comparison is made‘o#/;efect production by

rdifferentlion_species implanted to’a dose.df 23(1015 1ena cm 2. Figs.
6.10 (a)f&i(b) are a pair of nncrographs taken in the 0002 -and 1120
ref]ect1ng cond1t1ons respect1ve]y from the same reg1on of the sample‘
. _1mp1anted w1th 45 keV neon at 300 K. The contrast whlch appears in the
_'0002 ref]ect1on goes out of. contrast. in the 1120 reftect1on and vice
"_. versa. The 1oops of type I have an average dtameter and dens1ty of
- = 8 nm and = 7x1014 -3 -respect1ve1y The loagps of type IT have an
average diameter and den51ty of =13 Jm and 1. 4x1016 '3, The type II
t]oops are‘- 1 5 times 1arger in d1ameter and the density 1s nearly two

" times greater than those of type I.

To compare the damage product1on by d1fferent 1on spec1es, in effect-
the energy depos1ted 1nto etast1c co1]1s1on by the 1ons and the range.’

: ever wh1ch 1t 1s deposited, the results of the bismuth and the ~argon ‘

1mp]ants for the same dose (2x10 1ons cm- ) fron tﬁe sPrevious section

are usé/,alqng with the resu]ts from the -nepn 1mp1ants. Table 6.2 gives

:' the 1mpIanted 1on species, their tota] e]ast1c energy deposﬁted per ion,

the 1on range the damage range, the damage straggl1ngs,_"v and the

‘d1ameter and denstty of the ]oops of type I and type II.  The 5 fon )

these ions were calcu1ated using equat1on 3 18. In this ca]cu]at1on R

has taken from ‘the Monte Car]o resu]ts of wa]ker [1977] for Ge

{equivatent to an average of Cd and S masses). Cadmium su]phide

4
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sublimes at 980° C, at atmospher1c pressure with 'a heat of sub]1mat1on,
LﬁZub’ of 51 kCal/mole (= 2.2 eV/atom) [Abr1kosov (1969)] The energy
required to ra1se the temperature from 25° € to 980° ¢ is = 0,25 eV/atom
[Abr1kosov (1969)]‘wh1ch is & small fraction of the sublimation’ energy.

It is necessary to. ment1on that sub11mat1on is a surface phenomenon

where atoms are bondéﬁ‘by half the number of bonds compared to the atoms
N -,

“"'wh1ch are in- the bu]k of the mater1a1

, [

F:gh Tab]e 6.2 it-can be seen that 9 for Bi is approx1mate1y
equal to the total heat requ1¢;d to sublime CdS from 25° C'while for Ar
and Ne jons the QJ’V'lues are = 0.4.and = 0.2 8. o+ The dislocation
loops produced by Bi‘imp]ahtatibn‘have an average diameter of = 25 nm
whichi-ts‘ approximately equal - to the daﬁhge"range plus two standard )
detiations (Tongitudinal stragglings) indtcating that Bi dons cteate
co]]1saon ‘cascades Jﬁ1ch cbver the who]e volume def1ned by the
¢5f’/gongttud1na1 and transverse straggling. For Ar end» Ne 1mplehts_the .
damage range is mueh deep®r than the size of the ]oops‘indicatfng that

these ions produce subcascades.

o>
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" 6.1.3. Possible Annea]ihg at 300 K
In this section the TEM ebservations of samples implanted at.SU‘K
and annealed at 300 K are presented. The samples were implanted at 50 K
with 60 keV Bi* 1ons at doses of 2xiol? and 2x10%° Bitem™2. After
implantation the samples were warmed to room temperature over a period
of about an hour and limmedjate?y recobled down to 11qu1d nitrogen
temperature (77 K) for.stoeage. After a few days, the samples were
again wanned up to room temeerature and were vacuumrdr1ed in a desi-
ccator for aboutr half ah hour before observing them in the microscope.
Buring tHe TEM observations the'éampfes were coolee.to,liquid nitrogen
- temperature. A series 6f micrographs were taken from vér%dus‘regions of
~ the samples in the 0002 end 1120 re%lecting conditions: After the TEM
'ebservatioﬁs_the_samp]es were warmed to roecm temperature and Qere kept
at thiS-temperaﬁure for_about 20.hours. The samp1es were observed again
: effer this'annea]ing period and a series of micrograpﬁs were taken for

»

0002 and 1120 reflecting conditions.

%

ths 6.11 (a) & (b are m1crographs from the same reg1on of..

the samp]e -implanted at 50 K to a dose of 2x1015 B1 .c m*z in the 0002
:and 1120 reflecting cond1t1ons respect1ve1y. Fig. 6 11 (a)ishows.Targe
: c1rcu1ar loops with an average diameter of =13 nm and small p?&ck-dot
econtrast with ‘an' average diameter of = 5nm. The average densify of
—1oops in ref]ection‘(odbg) is = 1.4x1016 cm'3. Fig 6.11‘(P) shows a-

~ highly strained region of complicated contrast indiceting a very high

density of defects. . This complicated contrast feature which appears .




/
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in the 1120 reflection goes out of contrast for g = 0002. However,
because of the high density of defects for the reflection § = 1120, it
is difficu]tito determine whether the lToops with § = 0002 go out of

_contrast in the reflection g = 1120.. The same sample shows an extremely

_h1gh density of ‘defects when photo.raphed in the g = 1120 reflection
condition (Fig.6.11(b)) compared to thit_ obtained in the g = 0002
*Fef]ection condition fFig. 6.11{a)). Th1s 15 ecause most of the. 1dops
1n F1g 6.11 (b) have their Burgers vector perpendicular to Lhe c-axis
and go out of contrast in Fig. 6.11 (a). Loops in. Fig. 6.11 (a) have

their Burgers vector along the c-axis.

when the sample was kept at 300 K for 20 hr, moSt of the damager

annea]ed out, as shown in Fig. 6.12 (a) and (b). Fig. 6. 12 (a) shows

some 1oops in the dot contrast w1th cons1derab1y reduced number dens1ty

- The average d1ameter of the 1oops in“the ref]ect1on (0002) is = 7 nm,

wh1ch s approxXimately half the size of the loops observed before

annealing.. ' The density of the " loops a]so decreased by . " order of
) magnTtude . from 1 4x1016 crn"3 to 1. 8x1015 cm'3l after the annea]1ng

period. The dramatic effect of annealing is seen 1n Fig. 6. 12 (b),
.‘where most of the defects have annealed out and only a few well defined

‘d1s1ocat1on loops rema1ned. The average diameter and dens1ty oﬁ the
15

l1oops in Fig. 6.12 (b) are = 40 nm and < 1x10 m3. Many of the loops'

with' c1rcu1ar contrast are Tying in the fo11 plane {11003, w1th their

- Burgers vector along the a-axis. There is a]so.extended Tine contrast

perpendicu]ar to g = 1120 which arise from loops whose d1slocat1on lines

1ntersect the foil surfaces. \\k\k\ '
)
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‘The sample which was implanted to a dose of 2x1014 Bi.cm -2 at
50 K showed b]ack dot contrast when g 0002 (F1g. 6.13 (a)) and black
dots plus extended 11ne contrast when g = 1120 (Fig. 6.13 (b)). After
keeping the sample at 300 K for 20 hr. the image contrast did not |
change much (Fig. 6.14 (a) and (b)). The majority of black extended
1ines are perpendicuTar to the g = 1120. This contrast may be due to
the Taops 1lying 1n the prism p]ane hav1ng a Burgers vector 1n the

- a-direction.

The annea11ng of the damage by warm1ng the high dose implanted
samp]e to 300 K may be due to the 1arge strain energy stored in the
sample, which provides sufficient -driving force for the defects to
anneal. For higher doses, the average separatton betwaen the collision
cascades decreases, hence the defects are ,closer together, and can
1nteract strongly. When d1e1ocat1ons of oppos1te sign come clqsel
together they attract each other and annihilate to reduce the1r tota]

stra1n energy [Hu]l (1978)1.

The damage produced by 50 K imp]ants is different from that
' produced at 300 K The damage produced by the dose of 2x1014 Bi.cm z'at'
50 K is. character1zed by extended Tine contrast whereas there is black

dot/]oop contrast in the samp]e 1mp1anted at 309’& At the higher dose

“i\”bhe Tow temperature 1mp1ants show rh1gher .damage than the samples

~.implanted at 300 K& = . . o R - .
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It is known that in CdS the sulphur and cadm1um interstitials )

become mobile at 170 K and 230 K respectively [E1sby (1971)] Therefore
the tower damage observed for 1mp]antat10n at 300 K may be understood in
tenns of defect migration and annealing occurr?ng 51mu1taneous1y at this
temperature. On the contrary, for 1mp1antat1on at 50 K all 'the defects
are frozen-in and thus at, th15 temperature the density of the defects is
expected to be higher than that for 1mp]antation at 300 K, as abserved.:

-

To . summar1ze the observat1ons of this section the’ fo]]owzng

' po1nts are noted: . ‘
i) . The maJor1ty of defects produced at’ 50 K with 2x1015
Bi.cm™C have a Burgers vector along the a-axis. . e

ii} The sample 1mp1anted at 50 K to a dose of 2x10 Bﬁ cm"2
showed extended line contrast, while there was b]ack dot contrast for
the samp11:1m1anted at 300 K for the ref]ect1on g = 1120. The sample

1mp1anted ] 2x10 Bi.cm -2 at 50 X shows -higher damage than the sample

1mp1anted at 300 K to the same dose. d%;

.111) The samp]e 1mp1anted to a dose of 2x1015 Bi.cm -2 showed

>']arge annea11ng of defects When it was left at 300. K for about 20 hr.,

whereas the sample 1mp1anted to a dose of 2x1014 81 cm -2 did not‘show
any visible annealing.

iv) The dmount of damage produced by the b15muth 1mpJantat1on

at 50 K is different than that produced at 300 K.
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6.1.4, Characterization of Dislocation Loops

Attempts were made to determine the nathre of the dislocation loops
(i.e. vacancy or interstitia]) prodUced by 2x1015 P\r.crn'2 implanted thto
CdS crystals. To do.this a pefr of stereo hicregraphs'(Fig. 6.15) and a
pair of micrographs with * g condition (Fig. 6.16 (a) enq‘(b))lwere

taken-from the same region of the samb]e. ’

. Those -Toops which are numbered on both sets of m1crographs were -
analysed. The or1entat1on of the Toops ‘was found by observ1ng the - pa1r*sul
of stereo m1crographs in a stereo viewer. From the pair of g
m1crographs, the change in loop contrast (1ns1de/outs1de)'was recorded.
The type of Toop was determined by know1ng the orientation of each loop
‘and f0110w1ng changes in its contrast features between * § conditions as
explaaned in Sec. 4.1. 3.

There are-serera] problems-associatedHWfth:these measurements:
1) : Therspecimens are sensitive to the'probfng'e1ectron beam which
w1th t1me _affects the quality .of the image. Also, d1slocat1on
r-rearrangment occurred between successive e]ectron beam exposures 'Eor
exampIe in the stereo pairs some $mail ]oops disappeared and some large

H]oops or segments of 1oops rearranged themse]ves. Th1s also was seen

for the £ g pa1rs.

11) ' The 1arge ]oops do not lie on a s1mp]e crysta11ograph1c plane
+ 5. '

but are 1rregu1ar, probab]y due to gi1de It is unlikely that the_loOps

. -
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¢
‘ F - ‘
‘observed are pure edge 1oopsﬁ .The presence of a substantial screw

,couivin the 10p;5 complicates the analysis. ..

. < B
The ideal techn1que for 1oop character1zat1on is to obtain = g

pa1rs with g approxmately norma] to the Jong axis of .the projected
image, as. shown in F1g. 6.17. 1.'his giVes ‘better" rinside/outei.;ie-
'contr‘ast. However, tO(determme the 1nchnatmn of the lo0p, 1t is
neeessary to tﬂt the sample through a Iarge ang]e about an axis: norma]

to ga' This causes g to change, and so*some loops wﬂ] go out of

C\xntrast makmg the ana1ys1s d1ff1cu1t. ”

ﬂ-elle_cffroh‘v beam dire_c‘lio_n,%-" ' N o o
¥
9 dislocation - ﬂ 7 tiltaxis for
loap In sample‘v . . ‘ . stereo giving:
.o / ' Yop/bottom .

contrast for
this orlentaﬂonr ’

O image I R

—
.g -

v

-’

Al

Fig. 6.17' An ideal technique for 1oop characterization is

" shown schematical ‘lj{.‘



. . 130
A totalhof 20 loops were analysed. * 0f these, the nature df
only 11 loops could be determined nine were found to be vacancy type‘
while only two were interstitial type. Tab]e 6. 3 1dent1f1es the 1oops,
'the1r orientation and 1ns1de/outs1de contrast From th1s ana]ys1s 1t is

concluded that a maJor1ty of the large loops are of,vacancy type.

Latt1ce d1sorder in ion 1mp1anted CdS has been 1nvestlgated
using TEM by Govind et a]. [19211], and W1]]1am5'and Yoffe [1970] The .
results of their 1nvestlgat10ns showed that 1mp1antat1on damage produtes
small clusters, a comp]ex “tangle of d1s1ocat1on “lines and 1oop ]1ke
features. These authors did not detenm1ne the Burgers vector of the_
dislocations. Yoshiie et a1 [1981] studied 1 Mev eJectron damage
produced in CdS foils and found that d1slocat1on 1oops appear after
' 1rrad1at1on with e]ectrons for energ1es hlgher than 300 keV at tempera-'?
,tures be]ow 600 K. These 1oops‘were found to be 1nterst1t1a1 typei'
either” with a Burgers vector 5 = 1/3 (2110)‘.6n. {I210} or with
‘:5_= 172 T0001] on the (0001) plane. : | -

| Resu]ts of the p sent study are similar to those -of Yosh11e et al.

: i[1983] except that the d1s1ocat1on 1oops in the present 1nvest1gat1onﬁ
.were identified as being predom1nant1y vacancy type loops.. This
) difference in .the type of the loops, pnodUEed may be due’to the'differe
ence in mechanfsms-of damage production by electrons and heawy ions.
Genera]ly, electrons produce 1so]ated 1ntere;1t1a1 - vacancy pairs wh11e
heavy ions of keV range produce d1sp1acement cascades 1nvo]v1ng many

atoms rSec 3.1. 47. Heavy ion datage often results in a vacancy rich
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Table 6.3
: Character1zat1on of d1slocat1on 1oops produced by 60 keV Art

1mp1anted 1nto CdS crystals (2x10 15 ions.cm ?). )

r~ly i

~ Loop No.. . Loop .  .Inside/Outside  Type of loop
' Orientation Contrast I for Interstitial

l,(Fj9' 6‘15); (Fig. 6.16) L V for vacancy‘_
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core 1in che cascade, which may collapse apd,form'vacancy 1ocps
surrounded by an outer shell which is rich in interstitia]s atoms.
Intertst1t1a1 loops are genera]]y formed by the agglomerat1on of free]y
migrating 1nterst1t1als. Vacancy loops have been observed by Condon
£1976] for As and Krt 1mp1anted crystals of CdTe, a II- VI compound

’d%‘_

which also has the wurtzite structure.

S1nce there is a s1m11ar1ty 1n ‘the structures of - hexagonal
close packed {(h.c. p ) and wurtz1te crysta]s, the resu]ts of irradiation
damage in h.c.p. "metals are worth compar1ng with ‘the present resu]ts.‘
TEM studies of bismuth 1rrad1ated alpha- titanium {(h. C ..’ structure) were
carr1ed out by wO et -al. [1982], whose results showed that d1s]ocat1on’
]oops of vacancy iype were formed,. with a Burgers vector perpend1cu1aru
to the c-axis. No ev1dence was . found- -for a Burgers vector with a c\ax1s‘

component . Another h.c.p. metal, zirconium has been studied extensively

by Carpenter et al. [1981] (irradiated'by 1 Mev elect%ons) and by Kelly

" et al. [1973]. (neutron irradiated). Both groups showed that the damage

structure cons1sted of d1s1ocat1on loops with a unaque Burgers vector

b = 1/3 <1120, Both vacancy and - 1nterst1t1a1 1oops were found in the‘

specrmens 1rrad1ated at 400° C and annea1ed for an hour at 800° C but -

the vacancy type loops predominated.

e



6.2. RBS/Channeling
The results of the channe]1ng)haekseatteﬁind -experiments are
presented in the following five sections. In seetion 6.2.1. resu]ts‘ere
given of the cadmium disorder measured.as'a functidn of ion dose and jon
species, implanted and ana]ysed' in-situ at 50 K. The damage was
analysed using a 2 MeV Het beam channe]ed a1ong the ‘c-axis of 'the
'crystaldl The analysing beam itself couid 1ntroduce d1sorder in the
;crystal by atom1c collisions. This has been 1nvest1gated by bombard1ng
.= bath un1mp1anted,and‘1mp1anted (1 and 2x1015 Bi+.cm'2)-CdS crysta]srin a
hon-Eligned direction with 1 and 2 MeV He™ and analysing with the same
-energy‘He+ beam channeled along the c- axis.' No significent ¢hange 1in
‘the 1n1t1a1 damage 1eve1 of the crystal was observed for He™ doses up to
a total dose of 80 uC. Hehce throughout this study, the total He™ beam
dose on a ‘given area of;the sample was maintained below this dose. For
': each 1nd1v1dua1 ana]ys1s a He' dosevof 2 uC was used, which resu]ted 1n;
a stat1st1ca1 uncerta1nty of <10 %.

. Damage produced by, bismuth. and neon implantation at 50 K was

measured for either c- -axis or a-axis channe11ng with 2 MeV He and is

reported in Sec. 6.2.2. To.study the effects of temperature on damage

productidn and. damage analyeis'in Gds, the crysta]s were implanted and
ena1ysed at 300 K. The ‘results are g1ven in Sec.. 5. 2.3. and are
compared- w1th the results.of 1mp1antat10n at 50 K. In Sec. 6.2.4. the
implantation damage produced at 50 X and 300 K is measured as a function

>

of the analysing beam energy channeled}either along the ¢ or along the
- -

. Wt ) - - |
¢ . .o )

-
L
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a-axis. Finally in Sec. 6.2.5. the hadia] distribution of displaced
' /

o . A . P .
atoms across the channel is measured by introducing a small“misalignment

'(0.25¢c to 0.§5¢c)‘of the crystal axis.-with respect to:the‘ana]ySing

. beam.

6.2.1. Dose Dependence of Damage

Fig. 6.18 shows the energy spectra for é.OIMeV-He+ channeled

“along the'cfaxis *and scattered through 160°‘from erysta1s implanted with

15 -2,

0.5 to 4x10°° Bi.cm at 50 K. Also shown in the figure are the aligned

unimplanted and the non-aligned spectra.. The aligned spectra are

‘character1zed by a peak ngar the*® cadm1um edge due to cadqum disorder,

which increases w1th 1ncreas1ng ion dose.. The y1e1d 1mmed1ate1y behind '

the -disorder peak due to dechanne11ng of the ions - travers1ng the
disorder; also increases w1th ion dose. These increases in both ‘the

damage peak and the. dechanne11ng level appear to saturate at a dose of

R

2x101$ Bi* .Cm. -2 ~ However the damage peak he1ght only reaches | ‘to

Il/

50% of the non aligned backscatter1ng Tevel.

"The he1ght of the damage peak depends .on the number oﬁ _

scatter1ng centers per unit area and on’ the ‘depth reso]ut1on of

detector. For 2,0 MeV He® scattered through I,OQ from Cd atoms in CdS

* the depth resolution is = 25 nm. Sinc kev

ogected range of 6

b1smuth in CdS is =18 nm [Winterbon table (1975)], which is smaller thanzf

the det;etor reso1ut1on, the damage peak wilTxgot reach the non-a11gned‘

1e?®T 2en if the implanted reg1on/1£;;;;;s amorphous. In order to
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increase the depth resolution, a 100° scattering‘geometry was used, i.e.

with the bEam exiting at 10° the sample surface. Spectra for such a

scatter1ng geometry are giv in F1g 6 19 for 2.0 Mev He™ channe]ed'
a]ong the c-ax1s after 0.5 to 4x10 Bi.cm -2 1mp1anted at 50 K. This |
geometry results id an 1mproved depth resolution of 6 nm and . the Cd
- peak is resolved into two peaks, one correspond1ng to the surface Cd-
~atoms -and the lower energy peak _artsing from the displaced Cd atoms due}
to the Bi 1mp]antat1on THe surface peak helght is seén to decrease
from the non- a]xgned level: as the Bi dose is 1ncreased, 1nd1cat1ng taht
the cadmium concentrat1on atthe surface is decreasing. This decrease in

the cadm1um concentrat1on at the surface can be exp1a1ned by the'

preferent1a] sputter1ng of cadm1um. Preferent1a1 sputter1ng of cadm1um..

ﬂ in CdS by Bi bombardment has been observed prev1ous1y by Baxter [1977]-

—
and Par1kh [1981] The damage peak showed saturat1on in the peak height

. after = 2x1015 B1 cm wh1ch s on1y about ha]f the non- a]1gned ]eve].

This observat1on conf1rmed the results of the "TEM (Sec 6. 1 1) that. )

b1smuth 1mp1antat1on 1n CdS does not amorphrze the CdS crysta]
structure., ThiS observat1on contrasts W1th that for other'
sem1conductors such as 51, Ge: and GaAs I'Thompson and wa]ker 1976a 1978,

_ 1976b] wh}ch amorph1ze at 50 K for: doses an order of magn1tude lowerﬂ>

than the ion dose at wh1ch damage saturation is observed in CdS. On the‘

\;;/;;gther hand meta]s genera]]y do not exh1b1t any amorphous damage 1ayer

when 1mp1anted w1th heavy ions, but they do ex1b1t tncreased -

dechanne11ng [P1craux et a] 1978 Pronko et al.’ 1974] Th1s behav1bur

" has been shown £P1craux et al. 1978, Pronko et a]. 1974 Quéré 1974] to

[

*
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 For a]] of the jon spec1es, D inereases 1n1t1a]1y 11nearly wtth ion.

L 8
N _ ,/ 138A:
be the result di\ﬂe+‘scattering from extended defegts which are¥the |
principal form of damage produced by jon implantation in ymta]s.

v .
Fig. 6.20.is a plot of Ny versus ion dose, ¢, for 45 keV Net and=™~

60 kev Ar’, kr*, and 8i% implanted crystals analysed in-situ, at 50 K
with 2.0 Met"He+ channe]ed—a]ong the c-axis. The dose'dEpendence’of the

number of scattering centers ND -reported here is . for the 160 scatterang

geometry.. However, in some cases ND was calculated using the. 100°
scatter1ng geometry. It was found that both sets‘of results agreed.
dose and for the heav1er jons .shows a° tendency to saturate at a dose

wh1ch decreases with 1ncreas1ng ion mass.v For the. Bi and Kr* 1mp1anted

-samp]es the damage appeared to saturate after = 5x101 1ons c:m'2 wh11e

for Ar saturatton occurs at 9x1015 jons.cm” ‘ﬂpr 45 keV Ne™ no ‘such.
saturation of . damage was observed up to the h1ghest dose stud1ed (1x10 16
1on.cm 2) The values of N reeorted in this study ware ca1cu1ated from
the damage peak wh1ch extended to a depth of = 100 nm. The damage peab» ,”

D

. . : < i
position is approx1mate1y at Rp; but the “tail extends deeper into the

' crystal. The. total depth over: which the damage was measured is 1.5 to 2

ttmes greater than the R + 3ARp as ca]cu]ated from W.S.S. theory (Sec.

' 3.1.4).‘ The measured and calcu]ated values of Rg and ARD are reported

P

‘ 1n‘Tab]e 6.4. In the case of Bi implantation the depth of Bi peak wa

P

“calculated to he-= 28 nm which is approximately edua] %@ the Rg measured K

-~

{31nm). TH1s observation strongly suggest -that 1nsp1ﬁemof t11t1ng 20° S

away Tfrom channe11ng direction: during the 1mp1antat1on,'some Bi- ions . ;??Lf”

must have channe1ed and created the deeper damage.
) , Y '
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An'eggimate of the amount of disorder (ﬁumber of scéttgring
Eenters)_produced by the different 1ons.is obtained from the s1opé of
the‘p]ot ND vé. dose .in thé'linear region; i.e.:f§.¢ + 0. These values
.6f dND/d¢ as ¢ + 0y along with thg_ca]cd]qted‘e]astic_energy deposited
[Winterbon 1975] Q{E)a for‘eéqh 10ﬁfsﬁecies'are given in Table 6.4.. The
-éxpefimental resu]fs of dND/d¢ as §“+‘0'are aiso compared in Table 6.4
to the ca]culated'valués obtained using Eq. 3;18{ The caIculated'v§1qes
are"éppfoximate1y 2-3 orders of magnitude 1a%ger' thqn"the measured
values. This large difference in the HND/d¢ values -suggests thatréither

~there is strong knnéa]ing of point.defects produced during the implant-

ation, even at a temperature of 50 K, and/or ‘the point Jdefects

.. agglomerate in"such a way that the direct scattering probability 'is

v
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Table 6.4

‘Atqmij: collision paranietér:s for various ions implanated into Cds -

-

Ion . Energy Elastic. Measured Calculated Calculated dy7de

Species (keV) Energy ‘Rg - Rg o ,ARE’ -+ as ¢ +0
o N Deppsiited.-t (nm) ln {(nm) . 7. {nm) Exp. ' Cal..
' (keV) ' .
L
Bi 60 43.7 - 31 13 8 722 2500
Kr 60 0 4 TR 20.6 18 . 22 2360
e ‘\:—/' , . .
A 60 373 85 340 . 21 13 2150
Ne o 45 236 70 46.0 26 7 1360
. [red
v 7
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For fhe | BiT and Ne® implanted ‘samples,. the change in the
deehanne]inﬁ behiﬁdl fhe damege: peak, Axein .= {&ni;kgamaged) - Xmin
Lundamaged)}, is plotted as a function of implant dose as shown in Figs.
6.21 and16.22 respectiveiy; ‘Both Fhe figures show similar functional
behaviour‘tolthat of their respective ND vs. dose plot (Fig. 6.20 )..  *
The 8i" 1mp1anted samp]e (F1g. 6 21) shows a 11near increase in Axm
to a dose of 2. 5x10_ Bi.cm -2 with a slope of 7x10° -7 cmz. For doses
larger than 2. 5x10 5-‘Bi.cm"z, Axmin,Sti]] }ncreases, but Tess rapidly
w1ﬁi increasing‘ dose and;:satUrates at =. 5x10%° éi.eé'z. | 'The' Ne®
‘.ihpTanted_éemple shows a-linear increase in Axmin'over the entire dose
range studied: i.e. up to. a dose of o 1x10%% Ne.cm™Z; however, the
slope is on]y 110 e, - ﬁx - _ ‘ B
, L b . :
o e "Foh_ecomgarison, bx,i, Was calculated from the measured N
-'I"/f values usﬁng'B¢gh's sieg1e~scattering mode} [1968]‘ and %S also given in
;f//,;1gs 6. 21 & 6. 22. 'In such a caleU1etion 1; is essumed that- ND repre-

sents the number- of d1sp]aced atoms random]y d1str1buted across -the

channel.
yote - . LI : T ® .

' Comparlng the measured and calculated va]ues of B i 1t is
noted . that the measured Axm 1s much. 1arger than, the theoret1ca11y '
ca]cu]ated Ax int This aga1n 1ndacates that the dtsp]aced atoms are not N

randomly d1str1buted but must- -agg]omerat1ng into extended defects'

.wh1ch is contrary to th- & -umentisunce annea]1ng wou]d also

be expected to ‘resu1t"in va f'Aﬁﬁiﬁ' closew to the ca1¢u1ated‘

values. The formation of extefJ-dide¥ects'exp]ains the enhancement in

—
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dechanneling and reduction in Rutherford backscattering since the atoms

surrounding such defects are only slightly-d¥splaced from their lattice

sites and wou]d'not-contribute efficiently to the backscattéringfyie1d;
as is observed. This conclusion is su borted by the TEﬂ_resuitsfin

which the visible defects are primarily“dislocation loops (SeE;'G.i.l.).

'

‘ ‘ o o
6.2.2. Crystal Orientation Effects on/Meagared Disorder

TEM results showed that jon implantation produced dislocation

loaps in CdS, the‘majority of which had a Burgers vector perpendiqu]ah

to the c-axiéﬂi . the str&in in the lattice is perpendfcu]ar td the
c-axis. 1f/the damage is ana]ysed'by He* beam channeling along thé c-
_and the a-axes, dechahneiing should be stronger along the ;-axis‘than_
along the é?axis. To investiﬁate thebdependenCE“of Ny and the decha-
| nneling behaviour on the channeling direction, the samples imp1énted
with Bi* 6r Ne ™ Were éna]ysed along both the c-axés and a-axis.

Figs. 6.23 and 6.24 are plots of Ny and ax .. vs. dose
respectively fohwcrysta1s;1mplanted‘with 60 keV §i+ and 45 éeV.Ne+'and
_pnaiysed at 50 K with 2.0 MeV He+'rchaﬁhe1ed along Aa]ong the c- and
'_ a—iies, The striking feature of bo;h the figufes is*thqfﬁboth"ND.and
uaxm%n,:méasufed ﬁ]ong‘the‘c—ax{s; are-much largerthan that measured

afqng thg'gfaxisf Fon‘Bi+-impiahtedjcrystals,_ND and 8y observed°
] af;ng'tﬁ; ¢- and E-axéé‘increaSEQNith ion d6§e and exhibit a tendency to
séturation'at doses ‘of = 4x101? Bi.cm™® for c-axis chaqnéfihg,'and at

= 1x101.5 Bi.cﬁfz for a-axis channé]ing. The damage observed ‘along the
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c-axis sdturates at a level abproximate]y 4 times that observed a]ong,
the a- aiis. However, for Net implants over the dose range 1nMest1gated,’

saturation for ND Was observed emly in the case of a-axis channe11ng.

The slope of Axm1n vs. neon dose for c-axis channe11ng is 1x107 17 m2
nd~¥or a-axis channeling is 5><10'18 2. No saturation of BXqin WS
observed along either axis. : s

The 1ergeh ND for channeling anatysis along the c-axis
ihdicatES‘that the scattering centers are positioned such that e highe}
backscatterthd prqbability occuré for the c-axis channeling than for
a-axis channe11ng. The ‘possible sources of enhanced backscatteriné foh

axial channeling 'a1ohg' the c-axis are: i) preferential occupancy of
» ' .

interstitial sites in the wurtzite structure; and i) strain associated

with the dislocation loop structure observed in-the \TEM studies.

(i) . In the wurtgite’ structure two' types of stable interstitial
, ;ites'are possible, namely octahedral sites (9) and tetrahedhal,éites;
(X). There are six such sites of each type in each unit cell. The

projection of these sites is shown in Fig. 6.25.

If the X sites,ahe prefereutia]]y-occupied-then a hasa] h[ene
projection indicates that the interstitiai site is shadowed byfhows of
atohs when the'anaiysing beam is along the c-axie. Hence there should
not be any jncrease in the.backécattering yield due to occupancy of such‘
sites. On the other hand, if 0 sites are preferent1al]y occup1ed they\\\

wou1d be in the center of the channel when ‘the ana1ys1ng beam is along
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, \1£’ th ax1s, and euuld giv r1se‘to strong backscatterlng. For the case
f the incident beam be1n:\;;;57;;;-to the a-axis, a similar argument
leads to the fact that both 0 and X s1tes will give r;se to weaker back-
scettering because' both the sites are now away from the center of |
channel as can be seen in Fig. 6.25 (b) From the observed results, it
is reasanable to conciude that, Tf the defects g1v1ng rise to'the damage

peak {and hence N ) are 1nterst1t1als, then the 0 site occupancy should

be dominant for 1mp1antat1on produced 1nterst1t1a15 in the CdS structure

[Par1kh et al. (1983)].

(a) L - (b}
®
F1g. 6.25 PrOJect1on of octahedra1 and tetrahedral sites along
- the c-axis (a) and a-axes._(b), of the wurtz1te€ir

structure.
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(i1)  TEM ‘ohservatiohs showed ‘that dislocation loops are prodhb&d
following Bi*, Art and Ne* implantation in CdS crystals. The larger
oops of type Il were determined to be of the vacancy type. The Burgers
or of the maJority of the toops is perpendicular to the c-axis i.e.
g lattice strain perpend1cu]ar to the c-axis is larger. Those atoms
which are dfsp]aced sighificant]y from their'1ettiee sites wi]i.enhance
the backscattering and dechanneling probability for c-axis channeling as
compared to a-axis channeling. This is consistent with the measurements

. as given in Figs,“6.23Jand 6.24.

6.2.3.‘j Effects of'Temperature on Damage Production and Damage

Analysest 50 K vs. 300 K

The RBS/chenne]ing results presented .so . far are for impTam- .
| tation "and analysis performed at 50 X “while ‘the TEM observations
reported 1n Sec. 6.1.1 and 6. 1.2 are for(samples ~implanted at 300 K. To
‘compare the damage obser%gd by the two 1ndependent techntques, -
.RBS/channellng and TEM, and also to see the effects of temperature on.f
,damage product1on and damage ana]ys1s, several - samp1es were implanted

- and ana]ysed at both 50 K and 300 Ko In add1t1on, samples 1mp1anted at

o 300 K were_ analys d at b th 300 K and 50 K.
| :;ﬁ\\_ yse 0

"Fig. 6.26 is a plot of Ny vs. dose for bismuth implants at 50 K
and 300 K, ana]ysed with 2.0 MeV He® channeled along the c-axis and the
a- ax1s. It is 1nterest1ng to note that the observed damage is greater

at 300 K than at 50 K for ana]yses along both the axgs, except for doses

-
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15 2

beyond 4x10 Bi+.cm" when analysed along the c-axis. This again

contradicts the annealing of point defects hypothesis, since genera]]y
at higher temperatures one expects higher mob111ty of p01ﬁt defects and :
therefore damage- annealing. Fig. 6.27 shows the variation of Axm1n

dose, for crystals implanted with Bi* and‘Ne at 300 K and 50 K, and
subsequently analysed at the\ihp1ant temperatures for channeling along
the a- and the c-axes. The variation of 8%Xmin with.dose is s%mi]ar to
the variation of Ny with dose for both the axes, as seen earlier in
Fig. 6.26. For the damage'analyses along the c-axis, Axmin is higherl

15 Bi. cm 2, where it saturates at

for 300 K 1mp1anfs up to a dose of 4x10
= (0,23 whz]e for 50 K implants and ana]ys1s, Axm1n is initially lower,
but saturates at a hjgher level = 0.26. When the damage is analysed
along the a-axis,-Axm{n\was'always higher for 300 K %mp]antation than
for 50 K implantation and the choss-over observed -in Ny and Axmin plats

for the c- ax1s ana]ys1s was not observed. The cross-over observed in N

-2

and Axmin p1pts beyond 'xlols Bisom ~ may be due to some annealing of”

.defecté at'3bQ‘K.(Sec£”§.;.3); o ) “_“_"J: (a-
h‘ To‘determine if the greateh'damage observed at»higher tempehature
is ‘an apnealing effect, a sample. waS'imp1anted with Bi* to doses of

14 2

8x10"" and 1.6x1015 fons.cm™" at 300 K and. ana]ysed alohg the c-axis at

' fhe same'temperatdre © After the samp1e was ana1ysed at 300 K, for each
1mp1ant dose it was then gooled down to 50 K for re-analys1s, and the ND .
and AXgin values were determ1ned. The resu}ts showed ;hat within

experimental accdracy, the values of Ny and BXmin dbtained-here solely a.— -

function!bf the ana]ysi§ temperature and that no measureable annealing

[
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was observed. These results are shown in Figs. 6.26 and 6.27. Now if
ND were to be‘é measure of the areal densify of raﬁdbm]y diétributed
~displaced atoms,* 2 :decrease in the sample temperature for analysis
should not qhange‘ND.‘ However, damage which was Ny produced at 300 K
and measured at 50 K showed the'réame value as tﬁat ‘obtained for
.implahtat1on and anaiysis at 50 K. This suggests that the scaitefing
cenférs are not randomly d1§tributed'butda;e posi}ioned near the atomic
rows. It also suggests that the damage produced at 50 K and 300 K is
the samé, Following this gbservation‘the témpgrature dependence of the
Ny values is exp]ained qualitatively as.follows.
oo, ' " ' -

When implantation damége 15‘ana1ysea at 50 K some of the atoms

'may not be displaced enqygh from thejr Tattice sites to backscatter the
channeled Hgf {ons; but at’ 300 K thesé atoms may - now significantly
backécatter the_channé]ed tén; since'they have -a la:get thermal
' viﬁrationél amplitude which diépfaces these atoms further out into the’

channel. . Jo ‘f(§~_- | o ST

a4

-~ In.another experiment, a CdS sample was implanted with 2x1015
o Biicm'z-at,SO‘K and_subseduent]y anq]ysed“ét;fhe sqme'temperatu5e, then

the sample-was warmed to 300 K and was kept at this temperaturq for 20

\hr. 1ﬁ.§he target chamber. When this sample was recooled to 50 K'and.
analysed again, ND and 4¥min ‘were found to be unchanged from th
analysis done inmédjately a%ter the ihp]antation. This result~—miicates
tﬁat by warming the'samplé t6 300 K, imp]antationqdqmade doés nbt énneai

- . v B
the TEM observations which showed a large -

o

os. This result contradicts

@




‘surface in the case of the thick (1- 2‘mm) RBS samp]es.

154
amount of annea11ng of the defects for a sampIe implanted under similar
cond1t10ns and kept at 300 K fdr the same period of time [Sec. 6.1.3.7.
It should be noted‘ here that dislocation loops are not expected tq

annea1 out at 300, K [Yoshiie et al. (1981}]. However, it may be

poss1b1e that at h1gher damage levels a Targe amount of strain energy 75‘z

stored, wh1ch prov1de5»a dr1v1ng force for annea11ngcat 300 K. Since

the TEM samp]es thickness is comparable to the damage depth, the samp1es..

provide two surfaces for defect - annea11ng to occur compared to one

-

The neon implanted samp]e agaln showed h1gher ND and. Ax for -

min

crysta]s 1mplaﬁf§3‘and analysed at 300 K than that analysed 3t 50 K.
'However the cross-over which was abserved for Bi 1mp1anted crysta1s was: ’

© not seen (F1g. 6. 28 and 6 29).-

-
< ST ) 3
. B3t i -

Lattice disorder. in’i in implanted CdS crystals has-beén studied

'by Baxter: [1977], Huchby [1972] and Arm1tage (1970, 19751 Jsing the

RBS/channeI1ng techn1que.. The1r 1nvest1gat1ons; concentrated on the

amount “of lattice q1sorder as a function of ion dose -for different ion

" species, They concluded that.the implantation_damage does not produce;l
,en émorphous“1ayer in CdS Crysials.' Baxter 1nvest1gated 1mp1antatton

-damage in CdS. at_ 300 K produced . by 40 keV B1°, ,Ar* and. Ne . Fhis

analyses were performed~w1th*2,0,MeVﬂHe lons, channeled along the

. ¢-axis. This author observed the saturation of. N. and Ax;. fon ‘the-
, - B - D -Amin

Bi+, and Ar imp]antedycrysta1s fgr a dose d%‘=’2x1015 ions.tm'z, while

fhe Net implanted crystals- did not shek a damageepeag, in the‘spectrUm.

-

RTERE
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‘not. Leaving implantdd samples at room’ temperature for an extended

ﬂ_E for 2. sample 1mp1anted with 0. 5 - 2x1015 Bit.cm”

157 -
The values of dND/d¢ as & + 0y meesured for Bi* and art 'impTanted
crystals were only =‘\0.7 and 0.8 respectively. These'values are about
2-30 times smaller than thé results for 50 K.implants of 60 keV 8i* and

Ar' as‘ given: inﬁ Table . 6.4- for the present linvestigation. " This

~d1fference in the measured vaTues of dND/do may not be accounted for by

the d1fference in the incident energies-of the 1mpTanted ions. The Bi*
1mp1antat1on damaged analysed at 300 K gave even Targer dN /d¢ as ¢ » 0
than that for 1mpIantat1on and analys1s at 50 K. The greater damage

observed in the present study may be due to the fact that all our

investigations were carr1ed out in-sitd whereas Baxter's anTys1§ were

-

period of time may have caused some annealing of the defects. - The

absence of a damage peak in the neon implanated sample in Baxter's

anaTysTs‘coqu also be explained by the same argoment.'

6,2:4. Dependence of'AnaTysTng-Beam Energy on Damage _

: The nature of lattice defects in a s1ngTe crysta] can often_be

1nferred by study1ng the dechanne11ng (453 ) behaviour.as.a funct1on‘;;>\\"“'*5::

‘the analys1ng beam energi/> o> 35 d1scussed in Sec 4 2. 3.

Tn-this section results‘are presented about xhe dependence of .

Ng-and AXA{h'onvthe analysitg be%m'energy So’ for sambTes‘dmpTanted with
. it an4z§e+‘at 50 nd 300 59 and anaTysed at the implant temperatures

. aTong‘both the c- and a—axes; F1g. 6.30 shows the var1at1on of ND VS.

-2 at 50 K, and ana-

-

Tk
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1§§ed along the c-axis. The figure shows that ND 1ncreasea-11near1y

with'E . The slope of the curves increaseslwith implant dose. The
dependence of BXgip ON E is plotted in Fi@:)G .31 whtch shows that Axm1n

'15 almpst independent of E decreas1ng slightly as E increases.

¢t Similar behav1our of the energy dependence of N nd BXpin Was
éﬁierved at 50 'K when the Bi* and Ne’ implanted crystals were analysed
along the a- axms, ‘as shown in Figs. 6. 32 6.33, 6.34 and 6.35% The

y .
dependences of N and Ay on the analysing beam znergy, Eo’ for a

min
crystal 1mp1anted \with Bi* at 300 K and analysed along the a-axis at =
same tempenature is givenlin Figs. 6.36 and'6{32. The results again
showsd.that ND 1ncteases with increasing Eo,-Howeyer in this case‘Axmin
decreases quite strongly with increasing Eo’

-

- To show the effects of the channe]ing directions and the

analysis -temperature on ND and BXgin® resu]ts presented earlier for an

1mp1ant dose of 2x1015 figns..cm -2 are rep]otﬂed. Figs. 6.38 and 6.39 are

p]ots of ND ii:—ﬁxm1n ns.

K, with the He* beam channeled along the c-'and the a-axes."The_above

or Bi' implanted crystals anaiysed at 50

figu;es clearly Show that ‘for al Ehe"ana1ysing beam ‘energies, the
, damage measured along the c-axis is greater than that measured along the
a-axis, ae seen 1n‘Sec. 5.2.2. The effects ofJﬁemperature on damage T
analyses are shown in Figs, 6.40 and'6.4f'*Tor Bi* imp]anted.crystals
ana]ysed aleng the a-axis. 1ots show that ND and Axm1n are h]gherj-
for damage analysed at 300 K than when for analysed at 50 K.

Y

-
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In summary,- B1 andé Ne+.;imp1a2ted cr&sta]s analysed either 1

—~

' 4
- along the a- or the c-axi$ showed that ND 1ncreases w1th ana]yz1ng beam

] i -~ -
energy, wh11e Axm1n is e1ther constant .or decreases with 1ncreas1ng E

. R ’ “ -

B < .};,.‘

Similar studtes have been carr1ed out by Turos et a] [1978]:a

7 for Ne™. 1mp1anted s111con crysta]s. " The authors repprted ‘that after

D
=1ncreas1ng Eo’ wh11e Xm ‘ was energy 1ndependent. TEM stud1es of the

annealing the, 1mp1anted crysta1s at ‘650 800 C N 1ncreased w1th-
&JSNA

\

<. - ) [ , 7L

annealed ion implanted silicon crystals revea%ed the format1on of

=4

. | _ . 5
dislocation loops [Truch@let al. (1974)3. AR

s T a ‘ -

- ' . . .

For a part1cu1ar‘d1vergencesang1e (6) the transverse energy
L

'(E = E s1nga) of the channeled igns will 1ﬂtrease w1th 1ncreas1ng E

'Ions w1th an increased transverse energy can approach c1oser to- the rows
of the atoms, thereby - access1ng a larger aeea(of the channel, as can be

seen.1n‘the equ1potent1a1 contour plots oﬁ E1gs. 6.11 ga) and (b).‘ ,d‘

L
<.

a

. F the scatterlng centers are- random]y d1str1buted, then;

1ncrea51ng the accessible areél of the channe] i}e. '1ncreas1ng the

[ »

: energy of the anaIys1ng beam will pot resu]t in a change in the observed

ND. ‘But if the scatter1ng centers are preferent1a1]y located near the

rows of atoms, V w111 1ncrease w1th 1ncrea51ng E as was observed The'

preferent1a1 1ocatxon of the scatter1ng centérs near the rows of. atoms

- 1is con§1stent wgth.thé%exastence of dislocation loops. When a

dislocation loop is formed in a crystal the atoms around the core of the

‘Viooo either relax inward (tor vacancy typ£71oops) or are pushed,outward
. T P ) .

e N . ’ . . ) R

<

.
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‘ (for 1nterstitia] type Tloops). The extent to wh1ch an atom s d1sp1aced

3 from 1ts normal 1att1ce pos1t1on “depends. upon, “the strain f1e1d at that

'pos1t1on. 1f the. d1splacement 1s Iarge enough, as in the case for atoms
pos1t1oned near the core of a d1s1ocat1@n then the atom may be detected ‘

by - backscattertng For atoms away from the core of a dws1ocat1en the.

h///sp]acement 15 smal] hence only those channe]edk1ons With a largel

tran#verse energy can’ 1nteract strong]y w1th these atoms A stronger -
w1nteract1on results as the trapsverse energy increases. - This “would

~

exp1a1n the 1ncrease in N w1th E .

_ ) . .
.o L e T : : . .
2 . - . o B .t o - .

The Axm1n va]ues reported‘above arema.summatien‘of the

-cﬁntr1but;ons from dechanne11ng due to po1nt defects and extended
*

defects. _As exp]awned ear11er (Sec. 4.2, 3) dechanne11ng due to extenqed

- defects xR(b), ,can be separated apprpx1mate1y frdm the tota] decha-

'nne11ng y1e1d-(AXmin), by subtract1ng the ca]cu]ated< welues* of‘x;(b)
F1g. 6.42 shows a plot of xR(b) vs E for 60 keV B1 .1mp1anted and

‘Eanalysed at 50 K wh1ch 1nd1cates the Xg 1s 1ndependent ‘of the ana1y31ng.

beam energy. S1nce the vqlues of xg are on]y a sma]] fraction of the

.Axm1n va]ues (approx1mately 10%) the nature of the energy dependence of "

0

'A Xnin is a1most anergy 1ndependent 1s in agreement w1th the calculated

.Axm1n can be essent1a11y represented by XR(b) vs. E . The result that

' 'energy dependence for dislocation 1oops in the- energy rapge studied

(Sec. 4.2.3.).

Thus -ND and Axm n' measurements 1nd1cate the format1on of -

‘d1slocat1on 1oops by Ne and 8i" 1mpTantat10n in CdS crystals, which is

B
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consistent with the TEM results (Sec. 6.1.1').

For samp1esa ana1ysed at 300 K, N "and &xﬂﬂﬁ were obser'ved te be
. higher than when’ ana'lysed at 50 K (F1gs. 6.26 and 6 27). Th1s behavmur
at the h1gher temper‘ature is attmbuted to the additional’ 1ncrease in
the ther'ma1 v1br‘at1ona1 amplitude of the atoms d1sp1aced s11ght1y from
their lattice sites and the conseqUent 1ncreased backscatter‘mg

>probab111ty for the channeled beam

§.2.5. Off Axis Results .

In thlis‘ section the method of obbaim‘rig '1'n.,fof~niat1'0n‘ on/ the
- radial distribbtion of the dis_piaced' atoms is e1abor‘ated. In Sec.
4.2.3. it was mentioned that .t.be_- radial ‘distributio.n. of the displaced,
‘atoms can be obtéiﬁed'by measum"ng N '(t) for different. va‘]ues of the
channe] accessed b_y the beam, prov1ded the flux d1str1but1on across. the-

_ channel 1s umform. E

By changmg ‘the t1'|t ang1e \u, and/or E o’ the tota] transverse
'-‘energy of the _channeled 1ons can be changed (equat1on 4, 28) In the
N present study}\ was vamed from 1. 0 MeV to 2 8 MeV while xp was var1ed

from 0 25 be to 0. 65 b The total number of scattering ‘centres (ND)

' \ was ca]cu]ated for‘ each ang'le, as explained previbus]y (-Sec'.4.2.2.).

" The r'ad1a1 d1str1but1on of the atoms G(r,t), can now be deter‘mmed fr'orn

" this N[J va1ue, usmg the method exp]amed by Foti et al. [1976] an_d

~ Thompsan et al. [1976]. T'Tfn‘s method assumes cylindrical symmetry for
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L : : R
the equipotential . contours across the channel and ca]culates;the

increase in Ny with increasing accessed area of the channel for each

tilt ‘angle. In the present ca]cu]ation actual areas of the channel for

_different tilt ang]es were measured from the equ1potent1a1 p]ots of

N

‘F1gs. 4.11 (a) and- ( o

The values of r a]ong the d1rect1on from the atom1c rows

_-towards the channel center are determ1ned from the equipotential: p1ots_,
.us1ng the total transverse energy 1mparted to the channe]ed ions for

‘d1fferent t11t angles and »He beam energ1es ~ The average rad1a]

distribution of scatter1ng centers over a givén radfal 1nterva1 can be
AY

written as
"FG S‘r‘iﬂ‘-i-l) ). ND'(tslP)'
. 2 : ' N

+

2 2. Nyl 2 .2
'(.AT-'A“’l) (AS-A
T2 2 oo
.-VAO‘ A‘Pl : \
. N (t:q”) K -
2 .2 pitsby) o 5
(AZ-AT ) - = (AT-AT )
T, N T
2 .2
A2 _a
Yy ¥y )
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ok A¢ is the

*area under the equ1potent1a1 contours for different tilt ang1es,

ot

where A% is the total area of the channe] ‘and A

determined from the transverse energy ET'
Figs. 4.43 and 4.44 show'piots of G(r't);ve,-(h/raj'for 60 keV
B1'+ implanted 1nto Cds and ana]ysed at 50 K -and 300 K respect1ve1y for
c-axis channe11ng. The Thomas-Fermi screening rad1us,- a = 0.1313 A
{average of Cd and S), "is also shodh in the figures. Since G(r,t) is
N /N (fract1on of total atoms), its va]ue shou]d not exceed .un1ty

However the figures show that near the rows of atoms G(r, t) exceeds

unity, wh1Ch'IS an 1nd1cat1on of Phe 11m1tat1on of this technique.

Both fhe figures shdw an increase in G(r,t) as ¢ incheases_i.e.
as the beam approaches closer to tﬁE‘POWS'Of atoms. This is consistent '
”w1th Ihe presence of lattice strain near the core of d1slocat1on 1oops.‘

The resu]ts for the 300 K implants 1nd1cate a h:gher G(r t) than at 50 K

o for a11 va1ues of r/r . However, the techn1que is not accurate enough

to def1n1t1ve1y demonstrate the 1arger magn1tude of the 1att1ce

vibrational amp11tudes. o : : S -
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6.3.  Correlation Between'RBS/ehanneling and TEM Results.

The RBS/channeldng'results of 1mp1anted sapples sﬁ%wed that the
saturated d1sorder peak height does not reach the non-aligned Tevel,
1mp1y1ng that the crysta] structure s’ not amorph1z1ng Th1s Was:
confirmed by the electron d1ffract13h measurements which always gave a

single crystal pattern.v."

T

The energyfdepéndence‘df ND and piin for-Bi+ and Ne® dmp]anted
ﬁ:samples is exp1a1ned by the presence of d1s]ocat1on 1oops. The rap1d
increase in the measured ﬂ values when the channe]ed ‘beam was d1rected
tonard the'rpws‘df atomsﬁby s]1ght1y t11t1ng the crystal away§fr0q the
'channeiing direetion ('Off—Axis' measurements) indicated that there is a
'7T strafn 1n theﬁtjttice rows .- Sueh a.1arge strafn in'the lattice
ToWs. ‘can. be exp1a1ned if extended defects are produced These-resuits

o

are in agreement with the TEM observat1ons wh1ch showed that 1mpianta-
‘ ~

t?on‘produceSthslocat1on 1oops in CdS‘crystals.
! .

. TEM observat1ons showed ‘that heavy ion 1mp1antat1on produces
two types of d1s]ocat1on loops 'in CdS‘ crysta%s. ~ type R! lcops are ’
‘sma11er in size and‘ in number density,. and have a-'Burgers- veetor\
'parallel to the c ax1s, the 1arger and more nunerous type II 1oops have

a Burgers vector perpend1cu]ar to the c ax1s Hence, the dom1nant
 1att1ce d1stort1on produced 15 perpend1cu1ar tol the c-axis and paraile]

tx:ithe a-axis.. The observed dechanne11ng 1s. greater for c-axis

l channeling as expected. vResu1ts of the TEM and RBS/channe11ng,techr



. ; i - 180
niques- for lxlO15 Bi.cm -2. 1mp1anted samp]es are compared. The TEM
. sample showed that loops of type I1 were = 1.5 times larger in size and

= 2.4 times ~greater -in number dEnsity than type I 1obps. The RBS/

channe]1ng measurements showe¢ that .4 along the c- ax1s, }E = 1.6
Xmin B

Y

¢

t1mes greater than that .easured a]ong the d-axis.
The dechanne]1ng probab111ty vs. depth for d1s1ocat1on loops
‘.observed in ion implanted CdS crystals cannot be ca]cd]ated accurately:
by the ‘method used by Picraux et al. [1978] (Sec. 4.2.3). This is
because in the present caee direct backScattering from the. defects is
a]eo_significaht and hence the dechanneling contribution due to dislo-
eatioh Tocps cannot be extracted fhdh the tdtéi dechanne]ihg.
: : : > ‘
The annea1ing of ‘the damage' produced in CdS hae‘ not been
_studfed in detail in this work. t However, differeht"resu1ts were
.obta1ned for the two anaIys1s techn1ques (RBS and TEM) for a samp]e
implanted w1th 2x1015 Bi. cm qt 50 K and annea]ed at 300 K for 20 hr.'d
v'The TEM resu]ts showed a 1§rge amount (approx1mateiy 90 %) of annea11ng
of d1s1ocatron loops while channe11ng 2nalysis for another' sample
subjected to s1m11ar treatment d}d not show any measureable annealing.
It should be noted that Yosh11e et a1 (1981) observed annea11ng of
’T1nterst1t1a1 1oop5 at = 600 K; they attr;buted to the’ absorpt1on of

“

vacancies. Hence..a further 1nVestigat10n 1s necessany to confirm our

~observed TEM resu]ts. This d1screpancy in the resu]ts may be due to . =

the d1fference in the samp]e th1ckness for these two - ana]ys1s'”

' techn1ques.
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— The TEM samples wefe < 80 nm thfck whjch is compafab]e to the.
_thickness n‘:f_ the i‘mpll_ant dahlage region (= 60 nm), while the RBS éamples
were 2 mm thick, wﬁich is 10‘4 times thicker than t.he thi_ﬁkness' of the
1‘mh1ahted région. Hence iv__f“ther'e.'is any_-qnneqﬁ_hg of; defec;_t_s near the
surféde the TEM samples provide t_'wq free surfaces For_ annealing while
RBS s'anflpll_es pr‘o_vide only one. w

3

Y

o



CHAPTER 7 . o

CONCLUSIONS i
Yy v

. ~ The f0110w1ng conc]us1ons are drawn from the results of present
1nvest1gat1on.
'(1) Heavy ion implantation (Bi+, Ar+, and-Ne+L_produces‘dis]ocapion

]pops with a Burgers vector~5 1/2 <0001> —<c> (type 1) and b = 1/3.
<1129>‘ <a> (type II) in CdS crysta]s.

. ..\ g
(fi) The s1ze of the type IT Toops is nearTy tw1ce that of type I
1oops wh11e the number den51ty is two to three times greater

- .- '

. \ ..
(iii) . The Ioop size and number- density 1ncreased with 1ncreas1ng nuc-
A \

]ear energy depos1ted by the implanted ions ‘while the loop size

_increased but the number dens1ty"decreased with increasing implant, dose.

3

'(1v)"' The Qarge type II Toops were determ1ned to be predoanantly

of vacancy char

K
~
‘o

N\

+

(v) The RBS/channeling-resu1ts for 60 kev BiY, Kr* and Ar"

implanted .at -50 K and andtysed at the same temperature showed that the,'
-
‘damage peak increases wIth; 1ncrea51ng 1mp1ant dose: "and eventua]]y

182



level 1ndicat1ngrthat the implanted layer is not amorphizing.
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[

saturates at an implant dose dependent on the ion species.

A
'

{vi)  The saturated damage peak height did not reach the non-aligned

{vii) The measured N values were found to be two orders of magnitude

Tower than that theoret1ca11y calculated. This difference in N values

-

;15 cons1stent w1th the TEM observation of ;he format1on of d1s1ocat1on

loop3.  The theoretical_calculation assumes no channeling. -

.

(viii) The amount of dechannneling measured is an order of magnitude .

©

higher than that calculated; -assuming the measured values of ND'cdrres-‘

pand to random]y displaced atoms. The large dechanne11n§ ;ontribuﬁion

for-channeled ions is consistent. with the corre]atédwscattgring-from the’

-

atom relaxations due to the lattice strain_that-aécompénies the dislo-
cation Toops. i
L ) ™ ) -

(ix) The 1mp1ant1on damage when -analysed for c- ax1s channe11ng
showed a higher ND “than that analysed for a-axis channe11ng, This

directiona1 dependence of ND Va]ues'are attributed to the larger strain -

Q-

in lattice rows produced by dislocation. loops.

ey
- -

(%) The AXmin va]ues were also higher for the c- axis ané]yses of

Lthe 1mp1anted samples than those obtained for the damage analysed a?ong -
th¢ a-axis. This is exp1a1ned by the 1arger numbers of the crysta1

p1anes‘para]1e1 to the c-axis (produced by dislocation loops of type 1)
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than that for the planes perpendicular io‘the c-axis (produced by dislo-
cation Toops of type I).

o o . ) ’ ..

(ix) For both a and c- axis channe11ng the measured N and oxm1

values were 1arge for samples 1mp1anted and ana1ysed at 1ower temperu
ature Sﬁﬁk compared to 300 K). However, when samples 1mp1anted at 50 K
were warmed to 300 K ‘the values obtained for ND and 8x iy Were similar
to those obta1ned for samples 1mp1anted and analysed .at 300 K. The
results showed that the values of ND and BXnin obtained were so]e]y a
funct1on of the analysis temperature and that no measurab]e annea11ng'

was observed. The larger damage measured at 300 K is attributed to an

add1t1ona1 increase in the atom1c v1brat1ona1 amp11tude compared to 50K.

_(xii) B1smuth and - neon 1mp1anted crysta]s showed ‘a near]y 11near
1ncreese‘1n the ND values w1th 1ncreas1ng ana]ys1ng beam energy,. wh11e
".Aimin was either rndependent of E or’ decreased w1th 1ncreaswng E .
These results for the _energy dependence of ND and Axm1n are attr1buted'

to the presence of d1slocat1on‘1oops formed by 81 _and Ne™ ‘1mp1entat1bn.3 ‘.

(x111) 'The format%on of dislocation loops by heavy ion implantation
is further supported by results of the ﬁOff Axis measurements ~which
showed a rapid 1ncrease in ND as the crysta]s were sl1ght1y tilted away

from'the channeling direction.

K
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