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"The farevmoment, is not the moment when there is something worth‘
looking at, but the moment when we are capable of seeing." Joseph Krutch

" Preface

Scientific activity must simplify and Unify-if tHe'preéent esca]atién
of "reéu]t producing" is not to totally obscure pertinent problems.
Often during the period of this study i have wondered which I was doing.
As it turns out a slight amount of simp]ificatjon has been achieved,
but perhaps not nearly enough. | |

For the rest, I am.left puzzled by the phf]osophy of research. The
clear connection between hypothesis, experimént'and result was only
seen post facto. However, this was a rich expefience in looking, and
1ooking}caréfu1ly.' More than anyone else, perhaps it is the electron

microscopist who should report not merely whatzis seen but try to observe,

understand. and present a unifying pattern in what is seen.
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ELECTRON MICROSCOPY STUDIES OF ION IMPLANTED SILICON
Krishna Seshan

Inorganic'MateFia1s Research Division, Lawrénce Befke]ey Léboratory and
Department of Materials Science and Engineering, Coliege of Engineering;
University of California, Berkeley, California 94720
Abstfact

"Accidential and fortutious cbncufranée of atoms". A. J. Temple

, : The nature of defects resu]ting from the rapid implantation of
acce]erated_phbsphorous jons into si]icdh and a model of how they form are
reported.v This ihvo]ved'an electron microscope study of the crystallographic
'defects_(in thé'BOOR size range in concentration of 10]5/cm3) that form'b |
‘upbh.anneé]ihg. The ‘annealing step, where the bombarded silicon is heated:
to relatively Tow temperatures (800°C), repairs the bombardment damége and
in'additionvrestors the implanted atoms to electrically active sites.

- Studies using high (650 kV) voltage as well as standard (100 kV) '
electron mickoscoheg showed that the images formed by these crysta]logfaphic
defects afe compiex ahd'that nonconventional imaging teéhniques are
required for their characterization. Such studies revealed the optimum
imaging conditions for the imaging of these defects and showed that the
images of these:sma11 defects (about 3008 or 3X10'6 cm) are'sensitive
to various parametérs, such as the foil thickness, their position in the
foil and. the diffracting conditions. |
» Several honconventiona]_techniques were then used to characterize

the defects. Théy wéfe found to be mostly interstitia] hexagoha]lFrank
loops lying on the four {111} bianesland a few perfect interstitial Toops;

3

»thése‘ldops ocCurred'in concentrations of about_lolﬁ/cm . In addition,
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"rod Tike" linear defects that are shown to be interstitial are also

found in concentrations of ]0]3/cm3.

By varying the prior dopants in
silicon it was found that the linear defects require boron for their
fdrmation. The Toops show electron diffraction contrast effects which
have been interpreted as arising from some of the dopant atoms being
segregated to the interior of the loops. ‘
A model is:propO§ed to account for the interstitia] defects.

. Attention is draWn to the fact that the number of point defects that
make up the defects is of the same Qrder as the number of implanted ions.
The mode]l predicts that only interstitial Toops ought to be'observea

in agreement_with several recent investigations.

Dislocation models of the loops arevexamined and. it is shown that’
phosphorous ions could segregate to the Frénk'loops, changing'their
displacement vectors to a/x[111].  (x > 3) thﬁ% explaining the contrast
effeéts observed.f It would also explain the‘?é]at{ve electrical

inactivity of P jons implanted under the conﬁitions of this-experiment—-'

a fact that cannot be explained by present theofy.
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"Make for yourself a definition or description of the thing which
is presented to you so as to see distinctly what kind of a thing it is
in its substance, in its nudity, in its entirety.and tell yourself its
proper name and the names of the things of which it has been compounded
and into which it will be resolved." Marcus Aurelius

INTRODUCTION

Ion 1mp1antat1on has current]y become a popu]ar method for doping

*sem1conductors, thereby, 1ntroduc1ng e]ectr1ca11y active spec1es in
- small quant1t1es, in the parts per million range, to beneficially a]ter
e]ectr1ca1 propert1es This techhiqde is faster and permits greater
contro] of dose and depth of the dopant species than the conventional
d1ffus1on dop1hg techn1que. The depth is determined by the accelerating
voltage (100 kev in thevstudy) and the dose by the fluence used | |
(3X10]4'ions/Cm2). This rapid jmplantation leads to severe damage of -
fthe implahted-substrate which in this study was (111) oriented silicon.
The imp]antation.damage is largely removed and a majority of the dopants
are‘restored'to=e1ectrica1]y’active sites by heating the substrate to
relatively low temperatures between 500 to 800°C for about |
.15 min to 1/2 hr A debr1s of small crystallographic defects in the
100 to 3008 s1ze range, in high dens1t1es of about ]0]6 defects per
cubic centimeter results from~this annealing treatment. An investigation
into the nature of these defects and the deve]ooment.ofva’model toaexp]ain
"~ how they form and affect the eTectrica] activity of‘the’dopahts were

the: prime objectives of the study.
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In the first chapter it is shown that for'thé dose used in this
.study, isolated and buried damage c]ustefs are expected. Point defect
studies shbwing that annealing in the 100 to 400° centigrade range is
accompanied by the disappearance of vacancies and vacancy complexes ..
are presented. | |

From this it is tempting to draw the incorrect cenclusion that
vacancy typé defects are expected to fofm. Thé several electron
‘microscopic studies of the defécts formed on anneé]ing and their
contradictory descriptions are then pointed out. Last]y; the specific
qdestioné that this study undertook to.resolve are set out.

In the second chapter, the implantation procedure and the
techniques used to anneal the Samp1és ahd prepare thin foils for
electron microséoby are described.

| In the third Chapter experiments to determine the beét imaging
conditions for the defects.are described. Studies'wifh the 650 kV -
Berkeley high voltage electron microscope showed that good images were
obtained with secbnd and third order refiections excitéd for g = 220‘
and g - 111 respectively. However, it was found that at high voltages
the strong effecté of several systematic beams introduce compiexities
in image behavior. Images of the defects disappeared anamalously in
both bright.andvdark fields. From.this study it was evident that the

best resoTution\was obtained at 100 kV using nonconventional

electron microscopy: weak-beam, the symmetric weak-beam beam bright
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fier aﬁd systematit bright field techniques.

The fourthvchapter deﬁcribes'the results of‘applying such tethnqiues
to characterize the defects. For dosesvwhere a contihuous]y damaged |
layer is not formed, the defects that deyé]op upon‘annéa]ing are shown
to be interstitial Frank Toops on the four {111} planes. .In addition,

" there are a few unfauTted 1obps as well as rod-like defects. The

rods appear to be interstitial in nafure and require bofon.for their
formation. Stereo microscoﬁic data shows that the horizontal rods

. lie at the samévdepth as the loop$ whereas the inclined rods start at
the level of the ]Qops and extend upwardé tbwards the implanted surféce.
-They anneal from the.ends in the temperature range of 700 to 750°
cehtigrade. | | |

In the fifthlchapter a model accounting fbr the observed defects
"is presented. ‘Contrast effects and the sensitivity of defect morphology
to trace impurifies are taken as evidence'for interaction between the
dopahts and the defects. This is put forth as a feasible explanation
for the‘poor e]ectrfca] activity of foils implanted to this dose as
| well as the widely differing.accounts of defect qhakacter in fhe
literature. A four stage sequence invo]vfng the break up conversion
and growth of'iﬁtefstitiaT é]usters is proposed to accouht,for,the

observed interstitial defects.
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"The Science appeared to me an elaborate diabolical invention fbr

mystifying what was clear, and confounding what was intelligible."
' o N. Sinclair

1.1, Introduction

The fie]d oinﬂ-ﬂﬁplantation ha§ proted to be a rich source of
information in_éfeas of rédiatioﬁ damage and defect studies in silicon.
The incoming énergenic ion deposits‘its energy in the target first by
iohizatioh and then by nuclear collisions. Radfation damage theory
has been successful in calculating the ion range distribution and
describing the type 6f damage caused (Gibbons, 1971). :Electron'para-
hagnetic'resonénce (EPR) (w&tkihs, 1965) and infrared absorption (IR)

) studies havebéeh especially successful in e]ucidatihg the nature of'the}
point defects broduced by the collisions and their electronic nature;
some of the complexes they form and their range of stabilities have been
carefully mapped (Cheng et al., 1966). |

There are, however, several Timitations to such studies since thé
defects have to be electrically or e]ectrohica]]y activé in order to
be detected by.EPR or IR spectroscopy. Of special relevance is the
reported interstitial problem: "the silicon interstitial having never

“been identified" (Seegar et al., 1968).. Thé repokted.absence of the
interstitial constitutes not on]y a puzz]ihg problem, but also could
lead to the incorrect cdnc]usion that 1nterstit1als do nbt participate
in the annealing prdCess;

An annealing of the implanted substrate is neceséary to restore the
dopant atomstto elettrically.active sitest Depending on the type 6f

damage formed, a mild anneal of 15 min at 600°C can resotre 80% of the |
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dopant ions to electrically active substitutionai sites. However, for
certaih damage conditions this figure is as Tow as 10 to 15%. Electron
microscopic examination of the silicon after the annealing treatment
reveals the presence of many small defects 1n high den51t1es

In this thes1s, the type of damage is correlated with the defects
formed and a study is made of how the defects affect electrical conductivity
during annealing.” The several previous electron microscopjc studies are
fraughtwithcontradictions arising in part from the differences in
4interpreting.e0mp1ex images of the small defects and-the several factors
af%ecting their formation. This situation together with the fact,that‘
no simp]e'model exists to explain the origﬁn of the defects inspired

this study.
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1,2, Summary of Previous Investigations

- 1.2.1. Type of Damage Expected. 'CritiCal Dose Calculations.

Thevtype of damage thé substrate suffefs depends on the dominant
energy loss méchénism bfvthé incoming ion. For small ions (e;g.,‘boron)
much of the initial loss of enefgy is due to electronic stopping, resulting
in ionizafion but not gross damage. Asvthe ion slows down, its cross
section for atomic collision increaSes until ft suffers a nuclear
collision Teading to hassive diép]acement damage. This results in a
damage'frée:path followed by a zone of displaced atoms near where each
ion came*to'reét. At thé'criti¢a1 dose these isolated damage clusters
overlap to form a buried amorphous layer. Continued ifradiation then causes
' the’buried amorphous 1éyer to grow towards the.surface (Crowder, Title T970).
Fpr.heavy ions (e.g., éntimony) nuclear stopping dominates the whole
kaﬁge'and disp]éceménts occur all a]ong'the'ion path. - The damage zones
quickly join up to form a continuous amorphous layer extending to the |

“surface.

The case fof phosphorous is intermediate between that of'boron and
antimony. At 100 kV the projected range, RP,‘is 1228k with the spread,
-ARP, equal to 350& (Gibbons 1969)f RP is. usually taken as the‘peak‘

_ position of a Gaussian profi]ef ‘The dose of P+ ions required to'drive
the silicon amqrphouS'may be estimated (assuming no vacancy ﬁiffusion)
by aésuming that all the target atoms are displaced. The develophent

- follows that suggested by Morehead et al. 1970. That is,

=1
_ = dE -2
Do = En2 ax cm



-8-

' L 2.
dose to drive target amorphous in ions/cm

where Dd =
E = diSb]acement energy for silicon =25 eV
n, = number of target atoms per cm3 = 15 1022 atoms/cm2
%§-= energy independent nuclear energy loss per unit length
%g-is found by the Nielson equation
L 7Xi08x xz2/3x ——;!l;—- eV/ém
dx QA WM, _

where Zys Zy» Mi, M2 are atomic numbers and masses of proaect1]e and

target (P.and Si respectively). That is,

z4 15, M] 31 forvPv

il

=14, M 28 for Si

Zy 2
and - :

9, is the density‘of si1icon = 2.33 g/qm3

" giving g%-f 5.1x10 eV/Cm. Thus,

Do = 25 eVx5-10%2 at°gs x 5.1x10° (&L V)
cm
= 2.4><]0]4 ions/cm2

This estimate is in good agreement with the experimental results

of Do = 1X1015 ions/cm2 for 280 keV P+ (Crowder, Tittle 1970). and

14

- 3%10 ions/cm? for 50 keV P+ jons (Mayer 1971). -From these estimates

it is réasonab]e to conclude that for the foils used in this study,

which were 100 keV p* ions implanted in the 10]4 range, a continuous

damaged layer was not formed. A high density (>SX10]] per cmz) of almost,
overlapping damage clusters about 703 in diameter (Mazey, Nelson, -

1

;Barhes 1968) ére'expected,



.crystal.  The stress using Hooks law is expected to be ~10

(Gibbons 1972). Thus 10

.
The structure of the damage cluster itself is unclear. Parsons (1965)

and Mazey et al. (1968) using electron microscopic studies show that these

clusters consisted‘of a central disordered core surrounded by a

“sheath of crysta]1ine material containing a large number of defects.

Infrared absbrption and EPR studies (Stéin 1969, Daley 1969) show the'

presence of about five diQacancies'per implanted jon. The rest, over

95%, not detectable by their method, they conc]uded were incorporated

in the damége core. A volume expansion Qf 2% acCombaniés the crystalline

to amorphods transitﬁdn‘(Tu et al., 1972). An éxpanded amorphous region

is then_under hydrostatic compression from the surrouhding perfect

e s ‘ 9 dynes/cmz.

COmparable‘vélues (2X109’dynes/cm2) have been reported by Ernisse (1971).
The‘numbef of atoms displaced per phosphorous ion is abépf 1090

22

atoms are expetfed.to have been displaced per

cubic centimeter. - A large number of the resulting Frenkel pairs probably

.annihi1ated. Assuming that 90% of the pairs anm'hﬂate,-loz1 defects

per cubic centimeter are expected.

1.2.2. The Annealing of Damage

Upon heating, the remaining damage repairs and the implanted phosphorous

atoms come to occupy substitutional sites. This process, occurring in

the 200-600°cvtemperature range, isvatcompanied by_the disappearance

- of the divanancy and vacancy-group V complexes (quer 1971). - Thus

the recovery of e]écﬁrica]_activity_has been associated with the
annealing of vacancies (Mayer 1968). It is témpting to conclude from
this that thejdivahcanéies,coT]apSe to.give the defecfs observed after

the anhea]ing'tréatment. ‘However, vacancy type defects are not dbserved

_ éfter;thé annea1ingvtreatment (Jenkins et al. 1973, Seshan et al. 1974).
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The percentage of the implanted ions that are e1ectrica11y active
after a certain given anneal depends critically on the damagé. For
phosphorous ion implantations, when a continuous amorphous layer is

formed, a mild anneal for 15 min at 600-700°C restores almost 100%

activity. When a continuous layer is not formed (dose >1O]3,

15 2) the same énnea]ing treatment results in less than

<10 ions/om
- 15% activﬁty.' A much higher annealing temperature of 900°C is required

to recover full electrical activity (Crowder 1960, Gibson et al. 1968).

1.2.3. E]éctron Microscopy Studies

Several e]ectron microscopic studies of the defects formed upon
annealing of ion impianted'si]icon in the 500-700°C range exisf. They.
are, however, incomolete and advance contradictory descriptions of the
defects and éuggest no model for the defect formation. The defects

in boron implanted silicon were first reported as vacancy type

(Chadderton,'Eisen 1971)}assuming that they are formed from the collapse
of dfvacancies. Another study (Bicknell, Allen 1970) reported that
the defects}were interstitial type. |

| One study of defects in phoéphorous implanted silicon first reported
that they were perfecfvloops lying in the foil plane and were inter- |
stitial typer(DaVidson, Booker 1970). Others also reported the 1oops
as perfect but the habit planes were not determined (Tamura et al. 1971,
Wu et al. 1973). Rocent]y all these loops have been reported as 1mpérfect
loops (i.e., Frank ioOps).lying on the four {111} planes (Jenkins.et al.1973,
Madden 1973). fhere.has a1§o beeh considerable variation invdescriptions
of loops morpho]ogy between wofkers. Linear defeots wefe first reported

as absent in phosphorous implants (Bicknell, Allen 1870) while others
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have reported.their presece (Seshan et al. 1972, Madden 1973).
Tamuravet al. (1971) found linear defects in hot substrate phosphorous
imp]ants_oh]y. A
It was evident from this situation that a more systematic study of

the nature of the defects was warrented.
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1.3. ‘Discussion. Topics Investigated

From the brief review pfésented, it is obvious that several factors
affect the annealing process; how these affect the recovery of electrical
properties and-inf]qence the kind of defects pfoduced_is not comp1éte1y
understood. 'The situation in silicon is further complicated hot only
by the dopants in the foil prior to implantation but aiso by 1mPUYities
like oxygen and carbon (present in concentrations aboﬁt 1015/cm3)‘
whose role is entirely unknown.

This electron microscdpit‘study was undertaken in order to clarify
the specific brob]ems listed below. Phosphorous and silicon ions were
chosen for the bombafding species as boron imp]antation§ have been more
thoroughly investigated.' o

Firstiy,.in-the 1ight of conflicting reports about the nature of the
.defects, a further study of defect type, habit plane and morphology was
thought nécessary. In order to do this the behavior of the images of
these small défécts'were first studied and the conditions under which
the best images were obtained were determined using the Tow as well'ag

" the high voltage -electron microscopes.

Sécond]y; the poor electrical activity of’phosphorous implantations
up to a dose ﬁhere a continuous amorphous 1ayer'i$ formed (Crowder et al.,
1969) does hot have a satisfactory explanation. Precipitétion near
© the ]obpsAhas_been suggested but no mechanism has been propo§ed
(Davidson and Booker, 1970). Attraction of the dopant to the dislocation
cofe is a poésfbi]ity (Gibbons, 1970). However, this interaction,
varying as the square of the difference between the'Vo1umes of the

host and impurity, is expected to be small for phosphorous in silicon.



S 213-

Lastly, there is no simple model for the annealing process. It is
suggested on the basis of observations that the annealing occurs via
- the motion of vacancies and divacancies (Cheng et al., 1966). How this

3 per cm3) of small

results in the formation of high densities (10'
interstitial type dislocation loops has no simple exp]anatiOn, A model

to explain this result has been developed.
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"Unhurt amidst of war of elements, the wrecks of matter and the
crash of worlds "o : Addison

2.1. Implantation Procedure

A schemetje of the‘ion imp1antation procedure is shown in

Fig. 2.1. ‘The implantation was carried out at the Fairchild Research
and Development division. Thevfoiis were tilted 8° away from the
exact 111 orientation in order to minimize channeling. Ions of
P+ and‘Si+,.acoe1erated to 100 keV were implanted into the fo]]owtng
chips. | L - | _ _v

1. Q11 p-type (boron doped) silicon. Resistivity 0.2-8 acm
<111> n-type (phosphorous doped) s111con Res1st1v1ty ~4 Qcm

<]11) n-type (ant1mony doped) s111con. Resistivity ~1 Qcm

& W

am nftype (phoéphorous doped) Lopex or low oxygen silicon.
Resistivity ~1 Qcm.
5. (100> p-type (boron doped) silicon. Resistivity ~1 qQcm.

~ Doses of 2- 3><10]4

1ons/cm-2 using beam currents of Tu amp/cm2 were
used. - Avcalculat1on shows that the implantation takes about half a
minute:

14

~ “dose = 2x10 ions/cm2 = 3.2x107° coul/cm?
current . 1x107° coul/sec cm?
~ implant time = dose/current = 3.2x10° /10 ‘32vsec__

Estimates of the temperature rise due to beam heating depend
critically on the volume assumed affected by the energy of the beam}

If E is the energy deposited by the beam in 32 sec



Magnetic

: ' 4 . Field .

Ion source Field tubes - Quadrupole ‘ Slit-system
. lenses

L= 71T

Beam =
‘sweep Bs?;%w
Xy
i - ‘ ().
. ,_2 PO . - °
Currents ~luA/cm® . o +8
v Dose~2x10'* - 5x10' I/cm2 Specimen
P*, Si*, in n(Sb)Si, n(P)Si, p(B)Si
| o XBL744- 6106

Fig. 2.1. _The ion-implantation equipment-showing the ion source and the accelerating tubes. The
- mass analyzing magnet separates ijons of one mass e.g., P§1.’ The x,y beam sweeps scan
the ion beam across the specimen. Polished wafers of (111} silicon,tilted 8° away
from the exact €111} direction in order to minimize channelling,were used.

..9 L-
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" E = tVI

(32 secs)(10° volts)(1078 amps/cm?)

_3.2:watts sec/crh2

0.768 cal/cm’

Assuming that all this heat'is retained in a volume of one sduare
centimeter by 20008 (range of the ion) the témberature'rise AT is

- related to E by

F - .C AT
| F‘ mEp

d em3x2.3 g/cc = 4.66x107° gm

where m is the mass. = 2.10
 bp is the_specifid heat = 0.162 cal/g°C for silicon .
giving' | |

T 0.768

, — = 10%ec

 0.755x10
Allowing for-an increase in volume affected by over two orders of
bmagnitude a téhperature rise of about 500°C is still expected.

The importaﬁce of effectivé cooling during imp]éntation is obvious
fkom thisvcaicu1atibn.' The éhips used in this study were clipped on
to an aluminum b1qck durihg imb]antation-and a temperature.rise ofbover.
'50°C wdé'not nOticed (Reddi, 1974). Other procedures aré péssib]e,
.such'as making ah”indiuﬁ base coﬁtaét'to“provide‘good heat cond&ction
(Crowder; 1974).vrThqt sampTe heating is'one of the factors which affect

whether or not linear defects form is a result of this study (see Chapter V).
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2.2. Heat.Tréatment

Prior to heat treating the foils they were-gluedvdowh on a.glass
slide, imb]ahted side down, with heated wax and'discs_z,B mhjih diameter
were cut and‘diéheﬁ in the midd]e?using'a u1§résoﬁic éutter."Themdiécs
were removed after cutting ﬁnd diShing'by reme]ffng %he:wai, and
c]eanedgby'soaking in 11 tri%h1orocthy1ene which diéég19es the wax.»
The discs were then heéted ih a forlelushed ABAR'inductfbn furnace in a
static atmosbhere of extra pufe he]jumﬁ‘ In okqefuto theck'thaf n0
impurities'Weré diffuéing intoathe's;mples anothet;bafqh'was ehtapsuTatéd '
1n pyrex'tubiﬁg in-a'96% Hé 4% Héfatmospﬁére. .Theée.capéulés_We;é |
heated ina tubé,furna¢e- -One batch was fast cbo1éd.by.p]uﬁging.£hé
‘capsule in éo]d_watér;‘ SuﬁSequént microscopicfaﬁa1y$i$:fai]ed to reveal
anyisignificant'differencé in defect morpho]ogy'befween these fﬁreé, |

different batches. - .
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© 2.3. Thin Foil Preparation |

| After the discs were heat tnédted they were cﬁemicaT]y-thjhned in
a 3{i'mixture of two solutions A and B; A was a mfxturejof 3:].

' -hydroch]okicvaéjd and nitric acid and B was a solution of 2.5 g iodine
in 1000 ml of acetic acid. The implanted surface was protected from -
“the sd]ution by stigking the discs, implanted sufface down, on the
sheets of PTFE. 'Hot wax was used to stick thelépecihens. The N
'temperathfe'bf:me1ting of the hot wakvwas ~65°C. Some annealing is

expected tovoccﬁf at fhis'stage. ~Thin foils, in the 45008 thickness

- range, we?ejproduced”by stopping chemica] polishing when a“pekforation o

.~ was first seen. .A‘1i§ht‘sourceums~used to aid early detéction. The
samples were_remOVéd using 111-trichloroethy1ehe and washed in acetone

and alcohol before examination.
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" "Nature is often hidden, sometimes overcome, seldom extinguished." Bacon

3.1. Introduction
Defects pfoduced after theianneé]ing'of ion bombafdment‘damageyaré-
small (in the 200-500R range) and present in high concentrations (over

]015

defects/cm3); Conventional bright and dark-fie]d images (Fig. 3.ia,b)
n'are wide (about.ZOOﬂ), dominated by strain field effects;'énd bear no -
re]afion to the frue shape and size of the defecté. _Consequent]y,
_cbnventidnal imaging fechniquesvwere 0f'11tt1e va]ue'in characterizing"b
these defects. | |
Sevéral.nbnconVentiona1_e]ectron microscopic methods aimed at
reducing image width haVe béen announced in the recent years: the
'Weak-beamvmethod (CoCkayne et al., 1969), the bright field systematic
. method (Osiesk{ et al., 1971) and the symmetric weak-beém bright field
:vmethod (Ke]]y et al., 1973). It was obvious that suth.mefhods_could
be used to aanntage in characterizing the defeéts in ion implanted
silicon. | | »
Since no systematic study exists, it was deemed necessary to determine
the best imaging conditions for these defects at 650 kV and at 100 kV.
An experimental method was used. Thin foils were gradually tf]ted in
the e]ectron_microscope'from the (0,9) to the (0,49)*'diffracting

~condition and the bright field and weak-beam (tg,ng) images were recorded.

The notation used for denoting a certain diffraction condition is as
. that used by Humphreys et al., 1973: (g,ng) denotes an image using g

with the Ewald sphere passing through ng. (0O,ng) is the bright-field
image, (-g,ng) is the weak-beam image etc. .
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Several interesting trends énd complications in image behavior‘were
observed. | » |

In order to simulate the .observed behavior ofcthe'images; com-
putations of ihage profiles of closely spaced dipoles under systematic
conditions have been performed (Chen, 1974). A majority of the trends
have been exp]ained (Chen et a].,'1974)'with the notable exceptfon of

the"anamo]ous disappearance -of some images in bright field.
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3.2. Experimental Results

3.2.1. 650 kV Optimum Conditions and Complexities

The images in Fig. 3.2.1 and the traces across the defects show the
reduction of image width that exciting combinding good defect visibility
with a reasonably narrow image occurs for the (0,2gs+) bright field
condition, Fig. 3.1.1b and the g,2gs+ weak beam condition for g = 220
as in Fig. 3.1.2b. Although exciting higher orders of reflection
decreases image width, contrast above background drops over 60%

(Fig. 3.1.1d) so that the defects can hardly be seen. The bright field
systematic images require shorter exposures than the weak beam images;
the latter yield three times more contrast for the same imaging condition.

Experiments showing that the optimum imaging condition for g = 111
is the (0,3gs+) bright field and the (g,3gs+) dark field is shown in
Fig. 3.3e and f respectively. These images also show the great
sensitivity of the images of small defects to the diffracting condition
when several beams are excited. The circled Toop is seen, in bright
and dark fields, at the exact Bragg conditions (0,3g) and (g,3g) only:

Fig. 3.2c and d. PRecause of this anamalous disappearance effect

caution is necessary before concluding that a certain defect is absent

when several beams are excited. Another complicating feature in high

voltage images may be seen in Fig. 3.2.1c where the 1ine of no contrast
of some loops are seen to rotate as G is changed slightly: for instance
at Toops as well as that adjacent to the rod R. Such rotations could
lead to incorrect assignments of the Burgers vector specially if specific

two-beam models e.g., Bell and Thomas (1965), are used.
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Images in bright-field with g = 220 at 650 kV for the
following conditions: a. (0,9), b. 0,g9s+), c. (0,29),
d. (0,2gs+). Shown below are densitometer traces across
the loop L and the "rod-1ike" defect R. The best
visibility condition with narrow images was at d:
(0,2gs+). Further tilting resulted in a great loss of

visibility.
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Fig. 3.1.2. The same area as in Fig. 3.1.1 in dark field under the
following conditions: a. (g,29), b. (g,2gs+), and the traces across
L and R. This figure illustrates the increase in visibility of dark-
field images over bright field images under the same diffracting
conditions (c.f. 3.1.1d). These images, however, reauire much
longer exposure (~16 sec).
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Images in bright- and dark-field with g = 111 at 650 kV
for the following conditions: a. (0,2g9s+), b. (g,2gs+),
c. {0,39), d. (g9,39), e. (0,3gs+), f. (g, 3gs+). This
figure illustrates that the visibility of the defects
in bright and dark field can change dramatically for
small changes in diffracting condition (c.f., a,c or
b,d). The circled loop "anomalously" disappears except
at the extract Bragg condition (c and d).

Computer calculation (Chen et al., 1975) shows that
visibility can also be affected by effective foil
thickness and defect size.
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3.2.2. 100 kV Optimum Conditions and Complexities

Experiments to determine the optimum conditions at 100 kV are shown
in Fig. 3.3. The images and the microdensitimeter traces shbw that the
edges of the loop are best resolved for the (0,1gs+) g = 220 diffracting
condition (Fig. 3.3c). For g = 111 the (0,2gs+) condition was found
optimal.

The great enhancement of image detail, the reduction of image width
and the increase of accurate information about loop size, shape and
habit planes available in weak-beam images is seen in Fig. 3.4. The
reason for this isvexp]ained in excellent reviews by Cockayne (1973) and
is briefly given below. Image widths are to a good approximation of the

order of £3/3, where g; is the effective extinction distance, and

£3 = £/ V1 + o

where Eg is the extinction distance for a certain g and w = dimentionless
deviation. If two beams (0,g) are excited and the -g beam is imaged,

w of this beam is large as it lies outside the Ewald sphere. This

makes E; small (~60ﬂ) and image widths of ~20R are routinely obtained

by this method. That the habit plane of the loops is {111}, that the

Toops are imperfect (Frank) loops, that they are hexagonal and in the 2008
size range can be deduced from this one image. Such images were used
for the most part for the characterization of these defects.
A comparison of the accuracy with which the size of a defect amy
be estimated by the bright field, symmetric weak-beam bright field
(Fig. 3.5b) and weak-beam images (Fig. 3.5c,d) is shown in Table 3.1.

Table 3.1 shows the advantages of the reduction of image width obtained



Fig. 3.3,

P

ool

b c d
XB3 7210-5176

Images in bright field with g = 220 at 100 kV for the
following conditions: a. (0,9), b. (0,gs+), c. (0,gs++),
d. (0,29),e. (0,2gs+). Also shown are microdensitometer
traces across a loop. The best visibility and narrowest
images were obtained for the (0,1gs++) condition (c).
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XBB 747-4427A

A weak-beam image (-g,3gs+) at 100 kV. This figure
illustrates the great enhancement of image detail the weak-
beam technique affords. This one image with the Thomson
tetrahedron shown can be used to conclude that the habit
planes of the loops are {111} as marked, that the loops are

imperfect (Frank) loops and that they are hexagonal in the
200-300 s1ze range.
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Fig. 3.5. A comparison between images in bright field (a), in the
symmetric-weak-beam-bright-field (b) and in weak beam
(g,3g) ¢, and (g,4g) d. The SWBBF image requires shorter
exposure than the WB images, and produces double images (c)
if the Toop is faulted or single images if it is perfect (B).
The weak-beam images require longer exposures and give reliable
dimensions of defects within #5A.
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Fig. 3.5
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Table 3.1. Image width and estimated width of

defect B.
Fig. 3.6 a b ¢ d
Image Width A 600 60 55 28
Estimated undefined . 98 110 60

Width of Loop B R
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by the symmetric-weak beam method (Fig. 3.5b) and weak-beam methods
(Fig. 3.5¢c and d) over the conventional bright field image (Fig. 3.5a).
In this case this has been used to determine the width of the loop B
(Seshan, 1974).

The symmetric weak-beam bright field method requires shorter exposure
times (~15 secs) than the weak-beam method (~60 secs). It has also
proved useful in quickly détermin#ng the ratio of faulted to perfect
loops (see Chapter IV, p. 63).

Nonconventional images at 100 kV were also found to suffer from image
complications arising from the interaction of several beams. This may
be seen in Fig. 3.6a,b. Figure 3.6a shows a bright field and Fig. 3.7a,b
(+g/-g) weak-beam of the same area. In the weak-beam image (Fig. 3.7b)
just below the hexagonal Toop marked g the faint image of a linear
defect may be seen; this 1ies along a [110] direction AC according to
the Thomson tetrahedson in Fig. 3.7a.

The image of this defect is not seen in the bright field image
(Fig. 3.7a). The absence of the rod in the bright-field image,

Fig. 3.7a, and its presence in the weak-beam image (Fig. 3.7b) confirms
that 100 kV bright field images are liable to the anamalous disappearance
effect. The computer simulations (Chen et al., 1974) show this could
arise from defect position in the foil defect width, foil

thickness and diffraction conditions.



Fig. 3.6

-34-

Shows a bright-field and weak-beam image of the same area. The
figure shows that the visibility of the defects, even in
bright field, is very sensitive to the diffracting condition.
For example, the linear defect at M, visible in the W-B

image has "anomalously" disappeared in the B-F image. The
figure also shows the four sets of Frank loops marked with
respect to the Thomson tetrahedron.
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3.3. Discussion and Conclusions

One common feature observed in the 100 kV and 650 kV bright and
dark field images is the anamalous disappearance effects for small
changes in the diffracting conditions. Further, a definite trend
in the optimum conditions for resolution of the images were seen as
shown in Table 3.2.

In order to explain these trends the images of closely spaced
dipoles (60-5003) in silicon for the systematic cases with up to seven
beams excited using the Howie-Basnski (Howie and Basinski, 1968) were

computed. From these profiles the visibility defined as:

visibility =(Imax - Imin/Imax e

| B

was determined (Chen, Seshan and Thomas, 1974). This quantity was
found to drop from 0.8 to 0.1 for changes in sg the deviation
parameter of 2%. Such a variation exactly duplicates the behavior
of images such as that in Fig. 3.3 and 3.7.

The visibility was also found to vary with size and depth of the
defect in the foil and quite markedly with foil thickness. Stereo-
microscopic data show that the rods seen in Fig. 3.8 are distributed
~over a depth range of 2000R. It is, therefore, quite Tikely that the
disappearance effect is related to the defect size and depth in the
foil. It is known that weak beam images are sensitive to the depth of
the defect in the foil (Perrin and Eyre, 1973). This study shows that
bright field images of small defects in silicon suffer the same effect

at 100 and 650 kV.
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Optimum imaging conditions--experimental and

theoretical.
Condition of Maximum
BFS Transmission

kv g Optimum Condition Humphreys et al., 1971 at 1 MeV
100 220 (0, 1g s+) (0, 1g s+) 100 kev, most metals

111 (0, 2g s+) (0, 2g s+)
650 220 (0, 2g st) (0, 2g sx) 1 MeV, light elements

111 (0, 3g s*) (0, 3g sx) 1 MeV, 1ight elements
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As may be seen in Table 3.2, there seems to be a relation between
experimentally determined optimum conditions and the conditions for
good transmission as determined by Humphreys, Thomas, Lally and Fisher,
1971. For instance, they determine from Bloch wave intensity calculations
that the conditions for best transmission for 1light elements in bright
field with g = 220 is just positive or negative of the second order
Bragg position; this is also the best imaging condition in Fig.

They find that conditions of good transmission at 100 kV are poor
transmission conditions at 1 MeV; in the study of images it is seen

that the (0, 1gs+) condition which is the optimum condition at 100 keV,
Fig. 3.4c, is a poor imaging condition at 650 kV, Fig. 3.2.1b. Although
these studies suggest a connection between electron penetration and
image contrast, the detailed mechanism has not been worked out.

Non conventional images at 100 keV were found to have the required
resolution to characterize these defects and were used for the most
part. The only limitation was that thin areas of the foil (2-3000&)
had to be used. This may yield misleading information about defect
depth distributions as the defects are expected at depths up to
40003 in the foil. Therefore, for stereo macroscopic work relating to
the depth distribution of the defects high voltage images, where thicker

foil sections (8000-10,000R) could be imaged, were used.
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"He's got 'em on the 1ist, he's got them on the Tist
And they'11 none of them be missed, none of them be missed." Mikado

4.1. Introduction

An unambiguous characterization of the defects formed upon annealing
ion-damaged silicon is necessary before a model for their formation is
proposed. Contradictory descriptions of their nature have been advanced
owing probably to their small size, high densities»and complex image
behavior (Chapter II). The loops formed upon annealing were first
described as perfect with burgers vectors of the type a/2[110]; their
habit planes were, however, not exactly determined (Davidson and Booker,
1970; Bicknell and Allen, 1970; Tamura et al., 1972; Wu et al., 1974).
Most of these investigators reported interstitial Toops except Chadderton
and Eisen (1970) and Bicknell (1973) who reported vacancy loops. More
recently, using weak beam techniques a majority of the loops have been
reported as interstitial and imperfect i.e., interstitial Frank Tloops
with a/3[111] displacement (Jenkins et al., 1973).

The occurrence of linear defects in P+ implants constitutes another
perplexing problem. Such defects are observed in great abundance in
B+ implants into n-silicon. However, in P+ implants into p-silicon they
were first reported to be absent (Bicknell and Allen, 1970). They
associated with this the absence of negative annealing in pt implants.
Linear defects were present in the room temperature P+ and Si+ implants
used in this study (Seshan and Washburn, 1972), and were also reported
in high temperature implants by Tamura et al. (1972). More recently
shorter Tinear defects than those found in B+ implants have been reported

by Madden (1973) in pr implanted p-silicon.
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14 100 keV ions per cm2 were implanted as below:

In this study, 2 10

a. P ions in p (boron doped) 111, 100 silicon 0.25-8 Qcm

b. P+ jons in n (phosphorous doped) 111 silicon 1 Qcm

c. P jons inn (phosphorous doped) "lopex" silicon 1 Qcm

o P+ jons in n (antimony doped) 111 silicon; 1 Qcm

e. Si' jons in p (boron doped) 111 silicon; 1 Om

It is shown in Chapter I, part 1.2.1, that the dose used was below
that required for the onset of a completely amorphous layer and that a
high density of isolated amorphous or disordered zones are expected.

In this chapter the determination of the habit planes of the defects
are described by large angle tilting and by the calculation and comparison
of some inclination dependent contrast features in Section 4.2.1. Whether
the defects on the inclined planes and those in the foil plane are
interstitial or vacancy is determined in Section 4.2.2. In Section 4.2.3
the depth distribution of the defects found by stereomicroscopy is
described. Some unusual contrast features exhibited by the loops are
also discussed. In Section 4.3 the effect of silicon prehistory on
defect morphology is described. In Section 4.4 some experimental

observations on the linear defects are presented.
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4.2. Characterization

4.2.1. Determination of Defect Habit Planes

The habit planes of large loops an simply be determined by tilting the
foil to orientations where the defects appear edge on. The images of
small defects, however, are so dominated by their strain fields that
images under conventional contrast conditions are insensitive to changes
in orientation; see Fig. 4.4 for example.

In weak-beam images changes of loop orientation are more readily
visible (Fig. 4.1). A special wedge was constructed in order to effect
this tilt in the Philips EM 301 high resolution instrument. In
Fig. 4.1(a) a 111 foil is tilted to the 112 pole where one of the loop
variants, B, appears edge on. In Fig. 4.1(b) a similar foil is tilted to
the [233] pole. Consistent with the view that the defects 1ie on {111}
planes, the varient appears flatter. In Fig. 4.1 the tetrahedron of
{111} planes is shown with the Thomson notation.

If the displacement vector of the defects is a lattice vector
their images should show displacement fringe contrast as seen in Fig. 4.2.
This together with their symmetrical hexagonal shape is positive evidence
that the loops are Frank loops, and inclose a stacking fault. Their
hexagonal shape is indicative of the fact that they are in growth stages
where jog nucleation is the critical step (Friedel, 1969) and that the
Frank dislocation inclosing the stacking fault is split into a stair rod
and a Shockley partial dislocation (Hirth and Lothe, 1973).

The fringe spacing p is related to the effective extinction distance

&3 and the inclination 6 of the defect to the foil surface by
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[233]
XBB 745-3335

Fig. 4.1. (a) Weak-beam image of 211 and (b) at 233. The Thompson

tetrahedron corresponding to these poles is shown. At the 211 pole
the B varient of the Frank Toop should appear edge-on as is the
case (a). At the 233 pole the y varient should appear slightly
larger in projection than o and B as is also the case. These
images were used to conclude that the Toops form a family of Frank
loop on the four {111} planes. The varient marked § 1ies in the
foil plane (111) and always appears by residual contrast.
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p = £¥ Coto (see Fig. 4.3(a) and Table 4.1,
9 Column 6)

gg is calculated from the formula

0
£
£ = o e column 5
g g 2
1T +w

where gg silicon, g = 220, is 760R

0
g

deviation parameter which is calculated as
shown in Fig. 4.3 and listed in column 3

column 4

w SE

(7]
"

In Table 4.1 the measured fringe spacings are within +10R of those
calculated assuming that 6 = 70° i.e., that the loops 1ie on {111} planes.
This is further justification that the loops lie on an inclined {111}
plane.

The edges of the hexagonal defects 1ie along (110) and projected
(110> directions (Fig. 4.2, Fig. 4.6(b)). Since only the {111} planes
contain three coplanar (110) directions, this is also evidence that
they 1ie on 111 planes. The sides of the Toops lying on the foil §
plane (Fig. 4.6(b)) are equal, whereas, those on inclined planes have
the inclined sides fore shortened. The ratio of the length of these sides

reflect the angle through which the loops have been rotated. This angle
was calculated for several loops and angles around 68° were found. This

within 10% of the true 70° tilt assuming the loops 1ie on {111}.
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Fringe spacing as measured on the electron micrograph

Table 4.1.
are shown in Column 7. These agree within experimental
error (+10R) with calculated values assuming that the
loops 1ie on an inclined {111} plane shown in column 6.
1 2 3 4 5 6 v
Weak-Beam £9
Reflecting -1 _ Calculated Measured
Condition  Fig.  (sg)R " R Spacing Spacing R
(g,29) 4.1a 5.05x107'3 3.83 190 69 70.5
(g,39) 4.1c  1.14x107° 8.65 87 32 35
(g;4g)  4.1d  2.02x107% 15.3 49 18 20
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a. (9,2g9), b. (g,29s+), c. (g9,3g9), d. (g,3gs+),

e,f. (g,4g). A series of weak-beam images (g,ng) where by

tilting n is changed as above. Going from a to e the
effective extinction distance decreases and the number of
displacement fringes within the loops increases (c.f. loop
A in Fig. 4.2a and 4.2e). The spacing between the fringes
was used to calculate the inclination of the Toop habit
planes and it was confirmed that they were {111}. The
edges of the defects (e.g., A) lie along (110) directions
?nd 15 additional evidence that the loop habit plane is
111},
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Fig. 4.2
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(b)

5 < measured Sq/2g=142xI02A ™
~= P period g/ ?
w=sé, = B.65
53 = effective extinction distance fw _20 / 8?2\
w o g - g \/|+W2 :
= t
p fé cot 70
XBL747-6675
Fig. 4.3. (a) Shows the reflection condition satisfied for the (g,3g)

condition corresponding to Fig. 4.2c. The calculation of
the deviation "s" for the reflectiong, of w the dimensionless
derivation and the effective extinction distance

53 is illustrated. (b) ITlustration of how the value of
the effective extinction ES is used to calculate the
fringe spacing. Notice that the fringe spacing depends

on the angle the defect habit plane makes with the foil
plane. This angle is 70° if the defects are assumed to be
on {111} planes.
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From the above it is concluded that the defect habit planes for
the great majority of loops on the p-type foils examined were {111}
and that they were Frank Toops. In addition, there were a few unfaulted

perfect Toops as at A in Fig. 4.1 which show very dark interiors (see

3

Section 4.2.3). Linear defects in densities of about 1015/cm were also

]5-1014/cm3 (Davidson, 1971;

found. Loop densities are of the order of 10
Madden, 1973).

4.2.2. Determination of Defect Type

Defects 1ying on the inclined 111 planes were first analyzed; they
are easily imaged with reflections in the 111 zone. The loops in the
foil plane wereanalyzed at the (112) pole using g = 117.

The stereo pair in Fig. 4.4 is used to find the Toop type. These
images demonstrate that it was impossible to determine loop habit from
conventional images. That the habit is {111} was determined using weak
beam images and described previously (Section 4.2.1). Accordingly in
Fig. 4.4, the loops marked B showing outside contrast are expected to
be on the 111-B plane and those marked y and showing inside contrast
on the 111-y plane. The analysis of the strain contrast is shown in
Fig. 4.5. Using the formal FSRH analysis (Hirsh et al., 1969) the 8 varient

shows outside contrast requiring that (g-R,) s < 0. Since s is positive

)
and g is fixed as shown, RB must be as drawn in Fig. 4.5c, requiring
that the loops are interstitial. The same is true of the y varient.

The same result is found if the rotation of the planes around the defect
is examined (Fig. 4.5c). These analyses confirm that the loops in the
inclined planes are 1nterstitia1 Frank Toops.

Loops in the foil plane (8 loops) are analyzed in Fig. 4.6. In

Fig. 4.6a and & loops appear by residual contrast. Using the specially
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XBB 745-3334

Fig. 4.4. A bright field stereo-pair where (a) is near 111 and (b) is
near 211. Notice that the B varient shows outside (g,Rg<0) and the
y varient inside (g,Rg>0) contrast. "S" the deviation is positive
for both images shown in the diffraction pattern.
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—>g (s>0)

Niis

B out ) I yin
gRB<O gR7>O

Situation as found in Fig. 2a

I
(b) S>C>

A

Giving:
g-Rg<O (out) g'R,, >0 (in)

R consistant with FSRH
(perfect crystal)

. g (s>9)

\ﬁ

(c)
S

o

Defect distribution in crystal

XBL 745-6241

Fig. 4.5. Analysis of the loop type
in Fig. 4.4. (a) Shows the
inclinations of the B and y planes
in top and side view with the
information obtained from Fig. 4.4.

(b) Shows the analysis in terms of the FSRH convention. If the top of the
crystal is fixed, Rg, and Ry must be as shown. The ana]ysis is repeated
taking the bending of the planes into account. The result is that the loops
are interstitial. (c) Shows the distribution of interstitial defects on

the four {111} planes.
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constructed wedge,the foil was tilted to the [112] pole where the &
loops appear as grey regular hexagonal discs. They appear in strong
contrast in Fig. 4.6b and weak contrast in Fig. 4.6c. This special
feature is discussed in detail in the next section. At C, D and E
some perfect loops showing very dark inside contrast appear.
The determination of loop type is shown in Fig. 4.7. The inside
contrast in Fig. 4.4b requires that (g<R§) s > 0. Since g is fixed
and s is positive as shown, RS must be as shown in Fig. 4.7e;
consequently the loops are interstitial. Analysis of the rotation of
the planes yields the same result; it was concluded that the loops on
the foil plane were also interstitial.
This conclusion is strongly corroborated by the interesting reaction
between a loop on the [111] foil plane and one on an inclined (111)
plane at E. Since the two stacking faults meet at 120° and the other
two Frank dislocations appear to have attracted one another the two
loops participating in the reaction are of the smae type viz interstitial.
One researcher found vacancy loops in the foil plane upon annealing
P+ ion damage. This would imply that stress plays a major role in the
type of Toop nucleated on a given habit plane. It should also lead
to a preferential distribution of a given set of Toops within a depth
range where the internal stress favors their nucleation. No evidence for

this effect was observed in the present experiments.
Stereo measurements which indicate that there is no depth
segregation of loops by habit plane or type, are presented in the follow-

ing section. The Toops in the foil plane are well distributed among those



o

XBB 747-4423

Fig. 4.6. (a) Shows a bright-field image at the 111 pole where the loops
in the foil plane (§) are in residual contrast; the other varients
present (B,y) are indicated. (b) Shows the same area at the 211
pole using g = 111. The loops in the foil plane § are visible and
show strong inside contrast. They are hexagonal with sides along
(110) directions. Linear defects along the various <110} directions

are marked. Loops B, C and D are perfect loops and show very dark
inside contrast.



-54-

_ XBB 747-4424

Fig. 4.6. (c) The same area in g = 111. The & loops now show very weak
outside contrast. It was checked that this effect depends only
on the sign of (g-s) s. (d) The same area in (-g,2gs+) weak-beam.
The various sets of defects are marked according to the Thomson
tetrahedron. The perfect loops A, B and C show very dark interiors.
At E is a reaction between a loop on the & plane and one on the
inclined o plane.
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Analysis of loops in the foil plane d. (a) Shows the crystal

in top view. The poles shown are projections below the crystal.
(b) The same crystal tilted to the 2TT pole (as in Fig. 4.6b).
The vectors n, the foil normal, g and the sign of s pertaining
to Fig. 4.6b are shown. (c) The & loops in Fig. 4.6b show
inside contrast requiring that gR6>0. Therefore, the direction
of RS should be as shown in Fig. (c). The loops in the foil
plane are therefore interstitial. (d) The analysis taking

the rotation of the planes into account giving the result

that the (S8) Toops are interstitial.
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on inclined planes. This indicates that stress aided or stress inhibited
nucleation is not an important factor in the annealing process despite
the Targe internal stresses (ZXIO]9 dynes/cmz) that have been reported
(Ernisse, 1969).

The special contrast effects, namely the great change in outside to
inside contrast in Frank loops (Fig. 4.6b,c) and the dark interiors of
perfect loops (Fig. 4.6b at B for instance) are discussed in the
next section. There it is concluded that this could indicate dopant
atom segregation to the stacking fault. This could result in a small
change in the displacement vector of the Frank loops from a/3<111) to
a/x{111) x > 3 and that of the perfect loops from a/2[110] to
a/2[110]-a/y[111]. This is discussed in more detail in
Chapter V.

4.2.3. Contrast Effects-Depth Distribution

It was mentioned in Section 4.2.2 that the perfect Toops showed
very dark inside contrast and weak outside contrast (see Fig. 4.1).
This has been previously noted by Davidson and Booker (1971) who were
the first to ascribe it to precipitation at or near the loop. They
did not suggest any mechanism by which this may occur, however. This
effect is also seen in some recent images (Bicknell, 1973); this author
does not draw any specific inference from the effect.

In this study, the perfect loops as well as the Frank loops showed
the contrast effect mentioned above, both in bright field (Fig. 4.8)
and in weak beam (Fig. 4.9). In Fig. 4.8a the foil was imaged at the
111 pole with g = 022 so that the loops in the foil plane (RS = 111)
are not visible except by residual contrast (§-R6 = 0). In Fig. 4.8b
and ¢ they are imaged with g + and - T17 at the [112] pole. The great
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difference in inside and outside contrast is obvious. The same is true
for the weak-beam images (Fig. 4.9). For instance, Frank loops formed

by quenching pure aluminum (Eddington and Smallman, 1965) and examined

with g = tor - [111] do not show this great change in contrast. Frank

loops formed by quenching pure aluminum (Eddington and Smallman, 1965)

and examined with +g = 111 do not show this change in contrast.

One possibility is that this is a depth related effect: that the
defects at a certain depth show dark contrast while those at another
show weak contrast. In order to check if this was so, the depth in the
foil of several loops in the foil plane and of those on inclined planes
were determined by stereomicroscopy and subsequent parallax measurement.
The results are shown in Fig. 4.10. The loops in the foil plane 1lie
well distributed within a depth of 15008. Since most of the loops in the
fieid of view show the effect, this is probably not a depth effect but
a property of the defects themselves.

Another explanation is that the uniform contrast occurs by the
overlap of dislocation tails (Low and Turqualo, 1968).* However, such
an overlap should not depend upon the sign of (E-E) s. Since the contrast
from these defects do, this explanation is perhaps not adequate.

The similar contrast effects observed in the Frank loops and described
in Section 4.2.3 is, therefore, interpreted as structure factor contrast
arising from impurities adsorbed on the stacking fault. The contrast
effect observed in the perfect loops could then be explained on the

basis that the adsorbed atoms remain after the loop has unfaulted.

*
I am grateful to Dr. M. J. Goringe for this suggestion.
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Fig. 4.8. To show the great difference between inside and outside
contrast shown by loops. (a) Shows the loops in residual
contrast, (b) shows the loops in weak outside contrast and
(c) shows the loops in strong inside contrast. This is not
a depth effect (see text); it could arise from the segregation
of impurity to the Toops.
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The same images in *g in two weak beam conditions:

(a) (g,4gs+) (b) (-g,-3gs+). The Toops show faint outside
contrast in (a) and strong inside contrast in (b). The
?ffegt does not depend on "s" but only on the sign of

g-b) s.
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4.3. Defect Morphology-Silicon Prehistory

Descriptions of defect morphology for annealed P+ ion implanted

silicon are varied as is explained in Section 4.1; the origin of

this variation is not clear. In order to investigate whether the
presence of piror dopants in silicon alter the defect morphology P+
ions were implanted into
a. n type (phosphorous doped) 111 silicon
b. n type (phosphorous doped) "lopex" (low oxygen) 111 silicon
c,d. n type (antimony doped) 111 silicon
(The letters correspond to Fig. 4.11.)
In addition, two p (boron) doped silicon wafers, one implanted with
P* and the other with SiH" fons were examined. The substrates were all

14 1'ons/cm2 in all cases.

about 1 Qcm and the dose was 2x10
The defects formed in P' and Si+ implants were not very different
from each other. Frank Toops and linear defects were observed. Fewer
defects were observed in the SiH+imp1ants. A possible explanation
is that damage is sensitive to size of the implanted ion.
Defects observed after annealing the n-type foils were different
from those in the p (type) foils and from each other as shown in
Fig. 4.11. The fraction of larger and more circular loops was greater
in n type fails. These were examined at the (§,3§) weak beam condition
and showed no fringes indicating that they were perfect. Also, no
linear defects were observed. Figure 4.11c and d shows that these loops
also show very strong inside contrast (e.g., at A in Fig. 4.10c) and

weak outside contrast, e.g., Fig. 4.11d, suggesting some precipitation

(Davidson and Booker, 1971).



- -,

XBB 7410-7190

Fig. 4.11. A comparison of loop morphology when the dopants in the

substrate are changed. Shown are (a) n(P) Si, (b) n(P% Topex Si
(c,d) n(sb) Si all implanted with P+ jons (2x1014 i/cmé) and
annealed to 800°C for 2 min. Linear defects are not formed. The
loops are larger, circular and mostly perfect.
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The possibility that dopants may be adsorbed on the stacking fault
provides a simple explanation not only for the contrast effects observed
but also for the relatively poor electrical activity of foils containing
such Frank Toops reported by Crowder and Moreheat (1969).

These ideas are further developed in Chapter V.

It was concluded from this experiment that defect morphology
resulting from phosphorous implantation and annealing
is sensitive to the presence of solutes. The presence of larger
dopant atoms phosphorous and antimony, favored the growth of perfect
loops. A possibility is that the higher internal stress, associated
with atoms of larger misfit, promotes nucleation of perfect loops
or unfaulting of Frank 1oops.*

Since linear defects were only observed in foils containing boron
(e.g., B" implanted foils andP+ implants in boron doped foils) and
absent when no boron was present (e.g., in n (P doped) and n(sb doped)
foils as above), it was concluded that boron is necessary for growth of
linear defects.

The annealing behavior and depth distribution of Tinear defects is

described in the next section.

*I am grateful to Dr. Westmecott for this suggestion.
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4.4. On the Presence of Linear Defects

Chadderton and Eisen (1971) showed that for room temperature B
implantation "rod-like" linear defects were formed along the [110]
directions. These foils showed an increase of electrical activity
which coincided with the disappearance of the rods. It was concluded
that B was associated with these defects. .

Bicknell (1973) reports that linear defects were absent in pt
implants. This was correlated with the absence of any abnormal increase
in the carrier concentration vs annealing temperature curve implying
that P+ dopants do not form linear defects. In contradiction to this
linear defects were found in P+ implants used in this study (Seshan
and Washburn, 1972). Tamura and Ikeda (1972) reported linear defects in
high temperature p* implants (1974). More recently, Madden (1973 has
reported the presence of linear defects in p* implants at room temperature.

The experiments described below were done to study the linear
defects in more detail. In Fig. 4.12 a foil is shown which was partly
masked from the ion beam, annealed at 800°C and then examined. Loops
and Tinear defects formed only in irradiated areas. This experiment
eliminates the possibility of contamination from the furnace atmosphere;
the defects are associated with the damage process. Similarly, foils
were heat treated in different furnace atmospheres e.g., a 4% H2-96% He
mixture, and in extra pure helium and the specimen cooling rate was
changed; wafers of 111 and 100 were also used. Linear defects were
found in all p-type foils regardless of orientation and heating procedure.
It was also confirmed by examining epi on epi wafers that the mechanical
polishing of si]icoﬁ prior to implantation does not affect linear defect

formation.



Fig. 4.72.

XBB 744-2291

Shows an area partially exposed to the jon-beam. Subsequent
annealing shows that no defects form in the areas not
bombarded. The possibility that furnace contaminents affect
defects is eliminated.
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Linear defects were observed only in foils containing boron (Section 4.3).
It was, therefore, concluded that boron was necessary for the linear
defects to form (Seshan and Washburn, 1975). _

The result that linear defects are formed in hot implants (Tamura,
1971) is interesting in that it suggests that foil heating is important.
The claculation in Chapter II shows that beam heating can be a problem
if a good heat sink is not provided. The temperature rise of the foils
examined in this study was not expected to be over 50° (Reddi, 1974).
However, foils implanted using different types of heat sinks were not
examined.

In order to study the annealing behavior, depth distribution data
was obtained for rods and loops using stereomicroscopy. Foils were
tilted 6° along the g = 220 Kikuchi band and images under identical
diffracting conditions were obtained. Parallax measurements were made
using a Wilde parallax bar and sterescope. The depth distribution of
defects in a foil annealed at 800°C for 1/2 hr is seen in Fig. 4.13.

No defects are seen within 10008 from the implanted surface. (This is
marked "top of foil" in Fig. 4.13.) This is consistant with theory that
the incoming ions cause no damage for the first 10008 where they suffer
electronic collisions. The defects loops and linear defects are then
distributed in a 3000& deep layer where the ions suffer nuclear collisions,
and come to rest, causing severe lattice damage.

The inclined rods along the three inclined [110] directions extend
(from the layer of the loops) to the implanted surface. Depth dis-

tribution in another foil heated at 650°C for 2 hr is shown in Fig. 4.14.
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Fig. 4.13.

A stereo-microscopic depth determination of linear defects and loops in a foil annealed

at 800°C for 1/2 hr. The defects inclined to the foil surface (drawn vertically in
this diagram) are longer than those in the foil plane.
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Fig. 4.14. Depth distribution of linear defects and Toops in a foil
annealed for a longer time than in Fig. 4.13. The linear
defects inclined to the foil surface appear greatly
reduced in length. The shrink by point defect emission
to the top surface.



- — ——— — Top of foil
6000} i . 3 1
(0]
v I :
o 4 JL o 98
8 1 b o —— o
r‘—L—c ' . o T ' " OO
ot 4000}— ] o —t o2 o)
& I — 0]
3 o
u- 1
: ]
a o
a
2000 n (P) Si/implanted 2x10'* P* ions/cm?
(100 kV), annealed 800 °C, 20 min.
stereo pair 650 kV, 8 =6°
—————— Bottom of foil
0] | | 1
0 | 2

3
Distance on Print, u XBL 7410-7426

Fig. 4.15. Stereo depth distribution as determined in the high voltage electron microscope. The loops and
the Tinear defects parallel to the foil surface 1ie distributed roughly over the same depth. The inclined

defects extend from the Tayer of the loops to the top surface. There are no interactions between the rods
and Toops suggesting they are both interstitial.
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Notice that the inclined linear defects have shrunk back from the
end near the top surface. This suggests that they shrink by the emission
of point defects to the free surface.

The advantage afforded by the greater penetration of the 650 kV
electron microscope is illustrated by Fig. 4.15. The loops and the
horizontal defects are distributed in the same depth region whereas
most of the inclined rods extended to the top surface. It is also
significant that the loops and the linear defects do not often interact.
They probably compete for the same point defects and hence avoid each
other during nucleation and growth. The linear defects must then be
interstitial. This is also the conclusion of Madden and Davidson (1973)

based on contrast analysis.
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4.5. Discussion and Conclusions

For ion implantation doses where a continuous amorphous layer is
not formed, defects in p-type P+ ion implanted silicon are hexagonal
interstitial Frank Toops. Interstitial linear defects and a few
perfect loops are also found. In n-type foils linear defects are not
formed indicating that boron is necessary for their formation. The
morphology of the loops depends upon the dopant atoms present in the
s=1licon prior to implantation. The loops also show contrast effects
indicative of precipitation within the loop. It is, therefore, Tikely
that the dopant atoms interact with the defects--including adsorption
on the stacking fault within the Frank loops. This interaction may
explain the contrast effects shown by perfect Toops and is also an
alternative explanation for the electrical inactivity of P+ ions in

these foils (Chapter V).
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"Absence of evidence is not evidence for absence." Anon

5.1. Introduction

Measurements of resistivity and carrier concentration in isochronally
annealed non-implanted silicon shows that there is a rapid recovery of
electrical conductivity in the 550-600°C range (Bicknel and Allen, 1971;
Davidson and Booker, 1971). Infrared absorption (Vook and Stein, 1970;
Cheng et al., 1966) and EPR studies irradiated silicon (Watkins, 1965)
shows that vacancies are formed and are mobile at room temperature. Upon
heating they anneal out at about 300°C. At this temperature there is a
large increase in the numbers of divacancies and vacancy dopant complexes.
These annealed out in the 500-600°C range. From a consideration of
such studies, the presently held view of the annealing process is as
follows:

a. At or below room temperature motion of vacancies control the
formation of damage clusters (Vook and Stein, 1970).

b. Upon heating in the 300-400°C range these initial damage
clusters anneal by the 1iberation of vacancies; these then coalasce
to form divacancies and more stable vacancy dopant complexes (Mayer, 1971).

c. Upon heating to 400-600°C the divacancies and vacancy-dopant
complexes "anneal out"; dopant atoms become substitutional and hence
electrically active (Bicknell, 1971). However, in the case of P+ implants
in the 1014 ions/cm2 range, only 30% of the implanted atoms are

electrically active after a 600°C anneal (Crowder and Morehead, 1969).
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d. electrical inactivity of the dopants in the early stages occurs
by vacancy compensation (Vook and Stein, 1970).

The above explanation besides ignoring the role of the interstitial,
gives no suggestion as to what happens to the divacancies when_they
anneal out. In Chapter I it was pointed out that the 1nterstftia1 in
silicon is still undetected. However, it is unreasonable to expect that
they do not form as the damage event produces Frankel pairs i.e.,
interstitials and vacancies in equal numbers.* There have been several
suggestions that the vacancies cluster to form higher order defects
(Chadderton and Eisen, 1971; Brack et al., 1973). However, if this is
the case, some vacnacy type defects ought to be observed.

The contrary is suggested by the present electron microscope studies.
The defects formed on the annealing of iron implantation damage are all
interstitial type (Chapter IV). This is also the result obtained by
other workers using different implanted ions including P+, B+ and
As® (Jenkins et al., 1973);

Another problem arises when the number of point defects involved
in the damage process is considered. Some relevant numbers are given

below for a typical 100 keV implant:

number of atoms displaced per incident P+ ion: 1000
average number of point defects per cm_3 upon 22
bombardment : 10

(Ernisse, 1972)

*In addition to the atoms implanted which comprise under 0.1% of the
defects produced.
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number of Frank loops per cm—3 upon 10]3-10]5 (Davidson 1970
annealing: Madden 1973)

number of atoms in loops of size 300R: 103

loops per em™3: 1016-1017

number of P ions implanted per

=2 3 14 -2 18

cm © and cm : 2x10° " cm © or 2x10 cm—3

If 1022 Frenkel pairs form and subsequently annihilate, an excess of
1016—1018 interstitials per cm'3 from which the loops are formed have
to be accounted for.

It is significent that this is a small fraction (10-5) of the Frenkel
pairs originally produced and is of the same order as the number of dopant
atoms implanted.

Clearly a model for the annealing process is required. The model
ought to explain the presence of the interstitial defects as well as

account for the annealing of divacancies in the 600°C range. It should

assume that Frenkel pairs are produced by ion damage.
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5.2. Model

Stage I Room temperature As implanted

In order to develop a model for the annealing process it is necessary
to know the formation and migration energies of the point defects
involved. In Table 5.1 the relevant information is T1isted. From this
it is evident that at this stage (Stage I) the elementary interstitials
and vacancies are mobile. In this model it is proposed that the
interstitials travel away from the damaged zone and form submicroscopic
clusters in the surrounding crystal. The compressive stress experienced
within the damage zones due to their expansion (Tu et al., 1972) is of

19 dynes/cm2 (Ernisse , 1971). This compressive stress

the order of 10
promotes the drift of interstitials away from the amorphous zones into

the less damaged regions the slower moving vacancies either annihilate
interstitials or complex with each other to form divacancy and vacancy
dopant complexes. The result would be a central damaged region rich

in vacancies as proposed for metals (Nelson, 1969). Room temperature

EPR evinces a high concentration (5 per ion) of divacancies in the heavily
damaged crystal as shown in Fig. 5.1 (Vook and Stein, 1969; Daley, 1969).

22

A large fraction of the 10°" Frenkel pairs per cm3 (1000 per ion)

annihilate. As suggested by the investigators the measured divacancy con-
centration of five per ion is probably an underestimate because their method
does not detect those vacancies incorporated in the core itself. Supposing
as many as half the Frenkel pairs annihilate by direct recombination

20 +~19

of vacancies and interstitials about 10°°-10 ~ vacancies and interstitials

will remain at this stage. Interstitials which have formed small stable
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Fig. 5.1. Shows a model of a damage custer formed at the end of an ion track. Interstitials are
expelled from the regions in compression A to those in tension B where they may cluster.
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clusters probably also incorporate those dopant atoms not already
complexed with vacancies. |

Other workers have suggested the existance of submicroscopic
clusters. Based on X-ray lattice parameter data clusters of interstitials
and vacancies have been suggested in neutron irradiated silicon
(Baldwin, 1965). More recently low temperature photoluminescence
investigations of ion implanted silicon have shown evidence of interstitial
clusters. However, the constituants of the clusters were not determined
(Noonan et al., 1974).

Stage II 300-600°C

EPR evidence shows that this region corresponds to first the
formation of numerous divacancies and at higher temperatures to their
annealing out. In this model the central damaged regions are expected
to repair by the emission of vacancies some of which form divacancies
in the lower temperature ranges 300-400°C. At higher temperatures
400-600° the divacancies (see Table 5.1) become mobile and annihilate
the interstitial clusters and complex with the dopant atoms.

Electron diffraction patterns of thin foils in the as received
condition and after annealing to 400°C are shown in Fig. 5.2a,b
respectively. The faint rings in Fig. 5.2a indicate the presence of a
high density of amorphous zones (the spots appear from the crystalline
substrate). The rings disappear when the substrate is heated to 400°C
(Fig. 5.2b). This is an agreement with EPR data that isolated amorphous
zones anneal at 400°C.

The diffraction pattern in Fig. 5.2b shows pronounced streaking in

the 111 directions as well as a set of 111 reflections. Figure 5.3
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shows how the streaks and spots can be correctly accounted for if each
220 reflection in the zero Laue layer (Fig. 5.3 at B) and each 111
reflection in the first Laue layer (Fig. 5.3 at A) is extended in the
four 111 directions.

(This is further illustrated in Fig. 5.4 which shows the zero and
the first Laue layer in various projections. A "possible" shape of the
cluster which could give rise to such extensions in reciprocal space is
shown in Fig. 5.4c). A dark field image of the streaks (Fig. 5.5) shows
small granular areas 50-70R wide. The streaks could then be interpreted
as the rel-rods or planes in reciprocal lattice produced by small clusters
on the four {111} planes. The granular areas in Fig. 5.3 are evidently
diffraction contrast produced by the clusters.

A possible alternative suggestion from a study of heavily damaged
substrates (Matthews, 1971) is that the 111 streaks arise from high
densities of “microtwins and faults". Upon annealing, such foils yield
a complex defect structure of dislocation networks (Tamura, 1972;

Maddeh, 1973). However, the substrates used in this study were damaged

to below the critical dose where a continuous amorphous layer is not formed.
Further the defects formed upon the annealing of damage are interstitial
Frank Toops. It is not possible to explain how "micro twins and faults"
could age to produce a family of Frank Toops. It is, therefore, reasonable
to interpret the streaking as arising from small clusters on the close
packed planes which, at higher annealing temperatures, combine to form

Frank Toops.
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It was not possible to determine the nature of these clusters that
gave rise to rel rods in the early stages of annealing. Both interstitial

17 19 defects 1 cm3.

and vacancy type could be present, about 10 "-10

If small interstitial clusters do exist at 600°C it provides a
possible explanation for the inactive dopants. According to EPR data
most of the vacancy dopant complexes anneal out at this temperature.
However, electrical measurements show only 50% dopant activity is achieved.
It is proposed that the inactive dopant atoms are still complexed with
the interstitial clusters at this stage.

Stabe III 600-800°C

In the early stages the break up of small interstitial clusters
proceeds with the absorbed dopant atoms becoming substitutional. Most
of the interstitials annihilate the remaining vacancy clusters. At the
same time a few of the clusters, interstitial and vacancy, convert to
Frank Toops on the close packed planes.

At this stage two effects which result in the formation of large
interstitial loops and rod defects become significant. The first is the
slightly higher strain interaction between the interstitial and the
dislocation 1ines as compound to that between a vacancy and the dis-
location line. Consequently, dislocation Toops will tend to trap a few
more interstitials than vacancies. This will tend to cause the vacancy
loops to shrink and the interstitial loops to grow.

This effect alone might account for the predominance of interstitial

loops, after high temperature annealing; the excess vacancies would be

assumed to have reached the surface.
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Fig. 5.2. Diffraction patterns from (a) and as received sample (b) a
sample annealed at 400°C for 15 min. In the as received samples
faint rings from the amorphous layers were observed. Upon
annealing (b) these faint rings disappear and well developed
streaking in the ¢111) directions and a set of <111} spots were
observed.
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Shows how the streaks and the extra spots can all be
accounted for by assuming that the {111} spots of the
first Laue Tayer A and the 220 spots of zero Laue Tayer
B are extended in the fair (111% directions.
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Fig. 5.4. (a) Shows the reciprocal lattice section of a fcc cell with the zero and the first Laue layer.

(b) Shows the projection of (a) in the {111 direction. (c) Shows a "possible" cluster that could
give rise to such streaks.
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XBB 747-4767
Fig. 5.5. Dark field image of the streaks showing the defect clusters
that give rise to the streaking. It is argued (see text) that
these could be small clusters of point defects which upon

annealing at 800°C give rise to Frank loops.
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However, the predominance of interstitial loops in these foils can
also be explained in another way. It is assumed that when isolated
amorphous zongs are found increase in the total number of lattice sites
due to recrystallization of these zones. This is reasonable as long as
a continuous amorphous layer has not been formed. Then as the dopant
atoms become substitutional by combining with a various an equivalent
number of silicon atoms must remain interstitial. Therefore, when all
of the vacancy defects have been annihilated by recombining with
interstitials there will still be some interstitials left. These would
be just enough to account for the growth of the observed interstitial
defects by conversion of a few of the original small interstitial
clusters into frank loops.

In the 800°C range the well developed Frank loops with their
enclosed stacking faults can still provide special sites for the
remaining invactive dopants. The total number of interstitials involved
in the secondary defects is always less than the atoms displaced when
the implanted dopant atoms become substitutional. This is in agreement
with calculations performed in Boron implanted foils (Bicknell, 1969)
where it was shown that the number of atoms in the loops equals roughly
the number of dopants implanted.

Stage IV 800-900°C

This corresponds to the highest temperature ranges where the loops
shrink under their own line tension. Seegar (1970) has proposed that at

this temperature an interstitial diffusion mechanism operates. Vacancies

could also be nucleated at the surface and migrate to the loops.
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"In this temperature range, 100% electrical activity is finally
attained.. This is eXp]ained on the basis tha} when the loops shrink

fhe dopant atoms within the stacking fault and dislocation cores

finally come to occupy regular substitutional sites. A summary of the

four stageé is ‘given in Table 5.2.



| e ‘Table 5.1.
Formation and migration energy of point defects in silicon.

of ‘interstitial

“Benneman (1965)

| Author - - ev . Temperature at which Defects Anneal
Ei Energy of"fOfmation Benneman (1965) 2.13
of a vacancy Seeger-Chick (1968) 2.97
Seegar (1971) 4.63*
Swalin (1972) 2.0
U Energy of migration' Watkins (1965) 0.33 Voneutral ~300°K
" of vacancy Wahn (1965) 0.15 V found in 70-85°K
: n-type Si :
0.16
C-V Energy of formation Seeger & Chick (1968) 4.66
' of a divacancy
U—V Energy of migration Stein (1971) 1.3 © 600-700°K
~  of divacancy ‘ ' 0.4 V-V = 550°K
: o 0.25 V-V =
S-V Binding.energy of Séeger & Chick (1968) 1.27
divacancy’ : :
F Energy of formation 1.09
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Table 5.1. Continued.

: ‘ Authqr eV Temperature at which Defects Anneal
ML . Séegar (1971)‘ - 0.85 ~ Room Témperéture
1 Energy of Benneman (1975) . 0.51° o e
: Migration of an . : . ,
Interstitial Hasiguti (1966) <0.22
: : . © Watkins (1965) . ~0 p-type ~4,2°K
S - ~0.4 n-type ~170°K
*Calculated h

K. H. Benneman, Phys. Rev. 130, 1763 (1963). )

R. Hagiguti, J. Phys. Soc. Japan 21, 1927 (1966).

Seeger and K. P. Chik, Phys. Stat. Sol. 29, 455 (1968).

Scholz-A. Seeger, Phys. Stat. Sol. 3, 1480 (1963).

Seeger, Rad. Eff. 9, 15 (1971).

J. Stein, Rad. Eff. 9, 195 (1971). _ - _

: A. Swalin, Thermodynamics of Solids (J. Wiley, N. Y.,,]972), p. 299.

E. Wahn, Phys. Rev. 140, A690 (1965). ' ' -

D. Watkins, Radiation Damage in Semiconductors (Dunod Paris, 1965), p. 97.

DVOLI>ITI>O
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1oop§-—hexa onal in stage,
~300 101 defects/cm

' ingo]v1ng about 1015 atoms/

Total numb?r of ions
1mp1anted 2x10 /cm

annihilated.

Table 5.2. Summary of the four stage process 1ead1ng to interstitial
defects in ion implanted silicon. :
Stage Interstitial Vacancies Temp.
I Interstitials mobile Form divacancies - Room
during implant. Anni- annihilated. Form V-P, Temp.
hilate vacancies. Form V-0 complexes. to 300°C
interstitial clusters. : - i
"Affected by stresses in
damaged layer. 1022{cm
defects formed. ~1019/cm3
defects in clusters.

II Interstitial clusters Break up of V-V, V-P, 300°C-
stable; some break up and - V-Sb complexes. Migra- _ 500°C
are annihilated. Associ- tion and annihilation of
ation of dopants with the  vacancies. Divacancy
int?yst1t1a1 c1usters annealing (escape of
~1017 defects/cm3 . excess vacanc1es)

ITI Break up of interstitial . Formation of vacancy 500°C-
clusters. Conversion loops. Dislocation 700°C
~ of interstitial clusters attract interstitials
to dislocation loops. and vacnacy 1oops ‘
Segregation of dopants shrink.
atoms ~1015 defects/cm3
v Well developed interstitial Vacancy loops all ~800°C
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5.3. Applications of the Model

The model proposed above has two simp]e'consequehceé which explain
the exberiﬁénta] results of othef workers. Fjrst,.iﬁ the cése where
the damage layer fs continuous a complex structﬁré of dislocation
networks develdp_suggesting that the damaged layer anneals by epitaxial
growth from small remaining islands of crystal. In such cases, for
phosphokous, Comp]ete electrical activity of the dopant is achieved
after a mild anneal of 600°C (Gibbons, 1972; Crowder and Morehead, 1969).

In térﬁs-of the present model the continuous amorphdus layer relaxes
the assumptioh:that the volume of the crystal must remain unchanged.
_ CohseqUent]y;vthe host interstitial atoms and the imp]anted‘dqpant atoms
“can all find substitutional sites; additional atom layers cad be
formed duringfiegrthh of thé continuous amqrphous 1ayer; The obserVed
dislocation tang1e$ (famura et al., 1972) are consistent with this idea.
The achievement Qf-e]ectrica] activity is associatéd’with fhe dopant
becoming substifutiona1'on a regular. lattice site. vAppafent]y, rather
few phosphoroUs dopaht atoms are attracted to fhe‘dis1ocation cOfes
| (Gibbons, 1969). | |

The second conSequence of the model is the explanation of the
contrast effects seen in Chapter IV. An example of this for loops in
the foi]’p]ane is seen ih Figs. 4.8 and 4.9. In Fig. 4.8 and Fig. 4.9
the effect.of changing g fkom +111 to -111 is shoWn. Notice how the
loops appearvdark in the inside image (4.8b) and faint in Fig. 478¢.
A similar effect is seen in weak-beam conditions Fig. 4.9.

This may be a structure factor contrast arising from the

dopant atoms béing attracted to the stacking faults associated with the
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1oops.: The similar effect observed in the perfect loop images first seen
by Davidson and Booker (1970) might also be explained if some excess
ddpant concentration remains after unfaulting. The effect 6f this
- segregation on the displacement vector of the fault and on diffraction
contrast is discussed below. |

In Fig. 5.7, the (1T0) projection of a diamond cubic cell
(Hornstra, 1968) is éhown. The distance between the a layer and A iayer
is a/12[111]. An ektrinsic fau]t is then made by inserting a double
layer A-a into,fhe perfect crystal. This is shown in Fig. 5.3. The
vector is then a/3[111]. Atoms whose sizes are close to that of silicon
e.qg., phosphorous could be 1ncorp6rated in the staéking fault possibly
compiexéd.with vacancies. Such atoms are only weakly attracted to the.
| dislocation coré (Gibbons, 19725. However,_thev(111> direction in which
the dotted bonds extended are expected to be soft aqd'change to
accommodate the absorbed atom (Fig. 5.3). The percentage of such atoms
are expected to be 10-15%. Since phosphofous is smaller than si]iéon
the ¢ 1ayervis_expected to move s]fghtly closer to a. The Burgeré vector
is no longer a/3[1]1] but a/3[111]--p-a/12[111]. If p =1, b = a/4[111].
Thus forvsmall.amounts of phosphorous p is expected to be in the range
0<p<l. The Eurgers vector of a Ffénk loop With,segregation may then
be written as a/3[1]1].- a/gt]]]] or a/x[111] with x greater than three.
The’phospﬁofous atoms thus adsorbed may be electrically inactive as tﬁey
are fn a region of different crystal structure and may not provide the
same electronic energy 1evé1$ as they do in a.regular site. Recently,
Lee et al. (1973) observed a special spectrum in neutron irradiated silicon

which he attributed to a possible phosphorous'vacancy complex. The

L ¥



A B = %»[IH]}_. B

Qo . . - ’
AB = —2 along [0}
: V2
Since.OL‘BL = ALBL -‘ALOL
and A_QL = ﬁ‘zﬁ /cos <no/mi>
| .9 V3 _ % [i]
22 [Z 4
. Qo (; a
S. @B = ??..[m] ;-Zi[m]
. ‘0 . !
e O'BL = ‘é[“»l]

XBL 747-6680

'Fig. 5.6. The (170) projection of a diamond cubic cell (after Hornstra, 1968). The distance
: between the a and B layer, aB, , is shown to be a0/12[111].
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+ +
ABC_ABACA BC

)

o O.»Phosphorous Vocancy Complex (P-V)

—-—— Bonds Relaxed in the <Illi> Direction

- Extrinsic Foult |
| . | XBL 747-668I
Fig. 5.7. An interstitial fault (E) caused by the insertion of an extra
A-a layer. The dotted bonds in the (111) direction are
"soft" and could accommodate a phosphorous-vacancy complex

instead of a silicon atom. This would result in a small
change of the fault vector from a/3[111]‘t0\a/x[111], x>3.

O
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defect has an extra 1ooaiized é1ectronvahd the phosphorous atom is
~ compensated.
In terms of the model presented in this chapter,‘this p-vacancy

complex could segregate-to the hexagonal afom pooftions on the fault
as shown in Fig. 5.3. The consequent relaxation of the‘bonds in the
[11f] direction yields a fault vector of a/x[111] with x> 3 as explained
vprevious]y, ’ ‘ |

" The contrést feature in the Frank'1oops sHan in Figs. 4.8 and 4.9
js exp]icab]e.ih terms of the dopants segregating on the stacking fau]t.v,
_ The .contrast éffect in the prefect loops is exp]icab]e on the basis of
the dopant vacancy comb]exos remaining after the Frénk Toops haveA_

unfaulted. This reaction is expected to‘procéed as
- a/3[1M] = azy[111] + as6[112] = a/2[110] - a/y[111]

‘ The,perfett loops then have a small displacement "fault" of
a/y[111]. Such a*disp]acemént acts effectively as a structure factor

contrast would arise.
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5.4. Conclusions

A model that explains the annealing process of ion implantation
~damage in silicon and the presence of the experimentally observed
'interstitial defects has been developed. It is suggested that submicroscopic
interstitia] clusters form»for the case of subcritical -damage. These
occur in addition to vacancy clusters conéistent with the fact that Frankel
pairs ake produced by the bombarding.iohs. A four stage prbcess is |
~developed with accounts for the presently known behavior of vaéancies. Two
effects are used to develop the mode1. The first is fhe slightly greafer»
interaction befwéen the interstitial and the dislocation Tine than
that bétween the vacancy and the dis]ocation. This increases the chancés
of survival of interstitial 1oobs 6ver vacahcy 1qops. The second is that

discontinuous damage does introduce any lattice sites even when it

18 3

recrystallizes. Therefore, the implanted dopants displace 10 atoms/cm”

during annea]ing which can account fof the interstitial defects.

The pook electrical activity of the P+ ions in the 2><1()]4 range

(discontfnuous damage range) which cannot be explained on thé basis

of their fnteractiqn with tﬁe dis]oqation core is expTained on the
basis of their interaction which the stacking fault within'the Frank
Toops. This segregafion alse may explain the anoma]ous'contrast effects

observed in the electron microscope images of these and perfect Toops.

©
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