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• : In herekeninge. van posities van adsorbaat atoaen op •etaaloppervla'Aen,
' ! waarin het oppervlak als een eindig cluster wordt voorgesteld, wordt
';J\ waarschijnlijk ten onrechte de onderlinge wisselwerking tussen adsorbaat

':'[ atoaen »juiten beschouwing gelaten. De geldigheid van dit nodel kan vor-
1 den gr toetst door «et ionenverstrooiingstednieken de posities van ad-

.' ; sorfcaatatoaen voor verschillende bedekkingsgraden vast te leggen.
~'r) S.P. t/aleh en U.A. Ooddard, Surf. Science 72, SIS (1978).

II.
De door Elford e.a. fepuhliceerde «aarde voor de kritische ontnengings-
teaperatuur van een Cu-Ni legering is niet in overeenstenüng net de
«aarde die lom worden berekend aan de hand van de gegeven fomules voor
de entropie en enthalpie van het systeea.

£. Elford, F. Willer en 0. tuhassheemki, bsr. Bunaenges. Phj/s.
Chm. 73, SOI (13S9-).

III.
Door in zeer korte tijd een grote dosis onzuiverheidxafaam in een s i l i c i -
vm kristal te schieten aoet bet »gelijk zijn o« een zo hoge tempera-
tuur in de geiaplanteerde laag te bereiken dat stralingsschade instan-
taan wordt hersteld.

IV.
Ds aamaae van sanige auteurs dat de winrtecapaciteit per atooa in een " hot
spike " gelijk i s aan 3/2 k, i s aanvechtbaar.

P. Sigmund, Appl. Phya. Lett. 2g, 269 41974Ï.

1. SxymSnBki, H. Ooerci.inder, A.E. de Vries, Rod. Effects 36, 189 IM7B1.
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'-. '. De verklaring voor de waargenomen verplaatsing van arsenic» atomen bij
i ) 40K in gedoteerd Si ander bestraling net 1 HeV He* ionen i s waarschijn-
'. : lijk, dat bij reconbinatie van gecreëerde electrcn-gat-paren voldoende
: • energie vrijkomt on diffusie van vacatures mogelijk te naken.
• t .«.£, Saanson, J.A. Davies, A.F. Quermevïlle, T.V. Saris en L.W.
',-? Wiggen, Sad. Effects SSL, SI (1978).

VT.

De diffudie^uelheid van elenenten kan worden bepaald door de verblijf-

tijd van ingeschoten atomen in de vaste stof te »eten. De diffusie is

voor kaliim in de buitenste twintig lagen van wolfraa» te beschrijven

net éénzelfde diffusiecoefficient.

VII.
Bij de bepaling van de werkzame doorsnede van meervoudige ladingsoBris-
seling wet rekening gehouden worden «et invangst van electronen in
hoog-geëxciteerde toestanden in net projectiel, die vervallen door auto-
ionisatie.

VIII.
Het neten van veranderingen in de warategeleiding in perfecte kristallen
is een middel on door straling gecreëerde puntföuten te detecteren.

B.A. Burgantiater, Vhusicg 93 g. 16S {1978).

,'\ IX.
: Door het gelijktijdig neten van energie en strooihoek in een oppervlakte-

; blokkeringsexperinent net behulp van een toroidale elektrostatische
, ; ' analysator, die achter de uittreespleet plaatsgevoelig wordt uitgelezen,
! - behoeft slechts een kleine bundeldosis te worden gebruikt zodat veratui-
[ r t ving en beschadiging van het oppervlak gering zullen zijn.
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X.
Bij •—i&i »fie is het gebruik van räntgenversterfcingssdiemen op basis
vai ljnthanide-lwünescentie mnder zinvol.

i^.t./f. SteveU en F. Kngault, J. EUctrochm. Soa. 121, 1400 (1977).
Ch. Chang et al. ladiology 121, 21S (1S76).
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INTRODUCTION

Since the introduction of the transistor in 1947 the de-

velopment and application of semiconductor devices have pro-

ceeded rapidly. At the same time there has been an equally

fast increase in the degree of control over the physics and

chemistry of the materials. Pure monocrystalline silicon and

germanium became available which could be doped with impuri-

ties to alter electrical properties. For technical applica-

tions especially impurities with shallow acceptor or donor

levels became important. The impurity atoms were introduced

in the lattice by diffusion at high temperatures through

apertures in a masking layer of oxide. The depth of the dif-

fusion and the degree to which impurities diffuse laterally,

under the mask, are not very controllable in practice while

the concentration profiles possible are limited by the na-

ture of the diffusion. AlvSger and Hansen implanted in 1962

phosphorus into silicon and obtained diodes for use as nu-

clear particle detectors [ID. Introducing the doping material

by implantation appeared to have several advantages. The

range distribution is highly reproducable and may be control-

led by variation of the ion energy, the ion species and dose,

as well as by the crystal temperature. However, there is one

serious disadvantage since energetic particles have vio-

lent interactions with the lattice. At a collision the con-

sequences of energy transfer to the target atoms depend

strongly on the magnitude of the recoil energy. If it ex-

ceeds a value called the displacement threshold energy E^

then the recoil moves off its original lattice site. For Si

the energy E^ is about IS eV. When the recoil energy is just

above E^ then the type of defects is very simple, i.e. single

vacancy-interstitial pairs. As the recoil energy is much

larger then the recoiling atoms retain enough energy to dis-

place also other atoms resulting in multiple vacancies and

interstitial defects. At even higher recoil energies these

multiple defects can become rather large clusters. Heavy par-

ticles will produce these extended clusters and cause at a

certain level of damage density a transition of the crystal

to the amorphous phase. Fortunately, most of the radiation
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damage is annealable at elevated temperatures as was shown

for the first time by AlvSger and Hansen. Thus the ion im-

plantation proces? stimulated scientific research in radia-

tion damage and recovery of semiconductors.

Besides for material modification ion-beams are also used

for in-depth analysis of materials. With the Rutherford

Backscattering method (RBS) in combination with the channel-

ing technique (see p. 17 et seq.) the amount of damage and the

lattice position of implanted impurity atoms can be studied.

For this technique one uses a beam of energetic light par-

ticles like protons or alpha particles with energies of 100-

3000 keV. These particles create damage too. Along their

trajectory through the sample they transfer only a few times

the threshold energy to the target atoms. Thus in principle

one can expect rather simple types of defects. Most of these

are highly mobile at room temperature. Therefore it is pos-

sible to have complicated interactions of defects between

themselves or with impurity atoms. Annihilation of defects

can occur by recombination of vacancies with interstitials.

An encounter with an impurity atom can result in trapping

of the defect.

For a long time one did not realize the consequences of

bombardment by the analyzing beam. For arsenic in silicon

the lattice position was measured by RBS channeling in 1969

and it was reported that only 60% of the arsenic atoms oc-

cupied substitutional positions after annealing [23. In 1972

Haskell et al. [3] discovered that before bombardment all

arsenic atoms are on lattice sites but they are being dis-

placed by interaction with defects produced by the analyzing

beam. Kool et al. [43 found that this displacement is accom-

panied by an enhanced displacement of Si atoms. This could

be caused by lattice relaxation around the impurity-defect

cluster which leads to displacement of many Si atoms over a

very small distance. To know which point defect (vacancy or

interstitial) is responsible for the As displacement Swanson

et al. [53 studied the displacement at different temperatu-

res. At low temperatures not all defects are mobile. So by

studying the temperature dependence of the As displacement

one can identify the defect involved. Swanson et al. concluded
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that vacancies were the dominant defect in the interaction

with the As atoms.

Impurity migration by irradiation has been investigated

for only a few cases [6,7]. To fill this gap we measured in

detail, with the RBS + channeling technique, systematically

the displacement of group III, IV, V and VI impurities in

Si in order to investigate possible influences of the chemi-

cal nature of impurities and/or atomic size effects on defect

trapping.

A technique which often gives valuable complementary in-

formation about defect-impurity interactions is the Electron

Paramagnetic Resonance (EPR). For instance the conclusion of

Swanson et al. that vacancies are trapped by As atoms is \

supported by the finding of complexes of group V elements

like P, As and Sb with vacancies [8,9]. There is evidence

for vacancy trapping by Ge and Sn atoms too [10,IT]. In some

cases one is able to calculate the position of the impuri-

ty atoms in the complex. For displaced Sn atoms Watkins [11]

calculated that they are located halfway between two normal

silicon-atom sites. Electron bombardment of Al-doped Si at

4 K revealed trapping of interstitials by group III atoms

[12]. Roughly equal amounts of Al interstitials and vacan-

cies are created by the irradiation. Watkins concluded then

that interstitials apparently exchange with substitutional

Al atoms. This would signify that interstitials are mobile

even at 4 K. An effect that can be important here is ioni-

zation enhanced diffusion of defects [13]. The equilibrium

position of defects depends on their charge state. By ioniza-

tion during irradiation of the material the charge state can

change resulting in a change in mobility or even in position.

This effect could accelerate migration of defects.

In this thesis I will give channeling studies of the in-

teraction of defects with impurity atoms and the radiation

damage production process itself. Where possible a comparison

is made with EPR work.

In Chapter I experimental data will be presented on the

interaction of several impurity elements and point defects.

A model is presented to explain our experimental results and

results of other authors. When we dope silicon crystals
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with two different elements the charge state of the defects

is altered which could verify our aodel. This will be dis-

cussed in Chapter II. Data on the displacement of Si atoms

in doped and non-doped crystals will be presented in Chapter

III.

In Chapter IV and V we use the interaction of impurity

atoms and point defects as a sensitive tool to investigate

\ the damage production process for H , He or electron impact

on silicon.

In Chapter VI measurements are presented on the build up

of damage at the surface during irradiation, which is thought

to be caused by diffusion of point defects to the surface.

Interstitials and vacancies are mobile at room temperature.

The question is, can they avoid being trapped or annihilated

and so travel large distances through the lattice?
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Fig. 1 - Energy spectra of 2.7 MeV He ions backscattered

from P-doped Si.

a: random spectrum; b: <110> aligned spectrum for

a different spot of the same sample. The spectra

are normalized to the same He dose.
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THE RUTHERFORD BACKSCATTERING/CHANNELING TECHNIQUE

The first use of ion backscattering for analysis of mat-

ter has been almost 70 years ago (Geiger and Masden (1909))

[13. The effects were explained by the Rutherford atomic

model (1911) [23. The most widely publicized example of ion

beam materials analysis has been the first measurement of

the chemical composition of lunar soil in 1967 [3,43. A

radioactive source of the Surveyor 5 emitted 5 MeV alpha-

particles, which were directed at the lunar surface. Par-

ticles scattered back were counted by an energy-sensitive

solid-state detector. The mass of the constituents could be

determined from such measurements as well as the number of

atoms per surface area. Instead of radioactive sources one

uses normally accelerators to produce light energetic par-

ticles, like H or He ions with energies in the range of

100 - 3000 keV. The beam is directed on a target, the back-

scattered particles counted in a surface-barrier detector.

While the scattering angles are large and the energy of the

projectiles high, screening by electrons can be ignored and

the scattering is fully described by the Rutherford scat-

tering law. The maximum energy of the backscattered parti-

cles is fixed by the mass of the projectile and target atoms

and the scattering angle:

E, r Mt c o s e r / M, c o s e N
 2 M, - M. i ^ 2 l -

E l M + M * K M + M ) * M * M J I " * H )

where M, and M, are the atomic masses of projectile and the

target atom respectively and e is the scattering angle. In

fig. 1 a spectrum is shown of a Si crystal, contaminated

with several impurities at the surface and intentionally

doped with phosphorus in the bulk. Impurities show up as

peaks in the spectrum. The number of counts is directly re-

lated to the amount of impurity atoms. The energy of parti-

cles scattered back from a heavy mass is higher than of par-

ticles which had interactions with light elements.

Only a few percent of the ions interact with surface
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atoms, most projectiles travel into the crystal and lose

energy by electronic stopping. Because in first order scat-

tering is equally probable at every distance, this gives

rise to a continuous flat energy spectrum. The depth scale

is given by the energy loss per unit path length dE/dz as

calculated by the energy loss AE of the beam in penetrating

to a distance AZ along the beam path:

AE = K2

AZ/cos$j

f
/ * 2

f S(E2)dz (2)

Here S(E.|) and SCE2) are the stopping powers for the inci-

dent and backscattered projectiles respectively, and 4^, and

$2 are the angles between incoming beam and surface normal

and the backscattered particles and the surface normal res-

pectively. For shallow depths it can be assumed that S(E^)

and S(E2) are constant so that dE/dz - K
2
 S(EJ)/COS*J +

S(E2)/cosi|>2. In this way the energy spectrum yields depth

information as well as direct quantitative information about

the density of the targets.

Backscattering is also sensitive to crystalline structure.

If the beam is aligned with a major axis of a crystal most

of the particles have no interaction with individual lattice

atoms but are steered by the potential of the atomic row.

This effect was already suggested in 1912 by Stark [53. Only

a small fraction of the beam particles dechanneled by sur-

face atoms move randomly through the lattice. In fig. 1 we

see that the reduction of the height of the energy spectrum

by aligning the crystal with a <110> axis of the (100) crys-

tal is about a factor 30. The sensitivity for detecting

light impurities at the surface is enhanced to a large ex-

tent. The channeling phenomenon gives us the possibility to

locate impurity atoms in the lattice. Impurity atoms distri-

buted throughout the crystal will be shadowed by the host

atoms if they are closer than . 2X to an atomic row. Atoms at

other positions give rise to dechanneling of beam particles

or to direct scattering of the ions into the direction of

the detector. By monitoring the signal of the impurity atoms,



- 19 -

as compared to that of the host atons, we can determine the

fraction on lattice positions. In addition the number of

projectiles backscattered from the host atoms is a measure

for the damage in a crystal when compared to an undamaged

sample.
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f C H A P T E R I

f.
; DISPLACEMENT OF IMPURITIES IN Si BY IRRADIATION

WITH ENERGETIC H+ OR He* PARTICLES

ABSTRACT

Ion-induced displacement of impurity atoms in Si from

substitutional into non-eubstitutionat positions has been

studied by Be or S backscattering and nuclear reaction

analysis in combination with the channeling technique.

The impurities involved^ chosen such that .the influence

of valence and aovalent radii could be studied, were B, Ga,

Get Sn3 Pj As, Sbt Bi, Se and Te in Si. Displacement is

found for all elements studied except for Ge. Numbers for

the displacement rates were derived from the experimental

data, being lower for Sn (and Ge).

The displacement of Sn atoms can be explained by size

effect interactions3 the displacement of group IH3 V and

VI elements by Coulomb attraction between point defects and

impurity atoms. The displacement of the group III elements

is thought to be due to trapping of positively charged in-

terstitials by the acceptor atoms3 for the group V and VI

elements interactions between the double negatively charged

vacancy and the donor atoms are expected to be responsible

for the displacement of these impurities.
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Fig. 1 - Part of the periodic table. Indicated are those

elements studied in this paper.
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Fig. 2 - Schematic view of the experimental set-up .
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1. INTRODUCTION

In view of the large number of lattice location studies

as reviewed by Picraux [1], the channeling technique for

lattice location studies is generally accepted. However,

the method does not necessarily result in the correct deter-

mination of the initial lattice position of impurity atoms.

A serious problem is the displacement of impurity atoms by

the analyzing beam. In silicon one has observed, by the

channeling technique, motion of dopant atoms (B,Tl,As)

into non-substitutional positions [2-5J. Haskell et

al. [4] found that during 1.8 MeV He+ irradiation of an As-

doped crystal the initial displacement rate of As was inde-

pendent of the As concentration. This indicates that the

displacement is not caused by direct impact of a beam

particle on an impurity atom, but results from interaction

of defects produced by the impinging beam and impurity atoms.

Swanson et al. [6] measured the displacement of As atoms

at temperatures in the range of 40 K to 720 K. The initial

displacement rate as well as the saturation value increased

gradually at higher temperatures until 423 K after which

there is a decrease in displacement. The results can be ex-

plained by assuming that the displacement is due to trap-

ping of one or more vacancies. At low temperatures vacancies

are immobile so the displaced fraction should be small in-

deed, whereas trapping of interstitials would show no tem-

perature dependence at all since they are mobile even at 4 K

[7]. The decrease at 420 K is due to annealing of the

vacancy-arsenic pairs at that temperature [ 8].

On the basis of EPR measurements Watkins [9] suggests

that for p-doped silicon the acceptor atoms act as a trap

for interstitials. Experimentally he finds for Al in Si at

low temperatures that the oxygen or carbon content in

the lattice does not influence the production rate of in-

terstitial group III atoms. Thus the group III atom is a

more effective trap than oxygen or carbon, although all

these impurities are known to be traps for interstitials

[10-13]. Since oxygen and carbon are electrically inactive

in contrast to the group III elements, this suggests that
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Coulomb attraction between the acceptor atoms and the posi-

tively charged interstitials is playing an essential role.

It is remarkable that one has reported displacement of

As but not of Sb[4,14] or Bi[14] by the impact of the beam,

since if Coulomb attraction is important, one expects the

same behaviour for all elements in the same column of the

periodic system. It also contrasts with EPR [8,15,16] and

electrical measurements [17] showing the existence of vacan-

cy trapping by P, As and Sb. Therefore, to study the dis-

placement of impurities in more detail we have measured the

influence of impact of a H or a He beam on the lattice

position of several group III, IV, V and VI elements in Si.

The impurity elements were choosen such that we measured

several columns as well as two rows of the periodic system

(fig. 1). In that way the influence of the difference in

valence as well as the differences in covalent radii of the

elements on the displacement could be investigated. The im-

purities involved were B, Ga, Ge, Sn, P, As, Sb, Bi, Se and

Te. Values for the fraction not on lattice sites and the

displacement rate were derived from channeling measurements.

During irradiation the aligned yield for Si increases

too, due to scattering by displaced Si atoms and due to de-

channeling at defect clusters. These two contributions are

hard to separate, which complicates the analysis. Data on

this subject will only be presented here as far as the

measured impurity displacement rates are influenced by this

effect. A more complete presentation will be given in

chapter III.

2. EXPERIMENTAL

Czochralsky-grown silicon crystals (p-type 7-13 n cm),

cut along a (100) plane, were implanted at room tempera-

ture along a random crystallographic direction. In general

the dose was 10 at/cm and the energy of the beam 70 keV.

The implantations create radiation damage which is annealed

out at elevated temperatures. In most cases the impurity
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atoms diffused into the bulk during annealing, generally to

a distance of 2 ym. Thus the atomic impurity concentration

was in the order of 1 : 1000, mich higher than the back-

ground doping level.

Analysis was performed at the 3.8 MV v.d.Graaf accelera-

tor of the nuclear physics department of the University of

Utrecht. The energy spread for a 1 MeV H+ beam is about 100

eV and twice as much for a 1 MeV He beam [18]. A beamline

and scattering chamber has been constructed and installed

for performing Rutherford Backscattering Analysis (see fig.

2). Samples were mounted on a three-axis McLean*s gonio-

meter, which could be translated along the vertical axis

for bombarding new spots when necessary. This goniometer

allows the crystal to be rotated about three independent

axes with a stepwidth of 0.01°. These rotations are remotely

controlled from the control room of the accelerator. The

chamber is pumped down to 10~ torr by a turbo-molecular

pump and a titanium-sublimation pump. The relatively high

pressure is due to the fact that the motors of the gonio-

meter are inside the vacuum system. Just before mounting,

the crystals were etched in HF to remove oxide layers from

the surface and then rinsed in methanol.

A 2 MeV He beam was used for backscattering and a -67

:. MeV or a 1.5 MeV H* beam for nuclear-reaction analysis. The

size of the beam spot was 1 nun . The beam divergence was

less than .05°. For detecting scattered particles a surface-

barrier detector was used with a standard resolution of 15

keV for 5.8 MeV alpha particles and a surface area of 25

j;' mm . The detector can be rotated around the target and its

I distance from the target can be varied from 5 to 150 mm.

Mostly the scattering angle was 150°, the distance to the

target 5 cm. Standard electronics including (pre)amplifiers,

a pulse-pile-up rejector and a computer based pulse-height

analysis system were used for data acquisition. The spectra

were dumped on magnetic tape and were analyzed during fur-

ther measurements on a Laben-70 computer.

The beam-current was measured on target, which was biased
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S! - B

0 5 10, 15
H*DOSE(jr,C/cm2)

Fig. 3 - Non-substitutional B fraction as function of .67 MeV

H bombardment dose in a random direction, measured

along a <110> axis of Si doped by iaplantation with

2 *10 1 S B/ca2 (o), and 1 x10 1 6 B/c*2 (x).
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to +90 V to prevent secondary electrons from escaping. Al-

most all measurements were performed at room temperature.

The crystals were damaged by irradiating in a random

crystallographic direction. The bombardment was interrupted

at certain intervals to analyze the introduced displacement

effect in the <110> channeling direction. The dose used in

the channeling directions appeared to have only a small ef-

fect compared with the dose used in the random direction.

The data have been corrected for this effect. As measure

for the number of displaced atoms we used the well-known

formula [193 for the non-substitutional fraction:

(1)

where x^ and xn are the impurity and the host minimum yield

respectively. The minimum yield is defined as the backscat-

tered yield when the crystal is aligned along a channeling

direction divided by the yield under random incidence.

Equation 1 gives the true displaced fraction of solute atoms

only if the solute atoms are displaced randomly or if the

ion flux is uniform in the channel. Since displaced solute

atoms can occupy some preferential sites and since the ion

flux is peaked near the centre of the channel f not neces-

sarily represents the displaced fraction. The use of com-

plete angular scans across several axial channels and planes

gives more precise information about the lattice position of

the solute atoms [13. For a few cases such angular scans

were made. The displacement cross section is defined as:

Nimp/NSi

where N-m^ and Nc^ are the concentration of impurity and
imp ui

silicon atoms per cubic centimeter respectively. Numbers

for a.mm were.derived from the slope of log f plotted

versus dose * [53.

For channeling incidence of H+ as well as He ions the

displacement rates were a factor 20-30 lower than for random

incidence for all dopants involved.
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TABLE 1.

periodic
table

group III

group IV

group V

group VI

impurity

B

Ga

Ge

Sn

P

As

Sb

Bi

Se

Te

1*

2

1 +

2

(impl.)
(diff.)
(impl.)
(diff.)

(1

(1

(1

(2

(3

(5

(4

(3

(2

(4

2

.8 +

.0 +

.2 +

.7 +

.5 +

.1 +

.4 +

.4 +

.0 +

.3 +

MeV

•4)

< 6

.2 )

.2 )

.6)

. 8 )

.5)

. 6 )

.9 )

.9 )

. 1 . 4 )

°imp
He+

x 1 0 " 1 9

x 1 0
x 10-2°
x10-2°

x 10"1 9

x 1 0 " 1 9

x 1 0 " 2 0

xTO"20

M O " 2 0

x 10"1 9

x 10"1 9

Ccm2}

1

(4.3
(5.1

(7.4
(9.4
(1 .2
(2 .7

.5 MeV H+

+ 1

i 1

+ 1
+ 2

+

+

, 0 ) x 1 0 - Z O

.9) xio"2 0

.4) x 10" 2 0

.2) x 1 0 " 1 9

.6) x10" 2 0

2 MeV

He*

550

2

25

200

400
100

n

1.5 MeV
H+

600

300
800

1000
300

"Boron data are measured at 670 keV H+ energy but extrapolated to 1.5 MeV
assuming that oj m_ varies as E . B implant doses are 2x 10 B/cm (1) and

16 2

I

g
1 x 10 1 6 B/cm2 (2)
''Tin data are measured along a <110> axis (1) and <111> axis (2)
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3,1. Displacement of group III elements: B and Ga

a) Boron

Two silicon single crystals were implanted with 2x10

B/cm2 (sample I) and 1x10 1 6 B/cm2 (sample II). The implant

energy was 100 keV. An oxide layer was grown on top of the

samples at 900°C. Afterwards the samples were annealed at

temperatures such that the concentration profiles in the

samples should be relatively flat. Sample I was annealed at

1000°C, sample II at 1100°C for half an hour. From the work

of Hofker [20] we estimate the concentration to be 4x10 1 9

at/cm and 1x10 at/cm respectively. Because boron has a

mass much lower v.han that of silicon we cannot apply

Rutherford backsc&ttering to determine the concentration

nor the non-substitutional fraction. Instead we used the

nuclear reaction 11B(p,a) which has a broad resonance at

670 keV proton energy. The Q-value of the reaction is 8.6

MeV. Because the cross section is rather low (100 mb/sr at

150° scattering angle [213) the detector was put only 1.5

cm away from the target at a scattering angle of 90°. In

order to prevent the appearance of pile-up by the enormous

amount of backscattered protons a 10 pin mylar foil was

placed in front of the detector. The protons are totally

stopped while the a-particles, which have an energy of 6.1

MeV, can pass the foil. By this procedure, however, we could

not register the increase of the Si-minimum yield during

irradiation.

Before bombardment almost all the boron atoms were found

to be on lattice sites. The silicon minimum yield as deter-

mined by RBS independently, was 4 percent. During bombard-

ment f increased and saturated more or less at values of

601 (I) and 501 (II) (see fig. 3). The values for c- are

equal within the experimental accuracy (table 1). Fladda et

al C22] studied the displacement of boron for implanted

doses in the range of 1.4 x 10 at/cm to 1.3x10 at/cm

after annealing at 960°C. For this difference in implanted

dose of a factor 10, less than a factor 2 difference in dis-

placement rate was found. So the boron displacement is
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• NUMBER OF GA ATOMS/CM3

• NUMBER OFSUBStGA ATOMS/CM3

SOLUBILITY UMIT

" . " .ill
(INTEGRATION MTERML|

WOO 2000
DEPTH (A)

3000

Fig. 4 - Concentration of Ga atoms (*) and of substitutional
Ga atoms along a <110> axis ( • ) , vs. depth as mea-
sured by 2.0 MeV He* scattering from Ga-implanted
Si after a drive-in diffusion at 1O5O°C.

Si - 2 .I0 1 9 Ga/cm3

W00SE (mC/cm2)

Fig. 5 - Non-substitutional Ga fraction vs. 2.0 MeV He bom-

bardment dose in a random direction, measured along
19

<110> axis of a silicon crystal doped with 2*10

Ga/cm3 in the depth interval indicated in fig. 3.
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hardly concentration dependent,

b) Gallium

A silicon single crystal was implanted with 1016 Ga/cn2.

To prevent interaction of Ga with oxygen during annealing

[233 the crystal was encapsulated with a layer of Si-N,

and then annealed at 1050°C for 45 minutes. Before mounting

the sample the nitride layer was etched away. However^

still precipitates were present on the surface resulting in

a rather high initial value for the silicon minimum yield

(xh = 54) at 2 MeV He* RBS analysis.

The concentrations of Ga as well as the number of substi-

tutional Ga atoms per cubic centimeter along the <110>

string versus depth is plotted in fig. 4. When the Ga con-

centration is well below the solid solubility limit the den-

sity of substitutional Ga atoms equals almost the Ga concen-

tration. A depth interval where the concentration was below

this limit was choosen as integration interval for determi-

nation of f (see fig. 4).

Before bombardment the non-substitutional fraction f

is 15%, during He irradiation f increases and saturates

at a value of 704 (see fig. 5). The displacement rate is

tabulated in table 1. To determine the lattice location of

displaced Ga atoms we have made angular scans through the

main axial directions and planes for a similar Ga-doped

sample. In fig. 6 angular scans through the <100>, <110>

and <111> axes are shown. We do not see any significant

structures in the scans. The gallium yield is higher in the

<110> direction (55%) than in the <111> (304) and <100>

(35%) direction implying displacement into the <110> channel.

3.2. Displacement of group IV elements: Ge and Sn

a) Ge

A silicon crystal implanted with 10 Ge atoms/cm was

encapsulated with a layer of Si^N*. The drive-in diffusion

was done at a temperature of 1130 C for 8 hours. After that

the nitride layer was etched away. The concentration of Ge
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Fig. 6 - Angular dependence of the backscattered yield of
2.0 MeV He* ions from Ga (o), and Si (x) atoms
across the major axes of a 3
crystal after random bombardment

19 310 Ga/cm doped Si



- 33 -

.020r Si - Ge <1.7«»Mat /cm3)

.010

XBr

"• .03 -

2 4 6
V DOSE (mC/cm2)

Fig. 7 - The increase of the minimum yield (Ax) and f vs.
+

2.0 MeV He bombardment dose for Ge-doped Si. For

the points of f denoted by circles the initial

value, for those denoted by crosses the instan-

taneous value of xh during bombardment was used in

calculating fng with equation (1).
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Fig. 8 - Angular dependence of the backscattered yield of

2.0 MeV He* ions from Ge (o) and Si (x) atoms

across the <110> axis of a Si crystal doped with

1.8 x10 2 0 Ge/cm3 in the considered depth interval

of . 1 -.4ym measured after random bombardment.



- 35 -

in the choosen integration interval of .10- .45 jim was
20 2

found to be 1.7x 10 at/cm . First we measured at room tem-

perature f as function of the He+ bombardment dose as well

as the increase of the minimum yield (A X^) for Si. The ini-

tial value of x^ was 3.5%. The increase of f is small

(1.5%), see fig. 7. We must note here that in calculating, :' the non-substitutional fraction we used for xi. in equation

1 the initial value before bombardment. This is correct

only if the increase in minimum yield is completely due to

direct scattering at displaced silicon atoms. If on the

other hand it is caused by an increase in dechanneling due

to small angle deflections at defects, then the minimum

yield during bombardment should be used. This results in a

horizontal line for f (fig. 7). For the other elements

studied this effect is of no importance since the increase

of xv, is normally less than 1 percent.

In reality the increase in minimum yield will be a com-

bined effect of direct scattering plus dechanneling at

defects. If we assume that the increase in minimum yield is

due to scattering at displaced Si atoms, we can calculate

the fraction of Si atoms displaced per incoming projectile
-18 2

(d A Xi,/d*)»_n = 1-4x10 cm and compare that with the

fraction Ge atoms displaced per incoming projectile
-18 2

(d n̂s/d*),i, = o
 = 1.7x10 cm . These numbers are equal

within the measuring accuracy. This implies that the Ge

atoms do not trap point defects at room temperature or that

trapping does not result in displacement of the Ge atoms.

The value of the displacement cross section (table 1) is

calculated under the same assumption about the minimum

yield and is therefore an upper estimate of the true value.

The width of the channeling dip of the <110> axis (fig. 8)

is hardly narrower (5% +_ 31) for Ge than for Si. Thus the

result is not an indication of Ge displacement either.

From EPR measurements [24] and infra-red absorption

measurements [12] Ge-vacancy clusters are known to anneal

out just below room temperature at about 230 K. To verify

this with backscattering we cooled the target to approxi-
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- 2 . 10 1 9 Sn/ctn3

\ :'

2 4
H*» DOSE (mC/cm2)

Fig. 9 - Non-substitutional Sn fraction vs. 2.0 MeV He bom-

bardment dose in a random direction measured along

a <110> (o) and a <111> (x) axis of a Sn-doped

(2 x io19 at/cm3) silicon crystal.
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matsly 170 K by connecting the target with copper-braid to

a dewar filled with liquid nitrogen. The target temperature

was measured with a thermocouple. The number of Ge atoms

displaced was not larger than at room temperature. So

from RBS analysis we do not have an indication for the

existence of the Ge-vacancy complexes in Si.

b) Tin

A silicon crystal was implanted with 10 Sn/cm , oxidized

and annealed at 1130°C for 8 hours. The concentration in

the integration depth interval (.15- .50 pm) was measured to
19 3

be 2x10 at/cm . The initial values of the silicon minimum

yield were 2.6% for the <110> and 5.0% for the <111> direc-

tion. In fig. 9 fns is plotted as function of the He
+ dose

for both the <110> and <111> directions. In contrast to the

Ge atoms there is a significant displacement of the Sn atoms

to a saturation of 10% in both directions. The displacement

cross sections has been listed in table 1.

From EPR measurements tin is known to trap vacancies [263.

Even a specific position is calculated for the Sn atoms in

the complex namely halfway between two normal silicon-atom

sites. This can be verified also by RBS and channeling. If

the atoms are displaced along the <111> direction we would

expect a significant flux peaking effect in the <100> direc-

tion. We have made an angular scan through this channel but

did not find any effect that would indicate a preferential

site of the displaced Sn atoms.

3.3. Displacement of group V elements: P, As^ Sb and Bi

Phosphorus, arsenic and antimony were implanted in Si at

a dose of 10 at/cm . To prevent outdiffusion we applied a

wet oxidation at 950°C. In this way about 500 i? SiO2 was

formed on top of the silicon crystal. After this step the

samples were annealed at 1130°C for 8 hours. Because bismuth
18 %

has a low solid solubility in Si (8x 10 at/cnr) only a
1A "}

small dose was implanted (3.5x10 at/cm ) and annealed at

a lower temperature (40 minutes at 600°C). The Bi concen-
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Fig. 10 - Energy spectra of 2.0 MeV He+ ions backscattered

from a Si crystal implanted with 1 x10 Bi/cm and

annealed at 600°C, showing <110> aligned spectra

before (1) and after (2) irradiation with 2.4 mC/cm2

2.0 MeV He ions in a random direction. Besides a

random spectrum is shown (3). Indicated is the ener-

gy for He* ions backscattered from Bi atoms at the

surface.
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tration was then i.ot uniform but strongly peaked at the i»-

plantation depth. Backscattering spectra for random and

channeling incidence of 2 MeV He* ions on Bi-doped Si are

shown in fig. 10. For all samples doped with the various

elements the silicon minimum yield in the <110> direction

was 2.1% after annealing, indicating complete recovery.

In an elastic backscattering spectrum phosphorus is dif-

ficult to discriminate from silicon due to the small dif-

ference in mass between both elements. Therefore we used

the nuclear reaction [253 31P(p,a)28Si which has a sharp

resonance at 1.5 MeV proton energy. The resulting a-particle

has an energy of 2.9 MeV at 90° scattering angle and pro-

duces a peak at an energy much higher than the backscattered

proton. To obtain enough counts during analysis the detec-

tor was put at a distance of only 1.5 cm from the target.

Arsenic, antimony and bismuth were studied with the normal

backscattering technique using a 2.0 MeV He* beam. In order

to compare the results of P with those of the other elements

a 1.5 MeV H beam was used for both As- and Sb-samples as

well. In fig. 11 the non-substitutional fraction versus

dose is plotted for 1.5 MeV H+ and in fig. 12 for 2 MeV He*

bombardment. For all elements including bismuth the initial

value for f is almost zero. During bombardment saturation

occurs at high values for P and As and at low values for Sb

and Bi. The displacement cross sections are listed in table

1. For Sb and Bi the values are lower than for As and P. The

numbers for He and H bombardment differ a factor 2.

An angular scan through the <110> axial channel for As-

doped silicon does not exhibit a significant narrowing

(2% + 2%) (see fig. 13). This is consistent with measure-

ments of Haskell et al. [4] and Swanson et al. [6] who

found no narrowing at room temperature. However, we have ob-

served a significant narrowing in the <110> direction for

Sb in Si (13% ̂  3%) and (7* + 3i) for the <111> direction

(fig. 14). This is in agreement with measurements of Sigurd

et al. [14] who found ratios for the width of the dips for

Sb and Si between .83 and .92. For Bi in Si Picraux et al.
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S! - 7.1O19 P /cm3

Si - *.1O19 Sb/cm3

H»00SE(mC/cm2)

Fig. 11 - Non-substitutional fraction f__ of P ( • ) , As (A)
and Sb (o) atoms as a function of random 1.5 MeV H
ion fluence, measured along a <110> axis of doped
Si crystals.

A Si - 6.1019 As/cm3

O Si - 3.1O19 Sb/cm3

Si - i».10U Bi/cm2

1 2
HfD0SE(mC/cm2)

Fig. 12 - Non-substitutional fraction f__ of As (A), Sb (o)

and Bi (x) atoms as a function of random 2.0 MeV He

ion fluence, measured along a <110> axis of doped

Si crystals.
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Fig. 13 - Angular dependence of the backscattered yield of
2.0 MeV He* ions from As (o) and Si (x) atoms across
the <100> axis of an As-doped (5*10 1 9 As/cm3) sili-
con crystal after random bombardment.
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Fig. 14 - Angular dependence of the backscattered yield of
2.0 MeV He+ ions from Sb (o) and Si (x) atoms across
the <110> and <111> axes of a Sb-doped (4 xiO 1 9 Sb/
cm ) silicon crystal after random bombardment.
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[27] found a narrowing which they explained by assuming that

50% of the Bi atoms are displaced .45 X from their original

substitutional positions. For Sb too the narrowing can be

explained by assuming that about 50% of the Sb atoms are

displaced over a small distance. They hardly contribute to

the aligned yield so the values of fns for Sb and Bi in fig.

11 and 12 are underestimates. The displacement is not the

result of the annealing process as Picraux assumed but due to

the impact of the analyzing beam, because damage production

is inevitable during the angular scan.

The saturation value of a sample doped with a rather low

Sb concentration (2x10 Sb/cm3) was not different from

that of samples with a factor 10 higher concentration. For

all samples the saturation value is 10%. This contrasts with

measurements on As displacement in Si where a decrease in

As concentration with a factor 10, results in an increase

of the saturation value with a factor two [43. For Sb the

absence of such effects may be explained by assuming that

the measured f value is smaller than the true displaced

fraction. Thus a relatively large change in the true dis-

placed fraction is only slightly reflected in changes of

fns'

3.4. Displacement of group VI elements: Se and Te

1 fi 2
Silicon single crystals were implanted with 10 at/cm ;

Se or Te. Afterwards the samples were annealed at 900°C for I

23 hours. AfteT annealing 65% of the Se and 20% of the Te

atoms had disappeared from the implanted area. Samples

which were annealed at higher temperatures had lost their .

Se or Te dope completely. The samples annealed at 900°C t

were used for further analysis. Figure 15 shows the back- ;

scattering spectra for random and channeling incidence for |

the 2 MeV He+ beam on the Se-doped sample. The initial

values of fns are high for Se(42%) and Te(76%), so is the

initial silicon minimum yield for the Se-doped (2.51) and

Te-doped (4.1%) samples. This high value cf xh is due to

dechanneling at non-substitutional impurit:, atoms and defects
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Fig. 15 - Energy spectra for 2.0 MeV He* ions backscattered

from a Si crystal implanted with 1 * 1 0 1 6 Se/cm2 and

annealed at 900°C.

1: <110> aligned spectrum of a virgin spot; 2: ran-

dom spectrum. Indicated is the energy for He* ions

backscattered from Se atoms at the surface.

O Si — SixK)1* atfcm'Te
Si — a^xiO15 at/cm* S*

1 2
H*» DOSE (mC/cm2)

Fig. 16 - Non-substitutional fraction f n s of Se (A) and Te

(o) as a function of random 2.0 MeV He* ion fluence,

measured along a <110> axis of implanted Si crys-

tals.
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which are produced by the implantations and not annealed-

out completely. Laser-induced annealing gives a lower ini-

tial non-substitutional fraction for Te than thermal anneal-

ing does [283. Nevertheless we find as one has seen before

[29,30] a concentration of substitutional atoms more than

a factor 1000 times the solid solubility limit of Se and Te

which is measured to be 2-3x1016 at/cm3 [313.

In fig. 16 f is plotted versus He dose for the samples

annealed at 900 C. During bombardment there is a small in-

crease in percentage of fns. However the local concentration

is high therefore the displacement cross sections are of the

same magnitude as for the group V elements, the observed

values are given in table 1.

5.5. Prolonged irradiation of As doped Si

As has been noted by Swanson et al. [63 in As-doped Si

the non-substitutional arsenic fraction decreases for very

high irradiation doses. Because in those measurements the

dose rate was increased a factor three in order to reach

a high fluence, these results were ascribed to dose rate

effects. At the small ion currents used such dose rate ef-

fects are rather unlikely since only one beam particle per

second passes an area of 7.4 8 .being the square of the mean

distance between two neighboring As atoms in the Si crystal.

We measured f for As-doped silicon irradiated much

longer than usual with a constant dose rate. For prolonged

irradiation we see that after reaching a maximum (which be-

fore we called the saturation value) fns decreases, see fig.

17. If the number of displaced As atoms is decreasing this

could be accompanied by a decrease of the silicon minimum

yield, since the dechanneling caused by these secundary de-

fects would be diminished too. In general the relation be-

tween minimum yield and bombardment dose is exponential [53

(see for instance fig. 7). A plot of xjj f°r infinite dose

minus the instantaneous value of xn plotted semi-loga-

rithmically versus He dose yields then a straight line

[53. In fig. 17 the change of the minimum yield is plotted
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Fig. 17 - Non-substitutional As fraction vs. 2.0 MeV He*
bombardment dose for prolonged irradiation of an
As-diffused (o) and an As-implanted (x) sample.
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Fig. 18 - (x£ -Xh) vs. 2.0 MeV He* bombardment dose for an
As-diffused (o) and an As-implanted (x) sample.
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for the two Si(As) samples. We see a bending point at the
He+ dose for which fng decreases again. The increase of the
minimum yield reduces but the minimum yield itself does not
decrease. The turning points in fig. 17 and fig. 18 occur
for the sample doped with 5.4x10 at/cm at a He* dose
which is twice the dose for the sample doped with 2.3x10
at/cm . We looked for the decrease in f for other elements
too and we did not observe similar effects although for Sb
a small decrease after long irradiation is observed in fig.
12. These results might indicate that:

a) After reaching a certain point the beam "anneals" the
sample and the displaced As atoms are indeed brought
back on lattice positions.

b) At a certain level of damage density a new kind of com-
plex having a smaller dechanneling cross section is
formed.

If indeed the decrease of f would mean an increase of the
number of As atoms on lattice sites we would expect an in-
crease in the number of electrically active As atoms. To in-
vestigate this we implanted Si samples uniformly with 200
keV He ions at different doses and determined with 2 MeV
He analysis the value of fns^ Channeling spectra of irra-
diated samples are shown in fig. 19. With v.d. Pauw measure-
ments the number of carriers was determined. In fig. 20 both
quantities are plotted versus He dose. We see a decrease of
f which is not followed by an increase of the number of
electrically active atoms. Therefore we think that mechanism
b is responsible for the effects at prolonged irradiation.

3.6. Displacement of As and Sb in diffused samples

Implantation in single crystals creates radiation damage
in the lattice well beyond the range of the penetrating
particles. By high temperature annealing most defects dis-
appear, resulting in values for the silicon minimum yield
indistinguishable from values for non-implanted samples.
However, there is still residual damage in the lattice con-
sisting of interstital dislocation loops at the edge of the
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region made amorphous by the implantation and the crystal-

line substrate [32]. These extended faults could serve as

sink for point defects produced by the beam particles. By

trapping the highly mobile interstitials recombination of

Frenkel pairs could be diminished and production of group V

atom-vacancy pairs enhanced. To investigate this we studied

samples where the impurities were brought-in by diffusion

from the gas-phase. The diffusion process creates less da-

mage than implantation does. Only at very high impurity con-

centrations loops are formed [33]. In a [111) oriented sili-

con crystal antimony was diffused-in. The concentration of

Sb in the lattice (4x1019 at/cm3) was higher than for the
19 3

implanted sample (3x10 at/cm ). The As-doped sample had

a normal (100) orientation, the concentration of As was
19 3

3x10 As/cm . For both samples the displacement was studied

in the <110> direction. In table 1 values for the displace-

ment cross section are given. No significant differences be-

tween diffused and implanted samples are found. We can

therefore conclude that the residual damage in the lattice

is not influencing the impurity displacement process.

4. DISCUSSION

4.1. Displacement mechanism

The measurements of Haskell et al. [4] on As displace-

ment and our results on B displacement in Si (see table 1)

show that the impurity displacement rate for these elements

is independent on the initial impurity concentration. There-

fore the displacement cannot be due to direct impact of the

impinging beam particles on the impurities but must be at-

tributed to the interaction of the impurity atoms and pri-

mary defects produced by the beam particles. As mentioned

in the introduction there is ample evidence for trapping

of point defects by impurity atoms from EPR and electrical

measurements. Trapping can lead to displacement of the im-

purity atoms to fulfil the minimum-energy condition. The

formation of these secondary defects is very efficient if we
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compare the experimental cross sections with theoretical

calculations of the number of displaced silicon atoms per

incoming ion. Using the model of Kinchin and Pease [34],

describing the displacement of host atoms as result of elas-

tic collisions, we calculate a cross section for Si displace-
— 1 s ? +

ment of oFD = 1.3x10 cnT for 2 MeV He and aVT} = 1.0x
-19 2 +

10 cm for 1.5 MeV H impact assuming a displacement

threshold energy of E d = 15 eV. The measured displacement

cross sections for the group III, V and VI elements vary

from 3x 10~20 cm2 to 4 x 10"19cm2 for 2 MeV He* bombardment

(see table 1). For group IV elements much lower values are

found. For 1.5 MeV He bombardment a smaller number of ele-

ments was investigated, the displacement cross section varies
_?0 2 —19 2

from 3x10 cm to 1x10 cm . We may compare the impu-

rity cross sections with the theoretical one for Si displace-

ment if the impurities only trap defects which are produced

in the depth interval in which the impurity displacement is

studied. It is unlikely that defects diffusing from the end

of the projectile range (> 10 urn), reach the depth interval

studied (500 - 3000 A*) . Otherwise we would not have seen the

big difference in impurity displacement for channeling and

random irradiation. Comparing a., and aKp for 2 MeV He

bombardment of As-doped Si we find that 20% of the primary

defects are trapped by the As atoms and even 100? for 1.5

MeV H irradiation. This high trapping efficiency is re-

markable especially if we consider that the calculations of

Kinchin and Pease do not take into account the direct re-

combination of vacancies and interstitials nor the produc-

tion of more complicated immobile defects unable to inter-

act with the impurity atoms. The difference between the ef-

fect of H and He bombardment is not in agreement with the

model of Kinchin and Pease which might reflect, that perhaps

the fraction of complicated defects for He+ bombardment is

larger than for H bombardment. The discrepancy will be dis-

cussed more extensively in chapter IV.

The process of defect trapping by impurity atoms can be

described in terms of diffusion of defects to the impurity

atom?, resulting in the formation of complexes. If the mean
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volume passed by the defect during its lifetime equals the

volume per impurity atom then all mobile defects are trapped.

If such a lifetime would be known, the migration energy of

the defect could be calculated from the absence of concen-

tration dependence for As and B displacement. However, no

data of the lifetime of a Frenkel pair are available.

A more static model which enables us to discriminate be-

tween the different elements, describes the defect as being

trapped when it is within a specific volume V around an im-

purity atom [35], if not then vacancy-interstitial recombi-

nation dominates. As the concentration increases, the frac-

tion of defects trapped by impurity atoms, R = o-mri/aKP, j

should increase in proportion. Thus:

R =

where N^ is the concentration of impurity atoms. The num-

ber of Si atoms, n, contained in the specific volume around

the impurity is given by n = V N. t t^host *
s t*ie s ^ l ^ c o n

host concentration). This quantity can be determined from

eq. (2):

g /g_ gimp/gKP

In table 1 experimental values of n are given for those ele-

ments for which reliable data of the impurity concentration

could be determined. For most elements n >> 1 indicating

long-range interactions between the point defects and the

impurity atoms. For the group IV elements the values are

lower than for the other elements. If the concentration of

impurity atoms is so high that the specific volumes start to

overlap all defects, able to interact with the impurity

atoms, are trapped. The displacement rate is then indepen-

dent on the impurity concentration. For elements like As and

B for which there is no dependence found of o^ on the im-

purity concentration and o. and a ™ are of comparable mag-

nitude, the experimental values of n will be an underestimate

of the true value.
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target temperature by Swanson et al. E6D. The group VI

elements act as donor in Si too, although the distance of

the impurity-energy-levels to the conduction band is larger

than for the group V elements. Nevertheless Coulomb attrac-

tion between charged vacancies and donor atoms is here like-

ly too. The displacement of these impurities is therefore

according to our expectations.

The properties of the Si self-interstitials are not well

known. Interstitials are mobile under irradiations even at

4 K, so only a small fraction remains in the lattice for

EPR studies. So far no EPR spectrum could be attributed un-

ambigously to the self-interstitial. Theoretical calcula-

tions of Blount [38] and Watkins et al. [39] give as result

that the self-interstitial should be electrically neutral

in intrinsic, positively charged in p-doped and negatively

charged in n-doped semiconductors. On the other hand

Singhal [40] calculated that the silicon self-interstitial

in tetrahedral or bond-centered positions should not exhibit

defect levels in the band gap. However, the self-intersti-

tials occupy other sites than those considered by Singhal

at least in their positive and neutral charge state as

shown by Tan et al. [41]. They conclude from friction

measurements in p-doped silicon that the single positively

charged interstitial is in a <110> and the electrically

neutral interstitial is in a <100> split-interstitial site.

So there is some information about the self-interstitial in

the positive and neutral charge state in p-doped silicon,

while information about the negative charge state is very

scarce and speculative [15]. The absence of any evidence for

interactions of group V elements with interstitials could be

a clue for the self-interstitial in n-doped Si not to be in

a negative charge state.

Assuming that in p-doped silicon the interstitials are

for the greater part positively charged, whereas the accep-

tor atoms can be considered as negatively charged in the

lattice, then Coulomb-attraction between the self-intersti-

tial and the acceptor atoms is likely. The acceptor atom is

thought to be displaced from its original substitutional
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lattice site after interaction with the interstitial. The

self-interstitial becomes substitutional again and the group

III atom occupies an interstitial state. This so-called

"Watkins replacement mechanism" has been found with EPR for

B- [42] and Al-doped silicon [7] while there is some infor-

mation that it concerns Ga too E7D.

In p-doped silicon the vacancy is in a neutral charge

state [9] so we do not expect Coulomb attraction between ac-

ceptor atoms and vacancies. Still, complexes of vacancies

and acceptor atoms have been found. In Al- and B-doped

floating-zone silicon these complexes were proved with EPR

after irradiation [43,44], However, the strength of the in-

teraction is weak since in pulled silicon the number of Al-

vacancy pairs was two orders of magnitude lower due to trap-

ping of vacancies by oxygen atoms. Swanson et al. [45]

measured the displacement of B at 40 K by proton irradiation.

During annealing until 300 K no changes in the fraction dis-

placed B atoms was found. If vacancies would bs involved one

expects at 150 K an increase of f due to the neutral va-

cancy becoming mobile. That there is on the other hand no

annealing by annihilation of the impurity interstitials by

the vacancies is in agreement with EPR annealing studies of

the Al- [24] and B-interstitial [42] which show no annealing

until these interstitials become mobile. The fact that the

production rate of the Al-interstitial is the same for irra-

diation at 20 K and 300 K [46] is an additional reason to

doubt the importance of acceptor atom-vacancy trapping.

The Coulomb attraction has an interaction length at room-

temperature of 45 X [36]. The large value of this radius

corresponds to a large value of n(5000) in consistency with

the high experimental values of table 1, which are a lower

limit of the maximum value possible. Starting from the value

of 45 A* the interaction volumes around the impurity atoms
19 3

start to overlap at a concentration of 1x10 at/cm . Above

that concentration we do not expect a dependence of o^ on

the impurity concentration in accordance with our experimen-

tal findings for B- and As-doped samples.
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The values of the displacement rate for Sb and Bi are

lower than for the other group V eleuents like As and P. As

described before fng is an underestimate of the true dis-

placed fraction for Sb and Bi, thus so a^ is. If instead

of 10% more than 50% of these impurity atoms are displaced,

see section 3.3, then the displacement cross section of Sb

and Bi are a factor 5 larger and comparable in magnitude

with those of P and As.

Vavilov et al. [47] derived from experimental data values

for the production rate of impurity-vacancy pairs for P, As

and Sb doped silicon samples. A positive correlation was

found between the covalent radii of the impurity atoms and

this production rate. The difference in formation cross

section for the Sb-vacancy pair and the As-vacancy pair

should be a factor three, which is not in accordance with

our cross sections even if we assume a 1001 displacement

in saturation.

Besides the formation of simple vacancy-impurity or in-

terstitial-impurity pairs more complicated structures can be

formed too. Sieverts et al. [48] established in P-doped si-

licon the formation of a center of two phosphorus atoms with

one vacancy. These centers are formed after an encounter of

a mobile phosphorus-vacancy pair with a phosphorus atom.

The fraction of these complexes is small (< U ) compared

with the concentration of phosphorus atoms in the lattice.

In our heavily doped samples, however, the fraction could

be larger. These complexes have also been reported for As-

doped Si [493. If the damage density becomes larger defects

containing more interstitials or vacancies are also con-

ceivable. Complexes of oxygen [503 and carbon atoms [51]

with more than one vacancy have already been identified. In

Ge there is evidence for the formation of complexes of two

vacancies with one donor atom [52]. In silicon these centers

have not been found yet with EPR.
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4.2. Saturation

After a sharp increase the aligned impurity yield levels

off and reaches a saturation value for all elements studied

(fig. 3, 5, 11, 12). This saturation could be explained by

assuming that formed complexes of point defects and impuri-

ty atoms can be (partly) annihilated by trapping defects of

the opposite kind. The probability will increase for higher

values of the displaced fraction. At saturation the cross

section for complex formation equals that of complex an-

nealing. This implies that the cross section for annealing

is high. For example, a saturation value of 40% for As-doped

Si would mean a cross section for trapping an interstitial

by the As-vacancy complex that is twice as high as for As-

vacancy trapping. The group V atom-vacancy pairs have an ac-

ceptor level of (E -0.4)eV and are negatively charged in n-

doped silicon. Therefore the trapping of an interstitial is

not enhanced by Coulomb attraction, unless the interstitial

would be in a negative charge state which is unlikely as

was discussed above. For the group V atoms an explanation

could be that the interstitial has a very low migration

energy under irradiation [53] and is therefore very mobile

in the lattice. However, it is difficult to imagine that

in p-doped Si the vacancy could be more mobile than the

interstitial. Enhanced annealing by Coulomb attraction we do not

expect here either because the produced impurity-intersti-

tials are neutral (B [423) or positively charged (Al [7])

and the vacancy is neutral in the lattice.

A more satisfactory explanation would be that the cross

section for impurity-defect formation changes during irra-

diation. During bombardment the Fermi level changes mainly

due to the fact that majority carriers are removed by dis-

placement of the impurity atoms. The level will drop in n-

doped and rise in p-doped silicon to somewhere in the middle

of the bandgap. When it passes the position of defect levels,

the charge state will change. For n-doped silicon the charge

state of the group V atom-vacancy-pair will become neutral

instead of negatively charged. The charge state of inter-



- 57 -

stitials and vacancies could change too. However it is dif-

ficult to make precise statements about the actual charge '

states because not all the positions of the defect levels

nor the position of the Fermi level during irradiation are

known. In intrinsic silicon more primary and secondary de-

fects will be in a neutral charge state compared with the

situation in the starting material, resulting in a lower

cross section for impurity-defect trapping and a higher

cross section for annihilation. Besides that new ways of

secondary defect formation become possible. For instance

Emtsev et al. [52] saw the increase in number of complexes

of two vacancies and one donor atom in Ge after half of the

donor atoms had trapped a vacancy.

A very special case is As-doped silicon where we have

seen (fig. 20) that prolonged irradiation did result in a

decrease of f__ although the number of carriers remainedn s
the same. There is no reason to believe that the arsenic

atoms become substitutional again. Instead we presume that

after the turning point, where more than one vacancy per As

atom is available, the impurity-defect centers become more

complex and contain more vacancies per As atom. The position

for the As atom could differ from that in a simple arsenic-

vacancy pair resulting in a different backscattering proba-

bility. If, e.g., a fraction of the As atoms would occupy

lattice positions closer to the row of host atoms, this

would lead to a smaller apparent displaced fraction. This

effect, which is only found for As but not for the other

elements, can be caused by the small difference in covalent

radius between As and Si (1.18 A* versus 1.17 8). Every po-

sition in a defect complex is equivalent for As and Si

atoms while for the elements with smaller or larger cova-

lent radii the limitations on the positions for the displaced {

atoms will be greater, :

4.3. Lattice-site location

The results of our displacement studies indicate that

impurity displacement is not an exception but almost a rule.
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In this respect we can put question-marks behind the list

of lattice location studies in Si as reviewed by Picraux

[13. Most of the impurity elements exhibit donor or accep-

tor properties and therefore will be displaced according to

our model by interaction with beam-induced defects. Since

the effects in the apparent displaced fraction can be small

(e.g. for Sb and Bi), they have not been noticed sofar.

A preferential site of displaced atoms can be determined

by angular scans across the main axial and planar channels.

For As-doped Si no definite lattice position could be derived

for the displaced As atoms from the angular scans nor has it

been found in the past by others [4,63. Thus the As atoms

are randomly displaced or there are several possible confi-

gurations which cannot be discriminated with backscattering

and channeling analysis. For Sb and Bi narrowing of the

axial widths implies that a large fraction of the atoms are

displaced over a small distance. The difference in behaviour

between the group V elements is probably a result of the dif-

ference in covalent radius. The radii of antimony and bis-

muth are larger whereas the radii of phosphorus and arsenic

atoms are smaller than or almost equal to the radius of the

silicon host atoms. Difference in radius is also thought to

be responsible for the observed differences in reorienta-

tion kinetics of the group V atom-vacancy pair for P, As

and Sb as measured with EPR [8] and electrical measurements

[173.

Gallium atoms have the same radius and valence as alumi-

nium atoms have. Therefore it is likely that they occupy

the same positions in the lattice, once being displaced.

Watkins calculated a tetrahedral position for the double

positively charged Al interstitial after interaction of an

Al atom with a silicon interstitial ("Watkins replacement

mechanism", ref. [93). This position would yield very

distinct features in the angular scans [S43, which we did

not observe. The interstitial at the tetrahedral or hexa-

gonal site does not appear to be in a potential-energy mi-

nimum. Theoretical calculations with the extended Huckel
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theory [55] give a split interstitial or bond-centered posi-
tion as expectation for the lowest energy configuration;
the <100> split-interstitial site being preferred. These
results are plausible since in the tetrahedral or hexagonal
sites the interstitial has four broken bonds while in the
bond-centered or split-interstitial sites there are only

\ ' two broken bonds. Channeling measurements on boron in Si

[56] indicated that the displaced B atoms are probably at
a <110> split-interstitial site. The yield for boron in
the <110> axial channel is then lower than in the other
axial channels in contrast with our measurements for Ga,
for which we found a displacement into the <110> channel. Be-
cause we do not see any significant structures in the angu-
lar scans for Ga a superposition of several split-intersti-
tial sites is likely.

Careful examination of the EPR results on the germanium-
vacancy pairs in silicon by Watkins [9] revealed that it is
just a lattice vacancy for which one of the four neighbours
is not a silicon but a germanium atom without additional
displacement. This agrees well with our experiments in which
we did not find a difference in angular width for the Si and
Ge angular scans nor displacement at temperatures below the
annealing temperature of the Ge-vacancy pair.

Tin atoms in a tin-vacancy pair would be displaced into
a position halfway between two normal sites according to EPR
measurements of Watkins [26]. This would give distinct
features in an angular scan across the <100> axial channel
for channeling measurements. However, we find a rather smooth
curve for the Sn yield in that direction, neither is there
a difference between displacement in the <100> or <111> axial
channel. Thus the conclusion of Watkins that the Sn atoms
are displaced into the <111> direction is not supported by
our measurements.
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5. SUMMARY AND CONCLUSION

All elements studied, except Ge, show displacement from

their original substitutional lattice positions into non-

substitutional positions under irradiation with high energy

H or He particles. The displacement of Sn atoms can be ex-

plained by size effect interactions, the displacement of

group III, V and VI elements by Coulomb interaction between

point defects and impurity atoms. The displacement of the

group III elements is thought to be due to trapping of posi-

tively charged interstitials by the acceptor atoms. For

the group V and VI elements we expect interactions between

the double negatively-charged vacancy and the donor atoms.

The positions of the impurity atoms after bombardment was

found to be for Ge still a substitutional site, for Sb and

Bi a site near the row of host atoms; for Ga, Sn and As no

definite lattice site could be found, probably due to super-

position of several possible configurations.



- 61 -

REFERENCES

[1] S.T. Picraux, in: New Uses of Ion Accelerators (Plenum

Press, N.Y., 1975) p.229.

[2j J.A. Davies, J. den Hartog, L. Eriksson and J.W. Mayer,

Can.J.Phys. 45, 4053 (1967).

[3] G. Fladda, P. Mazzoldi, E. Rimini, D. Sigurd and L.

Eriksson, Rad.Effects 1_» 249 (1969).

[4] J. haskell, E. Rimini and J.W. Mayer, J.Appl.Phys. 4^,

3425 (1972).

[5] W.H. Kool, H.E. Roosendaal, L.W. Wiggers and F.W. Saris,

Nucl.Instr. and Methods UZ, 285 (1976)

[6] M.L. Swanson, J.A. Davies, A.F. Quenneville, F.W. Saris

and L.W. Wiggers, Rad.Effects 3_5, 51 (1978).

[7] G.D. Watkins, in: Radiation Damage in Semiconductors,

ed. P. Baruch, p.97 (Dunod, Paris, 1965).

[8] E.L. Elkin and G.D. Watkins, Phys.Rev. V7±, 881 (1968).

[9] G.D. Watkins, Proc.Intern.Conf.on Lattice Defects in

Semiconductors, Freiburg 1974 (Institute of Physics,

1975) p.1.

[10] A.R. Bean, R.C. Newman and R.S. Smith, J.Phys.Chem.

Solids, 3±, 739 (1969).

[11] H.J. Stein and F.L. Vook, Rad.Effects J, 41 (1969).

[12] A. Brelot and J. Charlemagne, Proc.Int.Conf.on Radiation

Effects in Semiconductors, Albany,1970 (Gordon and

Breach, London, 1971) p.161.

[13] A. Brelot, Proc.Int.Conf.on Radiation Damage and Defects

in Semiconductors, Reading, 1972 (Institute of Physics,

1973) p.191.

[14.] D. Sigurd and K. Bjorkqvist, Rad.Effects J2, 209 (1973).

[15] G.D. Watkins, in: Radiation Effects on Semiconductor

Components I (JournSes d'Electronique, Toulouse, 1967)

p.A1.

[16] G.D. Watkins, Phys.Rev. 155, 802 (1967).



- 62 -

[17] M. Hirati, M. hirati, H. Saito and J.H. Crawford, J.

Appl.Phys. 38, 2433 (1967).

[18] J.W. Maas, thesis, University of Utrecht (1976).

[19] M.L. Swanson, L.M. Howe and A.F. Quenneville, Phys.

State Sol. (a) 31_, 675 (1975).

[20] W.K. Hofker, thesis, University of Amsterdam (1975).

[21] £. Ligeon and A. Bontemps, J.Radioanal.Chem. _1£, 335

(1972).

[22j G. Fladda, K. Bj6rkvist, L. Eriksson and D. Sigurd,

Appl.Phys.Letters ^6, 313 (1970).

[23] H. Muller, J. Gyulai, W.K. Chu, J.W. Mayer and T.W.

Sigmon, J.Electrochem.Soc. U2_, 1235 (1975).

[24] G.D. Watkins, IEEE, Trans.Nucl.Sci NSS-16, 13 (1969).

[25] P.J. Riley, G.A. Lock, J.A. Rawlins and Y.M. Shin,

Nucl.Phys. A96, 641 (1967).

[26] G.D. Watkins, Phys.Rev.B U, 4383 (1975).

[27] S.T. Picraux, W.L. Brown and W.M. Gibson, Phys.Rev.B

6, 1382 (1972).

[28] G. Foti, S.U. Campisano, E. Rimini and G. Vitali, J.

Appl.Phys. 49, 2569 (1978).

[29] J. Gyulai, 0. Meyer, R.D. Pashley and J.W. Mayer, Rad.

Effects 2» 17 (1971).

[30] S.T. Picraux, N.G.E. Johansson and J.W. Mayer, in:

Semiconductor Silicon (Electrochem.Soc., N.Y., 1969)

p. 442.

[31] N.S. Zhdanovich and Yu.I. Kozlov, Sov.Phys.Semicond.

9, 1049 (1976).

[32] S. Mader and A.E. Michel, J.Vac.Sci.Technol. V3, 391

(1976).

[33] M.L. Joshi and S. Dash, IBM Journal 271 (1967).

[34] G.H. Kinchin and R.S. Pease, Rep.Progr.Phys. i8, 1

(1955).



- 63 -

[35] N.A. Vitovskii, V.V. Emtsev, T.V. Masmovets and Yu.G.

Morozov, Sov.Phys.Semicond. £, 1489 (1975).

[36] J.W. Corbett, J.C. Bourgoin, L.J. Cheng, J.C. Corelli,

Y.H. Lee, P.M. Mooney and C. Weigel, Proc.Int.Conf.on

Radiation Effects in Semiconductors, Dubrovnik, 1976

(Institute of Physics, 1977) p.1.

[37] J.W. Corbett, J.C. Bourgoin and C. Weigel, Proc.Int.

Conf.on Radiation Damage and Defects in Semiconductors,

Reading, 1972 (Institute of Physics, 1973) p.1.

[38] E.I. Blount, J.Appl.Phys. 30, 1218 (1959).

[39] G.D. Watkins, R.P. Messmer, C. Weigel, D. Peak and

J.W. Corbett, Phys.Rev-Lett. 2T_, 1573 (1971).

[40] S.P. Singhal, Phys.Rev.B 5, 4203 (1972).

[41] S.I. Tan, B.S. Berry and W. Frank, in: Ion Implantation

in Semiconductors and Other Materials (Plenum Press,

N.Y., 1974) p.19.

[42] G.D. Watkins, Phys.Rev.B U, 5824 (1975).

[43] G.D. Watkins, Phys.Rev. 155, 802 (1967).

[44] G.D. Watkins, Phys.Rev.B J_3, 2511 (1976).

[45] M.L. Swanson, L.M. Howe, J.A. Davies and A.F. Quenne-

ville, Progr.Rep.Chem.and Mat.Division, Chalk River

Nuclear Laboratories, AECL-5511, 1976, p.20.

[46] G.D. Watkins, Proc.Int.Conf.on Radiation Effects in

Semiconductors, Santa Fe, 1967 (Plenum Press, N.Y.

1968) p.67.

[47] V.S. Vavilov, V.B. Glazman, N.Ü. Isaev, B.N. Mukashev

and A.V. Spitsyn, Sov.Phys.Semicond. IS, 303 (1974).

[48] E.G. Sieverts, C.A.J. Ammerlaan, Proc.Int.Conf.on Radi-

ation Effects in Semiconductors, Dubrovnik, 1976,

(Institute of Physics, 1977) p.213.

[49] R.B. Fair, J.Appl.Phys. 44, 283 (1973).

[50] Y.H. Lee and J.W. Corbett, Phys.Rev.B J_3, 2653 (1976).



- 64 -

[51] A.R. Bean, R.C. Newman and R.S. Smith, J.Phys.Chem.

Solids 31, 739 (1970).

[52] V.V. Emtsev, T.V. Mashovets, M. Maximov and N.A. Vitov-

skii, Rad.Effects 9, 181 (1971).

[53] W. Frank, Proc.Int.Conf.on Lattice Defects in Semicon-

ductors, Freiburg, 1974 (Institute of Physics, 1975)

p.23.

[54J K. Komaki, Proc.Conf.on Ion Beam Surface Layer Analysis,

Karlsruhe, 1975 (Plenum Press, N.Y., 1976) p.517.

[55] C. Weigel, D. Peak, J.W. Corbett, G.D. Watkins and R.P.

Mesmer, Phys.Rev. B 8_, 2906 (1973).

[56] J.C. North and W.M. Gibson, Appl.Phys.Lett. JH>, 126

(1970).



- 65 -

C H A P T E R II

EFFECT OF THE FERMI LEVEL POSITION IN SILICON ON

ION-INDUCED DISPLACEMENT OF IMPURITIES

ABSTRACT

' With the channeling technique the lattice location of

both As and B is studied in single As- or B-doped and in

doubly As- and B-doped silicon single crystals. The in-

fluence of the position of the Fermi-level on the displace-

ment of impurity atoms off substitutional lattice sites is

investigated by changing the crystals from n- to p-type or

vice versa by choosing implant conditions and annealing tem-

peratures for the doubly doped crystals in an appropriate

way. Big changes were found in displacement cross sections

for As and B after conversion of the crystals from n- to

p-type. The results can be explained by assuming that the

interaction between primary defects and impurity atoms

causing the displacement of the impurity atom is controlled

by Coulomb attraction between charged point defects and the

impurity atoms.
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1. INTRODUCTION

Interaction of point defects, produced by beam particles,

and impurity atoms can result in the displacement of the

latter as has been reported with EPR and RBS/channeling stu-

dies [1-43. A previous study of displacement of group III,

IVa V and VI elements in Si by a beam of H
+ or He* particles

showed that group IV elements are hardly displaced by the

beam particles whereas the displacement rates for the other

elements are large [53. This can be explained

by assuming that Coulomb attraction between charged point

defects and impurity atoms is important. Negatively charged

vacancies in n-doped silicon are trapped fcy group V and VI

atoms which can be considered as positively charged in the

lattice. On the other hand in p-doped Si the positively

charged interstitials are trapped by the negatively charged

acceptor atoms. For the group IV elements no Coulomb inter-

action is expected. The Coulomb-interaction length is large

and can be estimated from our experiments to be at least

35 A* [53.

Also with other techniques indications for Coulomb inter-

actions between point defects and impurity atoms have been

found. For instance, with EPR the production rate of inter-

stitial aluminium by electron bombardment did not change if

carbon or oxygen was introduced in the lattice [63 although

all these impurities are supposed to trap silicon self-

interstitials [7,83. Apparently the group III atom is a much

more effective trap than oxygen or carbon atoms which is

understandable since the Al atoms have a negative core and

will attract positively charged interstitials while the oxy-

gen and carbon atoms are electrically inactive. Comparison

of the efficiency for vacancy trapping by oxygen and phos-

phorus atoms showed that the group V element is 50 times

more effective in vacancy capture [93. In effect charge

state influences may dominate all impurity-defect interac-

tions [103. However, hard evidence to establish the role of

the Coulomb interaction is difficult to obtain.

In this paper we present data on displacement of B and As
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y in doubly doped silicon crystals. By choosing implant doses

i,\ and annealing temperatures in the right way, concentrations
u could be obtained such that in some samples the B concentra-
\- tion was higher than the As concentration whereas in other
; samples the As concentration exceeded the B concentration.
/ The conversion from n- to p-type or vice-versa could change
h the charge state of the vacancies and interstitials and

therefore influence the displacement of the impurity atoms,
which was monitored using the channeling effect technique.

2. EXPERIMENTAL

2.1. Sample preparation

Silicon (100) single crystals were implanted with a 70 keV
As beam up to a dosis of 10 at/cmz. After irradiation we
applied a wet oxidation at 950°C. In this way about 500 R

2 was formed on top of the silicon crystal. After this
step the samples were annealed at 1130°C for 8 hours. The As
concentration in the samples is then relatively flat and

19 3

has a value of 6x10 at/cm to a depth of 2 jim. As esta-
blished before all arsenic atoms occupy substitutional lat-
tice sites and the radiation damage is annealed out C5D.
After etching the oxide layer away, the samples were im-

? planted with a 100 keV B+ beam until a dose of 2x 10 B/cm
: (sample I) or 1x10 B/cm2 (sample II) was reached. To-
'•: gether with these As-doped samples we implanted non-doped
j samples with the two boron doses (samples III and IV). The
\l implantations were performed at room temperature.
' Without any annealing samples I and II were analyzed to
; inspect the damage profile and the lattice location of As
'.. impurity atoms. No effect was seen of the B-implantation on

the As concentration in the lattice as measured with 2 MeV
He* backscattering. After the analysis the samples were

'•• heated at 1000°C (samples I and III) or 1100°C (samples II
and IV) for half an hour to anneal the radiation damage and
to obtain a relatively flat B profile by diffusion. The con-
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centration of 6 could not be determined experimentally but

can be estimated from experiments of Hofker et al. [11] to

be 4x10 1 9 B/cm3 for samples I and III and 1x10 2 0 B/cm3

for samples II and IV. The short annealing procedure did not

change the As concentration in the lattice.

2.2. Apparatus and experimental procedure

The channeling experiments were performed at the 3.8 MV

v.d. Graaff accelerator of the nuclear physics department

of the University of Utrecht. A beam of 2 MeV He* or 670

keV H was directed in a scattering chamber at a pressure

better than 10~ torr. The samples were mounted on a three-

axis goniometer which could be moved along the vertical

axis for bombarding new spots when necessary. Backscattered

particles were detected with a surface barrier detector

with a standard resolution of 15 keV. Both the distance of

the detector to the target (5- 150 mm) as well as the scat-

tering angle (10- 170°) could be varied. Further details of

the experimental apparatus has been given elsewhere [53.

Arsenic has a mass larger than that of silicon and can

therefore be discriminated with the backscattering technique

using 2 MeV He ions. Boron on the other hand is lighter

than the silicon atoms are. Backscattering is then not the

suitable technique to determine the concentration and the

lattice location of the boron atoms. Instead we used the

nuclear reaction B(p,a) which has a broad resonance at 670

keV. The Q value is 8.6 MeV and the produced a-particles

have an energy of 6.1 MeV at a scattering angle of 90° much

higher than the backscattered protons (< .6 MeV). The cross

section is rather low for this reaction, so we placed the

detector near the target at a distance of 2 cm at a scattei-

ing angle of 90°. To prevent penetration of the enormous

flux of backscattered protons a mylar foil of 10 pm was

placed between target and detector. The protons were stopped

in this foil, while the a-particles were transmitted. By

this procedure, however, we could not register the increase
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of the silicon minimum yield during bombardment. Since the

width of the resonance is rather large (300 keV), the depth

resolution is poor and only the concentration and lattice

location of the total B content can be studied.

The fraction of atoms displaced from their original sub-

stitutional lattice sites is determined by channeling with

the following formula for the non-substitutional fraction

fns:

x - y-t.

(1)

where xj and x^ are the impurity and silicon host minimum

yield respectively. The minimum yield is defined as the ra-

tio between the yield in a channeling direction and the

yield in random incidence. Equation (1) is valid when the

displaced atoms are randomly spread through the lattice or

the beam flux is uniform across the channel. Otherwise f

does not have to represent the true displaced fraction al-

though it will be related to it strongly. All channeling

measurements were performed in the <110> direction. Point

defects were produced by irradiation the crystal in a random

direction. The bombardment was interrupted regularly to de-

termine f in the <110> direction. The dose used in the

channeling direction had only a small effect on the lattice

location of the impurities. The data are corrected for this

effect. From plots of f versus dose $ cross sections for

impurity displacement were determined:

. . - • d f - ^ - «

imp

Here N. and Nc. are the densities of impurity and sili-imp DI
con host atoms respectively.

3. RESULTS

In fig.

both doubly doped crystals are plotted before annealing had

In fig. 1 energy spectra of backscattered He ions for
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F i g . 1 - Energy s p e c t r a o f 2 . 0 MeV He ions backscattered

from Si (As) implanted with 100 keV B ions. Shown
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taken place. Apparently the samples are not damaged to such

an extent that an amorphous layer is created. It cannot be

excluded that during implantation the samples have become

warmer than room temperature (100-200°). Therefore some

annealing may have taken place. The depth of maximum damage

is for both samples about 3100 A*, which is close to the

value of 3000 A* calculated by Brice [12] and only slightly

less than the range of the boron atoms of 3400 A* (Hofker

[11]).

For arsenic the initial non-substitutional fraction is

not equal for all depths. At shallow depth f is 10* where-

as at depths greater than 2800 A* there is

a marked transition in f__ (see fig. 1) and about 25% of the

As atoms are displaced from their lattice sites. During ir-

radiation with He ions f does not change in the surface

region while deeper f increases and reaches a saturation

value of about 42% (fig. 2). If we take info account the

large uncertainty in f due to the high value of the Si

minimum yield the saturation value is comparable with that

normally found for irradiated As-doped samples (~ 371).

Both singly and doubly doped samples were annealed at

elevated temperatures after an oxide layer was grown on top

of the silicon wafers. The samples with the low B-implant

dose were annealed at 1000°C, those with the high implant

dose at 1100°C for 35 minutes. No radiation effects were

visible afterwards in the backscatterlug spectra. After such

annealing treatments the boron profiles are relatively flat
15 2

to a depth of 0.5 ym for the 2.10 B/cm implant and to 1.0

pm for the 10 B/cm implant, the concentration is esti-

mated to be 4x10 at/cm and 1x10 at/cm respectively

(Hofker [11]). The lattice location of As in the first few

thousand 5ngstr5ms was studied with He backscattering where-

as the lattice location of the boron atoms, integrated over

the whole profile, was investigated with the uB(p,a) reac-

tion. In fig. 3 the displacement of As during 2 MeV He

bombardment is shown for singly and doubly doped Si. For

the sample I for which the boron concentration is lower than
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Fig. 3 - Non-substitutional As fraction as a function of

random 2.0 MeV He irradiation fluence for As-doped
19 3

Si (6x10 at/cm ). Shown are data points for sing-

ly As-doped Si (A) and Si implanted with B and af-

terwards annealed ( X and O ) .
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t ce. Apparently the samples are not damaged to such

; an e at an amorphous layer is created. It cannot be

; exclude ring implantation the samples have become

* warmer than erature (100-200°). Therefore some

; annealing may ha place. The depth of maximum damage

; is for both samples 0 ft, which is close to the

value of 3000 A* calculat "ce [12] and only slightly

less than the range of the b s of 3400 X (Hofker

[113).

For arsenic the initial non-substi fraction is

not equal for all depths. At shallow dep ' 101 where-

as at depths greater than 2800 X there is

a marked transition in f (see fig. 1) and abou the

As atoms are displaced from their lattice sites. Dur

radiation with He ions f does not change in the sur

region while deeper f increases and reaches a saturation

value of about 42% (fig. 2). If we take into account the

large uncertainty in f due to the high value of the Si

minimum yield the saturation value is comparable with that

normally found for irradiated As-doped samples (~ 371).

Both singly and doubly doped samples were annealed at

elevated temperatures after an oxide layer was grown on top

of the silicon wafers. The samples with the low B-implant

dose were annealed at 1000°C, those with the high implant

dose at 1100°C foi* 35 minutes. No radiation effects were

visible afterwards in the backscattering spectra. Af

annealing treatments the boron profiles are rela at

to a depth of 0.5 ym for the 2.1015 B/cm2 i to 1.0
1 fi 2

um for the 10 B/cm implant, the cone is esti-
1 q s 9

mated to be 4 x 1 0 at/cm and 1x1 respectively

(Hofker [11]). The lattice loca " s in the first few

thousand XngstrQms was stu ' He* backscattering where-

as the lattice locatio oron atoms, integrated over

the whole profile, estigated with the uS(p,o) reac-

tion. In fig. isplacement of As during 2 MeV He

bombardmen wn for singly and doubly doped Si. For

the sa or which the boron concentration is lower than
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3 - Non-substitutional As fraction as a function of

random 2.0 MeV He irradiation fluence for As-doped
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i (6x10 at/cm ). Shown are data points for sing-

-doped Si (A) and Si implanted with B and af-

t annealed ( X and O ) .
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Fig. 4 - Non-substitutional B fraction as a function of ran-

dom .67 MeV H irradiation fluence for B-doped Si

(implant dose 2*10 B/cm ). Shown are data for

singly doped Si (X) and B+As doped Si (O).
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Fig. 5 - Non-substitutional B fraction as a function of ran-

dom .67 MeV H irradiation fluence for B-doped Si

(implant dose 1 xio16 B/cm2). Shown are data for

singly doped Si (X) and B + As doped Si (O).



TABLE 1.
As en B displacement cross sections (04mt)) in single-and double-doped silicon
crystals for .67 MeV H impact.
In addition values for o are given,derived from the experimental values of cimp"

B

implant
dose

(cm"2)

2 X 1 0 1 S

2 x 1 0 1 5

1 x 1 0 1 6

1 x 1 0 1 6

°imp
(cm2)

(9 +2 ) x 10"2 0

( 1 . 2 + . 2 ) x 10 ^u

(1.1 + .2) x 10" 1 9

(7 + 1 ) x 10~20

*a

(cm2)

9 X 1 0 " 2 0

3.0 x 1 0 T 2 0

1.1 x 10"1 9

1.1 x 10"1 9

As

implant
dose
(cm"2)

1 x i O 1 6

1 X 1 0 1 6

1 x 1 0 1 6

a imp
(cm2)

(2 .6+ .5) x 10"1 9

(4 .0+ .5) x 10"2 0

(2 .7+ .6) x 10"1 9

*a

(cm2)

2 . 6 x 1 0 " 1 9

1 .0 x 1 O ~ 1 9

2 . 7 x 1 O ~ 1 9

*•
I
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that of arsenic the displacement cross section is almost

the same as for singly doped material (table 1} whereas the

value for the sample II for which the boron concentration ex-

ceeds the arsenic concentration is a factor S lower.

The displacement of boron during 670 keV H+ irradiation

is shown for the B and 6 plus As doped samples in fig. 4 and

y 5. If the boron concentration exceeds that of arsenic the

displacement cross sections do not differ much for the singly

and doubly doped material (table 1), whereas the displace-

ment cross section is much smaller when the arsenic concen-

tration exceeds that of boron. The displacement cross sec-

tions for lightly and heavily singly doped samples are equal

within the experimental accuracy.

Beside the differences in displacement cross sections

there are differences in saturation value for doubly doped

samples too especially when the concentration of the impuri-

ty is not the dominant one.

The increase of the silicon minimum yield Xu during 2 MeV

He+ bombardment was found to be small (1%). This increase in

dechanneling will be discussed more extensively elsewhere

in connection with other data [13].

4. DISCUSSION

As listed in table 1 the results of the B and As dis-

placement studies in doubly doped silicon show a rather

sharp dependence of the displacement cross sections on the

relative concentration of B and As in the lattice. A pos-

sible explanation could be sharing of mobile defects be-

tween As and B atoms. Values corrected by multiplying the

experimental cross sections with ( 1 + N A S /
N B )

 a n d '•1+NB^NAs-'

for B and'As displacement respectively (denoted in the table as

a*) should then be equal for singly and doubly doped silicon.

Apparently this is not the case and it is more probable that

both impurities trap different defects. From EPR 121 and

channeling studies of Swanson et al. [43 arsenic atoms are

known to trap vacancies. Boron atoms on the other hand trap
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self-interstitials [1] resulting in the displacement of the
boron atoms inio interstitial positions.

According to our model discussed in ref. 5, trapping can
be enhanced by Coulomb attraction. In n-doped silicon the
vacancies are negatively charged and are attracted by the
positive cores of the As atoms, whereas in p-doped silicon
the vacancy is neutral and will not feel Coulomb-attraction.
For the silicon self-interstitial the charge state is not
well known. The charge state should be positive in p-
doped silicon whereas in n-doped silicon the absence of any
interaction with group V elements would indicate that the
charge state is not negative. Thus crystals with more
As than B dopants will still be

n-type and there will be Coulomb attraction between the ne-
gatively charged vacancy and the As atoms. No Coulomb at-
traction is expected between the interstitials and the ac-
ceptor atoms. If on the other hand the B concentration is
higher than the As concentration the crystal is p-type and
there will be Coulomb attraction between the positively
charged interstitials and the B atoms, the Coulomb attrac-
tion between the vacancies and the As atoms will be
absent. There is still displacement of B and As atoms
when the concentration of the other element is higher. This
can be due to trapping of point defects produced in the di-
rect vicinity of the impurity atoms or to a change of the
charge state of the point defects after ionization by beam
particles [10].

Combination of B and As atoms into pairs could change the
picture drastically. However, we do not expect pairing to be
an important effect. According to Fuller [14] the fraction
of pairs will be less than a percent of the total impurity
concentrations. Photon absorption measurements on As plus B
doped samples [15] show that the contribution of absorption
by As + B pairs is small compared to the huge absorption
due to 11B and 10B atoms.

Due to the presence of a relatively high concentration
of As the B concentration after annealing could be different
in doubly doped material compared with singly doped silicon
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as has been noted by Hofker et al. [16]. On the other hand, the

annealing temperatures used were higher in our case which fa-

cilitates diffusion. Moreover the local As concentration was

lower and uniform in our samples. At the high annealing tem-

peratures used we do not expect that the boron profile is

influenced by the As concentration already present, as the

influence of the B-doping on the As concentration was ne-

gligible too.

Concerning the data on the non-substitutional fractions

of As in the non-annealed samples, the absence of any dis-

placement in the surface region could perhaps be explained

in the same way as for the annealed samples. After implan-

tation at room temperature the overall electrical activity

of the boron atoms is about 30% [17]. If the boron concen-

tration in the surface region would be high enough the

Coulomb attraction mechanism would be blocked. Since no in-

formation on the depth distribution of B atoms and the elec-

trical activity for these specific samples is available no

definite statement can be made.

Several years ago the lattice location of impurities in

doubly doped silicon was studied with the RBS/channeling

technique [18j, however, due to impurity displacement by

the analyzing beam not the initial but the final lattice po-

sition of the impurity atoms was measured. Hardly any inter-

stitial component for the group III elements was observed

when the concentration of group V elements exceeded that

of the group III elements. This is in agreement with our re-

sults which show that both the displacement rate and the

saturation value for the group III elements is lower under

that doping condition.

In conclusion a dramatic change in impurity displacement

rate is observed when silicon samples are converted from n-

type to p-type or vice-versa. This effect gives further evi-

dence for our model for Coulomb attraction in n-doped Si be-

tween negatively charged vacancies and group V and VI impu-

rities whereas in p-doped Si positively charged interstitials

are attracted by group III atoms.
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C H A P T E R I I I

INCREASE OF DECHANNELING IN Si BY LIGHT ION IRRADIATION

ABSTRACT

In this chapter the increase of the Si-aligned yield in

doped and undoped Si crystals is studied for 1.5 MeV H+ and

2.0 MeV He bombardment. The increase reflects displacement

of Si atoms from original lattice sites. Experimentally de-

termined Si-displacement cross sections for doped crystals

are 1-5 times higher than the theoretical cross section

for elastic displacement. Data for un-implanted and Si-im-

planted silicon appeared to be 2 - 4 times lower than the

theoretical value. Two effects are thought to be important.

First recombination of primary defects is prevented after

defect-trapping by impurity atoms, secondly relaxation of

the lattice around impurity-defect complexes causes extra

displacement of Si atoms.

t '•
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.6 .8 1.0 . 1.2 1A
BACKSCATTERED ENERGY (MEV)

Fig. 1 - <110> aligned spectra of 2.0 MeV He* ions back-

scattered from a Si(100) crystal, doped with

6x 1019 As/cm3, before (1) and after (2) irra-

diation with 1.2 mC/cm 2.0 MeV He+ ions in a

random direction. A random spectrum is also

shown.
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k 1. INTRODUCTION

\. The first two chapters of this thesis were concerned

\; with the displacement of impurities in Si as a result of

T trapping of point defects. Thus impurities were markers of

v point defects produced. On the other hand it is possible

also to look at defect production by monitoring the Si-

; aligned yield in channeling measurements. Displaced Si

•• atoms are no longer shadowed by the string atoms and thus

: become targets' for backscattering. In this chapter the in-

crease of the aligned yield for doped Si crystals under 1.5

MeV H and 2.0 MeV He irradiation is shown as measured

simultaneously with impurity displacement described in the

previous two chapters (where all experimental details can

be found). For comparison the increase in dechanneling of

; un-implanted and Si-implanted Si under irradiation has been

- observed too.

2. EXPERIMENTAL RESULTS

2.1. Samples doped by implantation

Silicon (1Q0) wafers (p-type 7- 13 fi cm) were implanted

with 10 at/cm impurities. The elements involved were

Ga, Ge, Sn, P, As arid Sb. After implantation radiation da-

mage was annealed at temperatures above 1000 C and the im-

purities diffused into the bulk. Analysis in the <110>

direction with 2.0 MeV He+ ions indicated a good recovery

of the samples. The minimum yield Xi, is defined as the ra-

tio of aligned and random yield for a depth interval of

.05- .30 ym. For the samples doped with the group V ele-

ments the minimum yield was equal to the expected theore-

tical value (2.1%) [1], for Ga-, Ge- and Sn-doped samples

Xh was 5.01, 3.51 and 2.61 respectively.

All samples except P were studied with a 2.0 MeV He

beam, some ((?-» As- and Sb-doped samples) with 1.5 MeV He

ions as well. For As-doped Si spectra of the sample

before irradiation and after a large He+ fluence in
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AXK

.005-

1 2 3 4
IRRADIATION FLUENCE (mC/cm2)

Fig. 2 - Axh vs. 1.5 MeV H (a) and 2.0 MeV He (b) irra-

diation fluence for Si crystals doped with Ga

(*), Ge(x), Sn(+), P(o), As(A) or Sb(D).
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TABLE 1. Si displacement cross section (<Jgj) for doped

and undoped wafers. The statistical spread in

the data is about 30%.

periodic

table

group III

group IV

group V

group

III + V

impurity

Ga

-

Si

Ge

Sn

P

As

Sb

As

(low

(high

(impl.)

(diff.)

(impl.)

(diff.)

+ B

B-dose)

i B-dose)

2.0

1.9

3.5

6.5

1.4

1.9

4.5

4.0

1.9

2.6

2.1

2.4

MeV

x 11

x 1 C

x 1 C

x 10

x 10

x 10

x 10

x 10

x 10

X 10

x 10

He +

-19

-19
-18

-18

-18

-18

-18

-18

-18

JSi(cm
2)

1

2

6

4

.5 MeV H+

. 1 x 10

.2 x 10

. 1 X 1 0
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random incidence are shown in fig. 1. The Si minimum yield

as well as the As aligned yield have increased under bombard-

ment. Values for x^ were derived from the spectra for the

first 3000 8. For the samples doped with the various impu-

rities the values for the increase in the minimum yield

(Axh) are plotted versus H
+ or He+ irradiation fluence in

fig.2. After a sharp increase a levelling off occurs

resulting in saturation of Ax^ at a value in the order of

one percent. In complete analogy with the data analysis of

the previous chapters we can determine the cross section

for Si atom displacement from the slope of the minimum

yield vs. flux at zero dose [2]:

Cross sections thus obtained are listed in table 1 for 1.5

MeV H and 2.0 MeV He irradiation. Numbers vary from (1-4)
— 18 2

x 10 cm for the various implants, being highest for the

As-implanted samples.

2.2. Samples doped by diffusion

An (111) orientated Si-wafer was doped by diffusion with

4x10 1 9 Sb/cm3, an (100) orientated crystal with 3x10 1 9

As/cm .

At high impurity concentrations stacking faults and mis-

fit dislocations are reported to grow for B-, As- and P-

doping of silicon [3]. However, only at very high surface

concentrations (1020 B/cm3, 2x10 2 1 As/cm3 and 3x10 2 0

P/cm ) extended faults are formed. Therefore we do not ex-

pect much damage to be present in the lattice doped by dif-

fusion whereas in implanted crystals even after annealing

at high temperatures some residual damage still exists

[4].

In the way described above we investigated the increase

of the Si minimum yield under 2 MeV He+ irradiation, values

for asi listed in table 1 show that for As-doped material

o s i is somewhat lower than for the implanted samples whereas
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we see for Sb-doped Si a reverse effect. Thus it remains

unclear what the effect is of the different ways of intro-

ducing dopants (direct diffusion or implantation + dif-

fusion) on the Si-displacement.

2.3. Samples doubly doped with As and B by implantation

Si(100) wafers were implanted with 10 As/cm

and afterwards annealed at 1130°C for 8 hours:

as mentioned before almost all radiation damage has then

been annealed. The samples were implanted with 100 keV B+

ions: 2x10 B/cm and 1x10 B/cm2. An estimated concen-
20 %

tration of B in the lattice was reached of 1x 10 at/cm

and 4x10 at/cm respectively by annealing at 1000°C or

1100°C for just half an hour. Neither the B-implantation

nor the annealing procedure had any influence on the As con-
19 3

centration (6x10 As/cm ) as observed with backscattering

Following the same procedure as described before, from xi,

as function of 2 MeV He irradiation fluence, values for

Oq. were obtained and are listed in table 1. For both

samples with high and low B concentration the Si-atom dis-
-1 8 2

placement cross section equals 2 x 10 cm which is slight-

ly less than for single As-doped material.

2.4. Samples implanted with Si ions k

Si (100) wafers (p-type 1000 a cm) were studied to-

gether with similar crystals implanted with 10 at/cm

100 keV Si+ atoms. The isotope Si was used as implanted

species in order to avoid impurity beams of N~ or C0+. By

implantation the samples were amorphized to a depth o£

2200 K. A channeling spectrum showing the amorphous layer

is given in fig. 3. Annealing at 600°C for 40 minutes re-

sulted in incomplete recovery of the disorder in the

sample. The minimum yield for 2 MeV He+ analysis was 2.51

just behind the surface peak but 4.61 at a depth of 2500

X. Annealing at 1100°C for 8 hours removed the high de-

channeling at greater depth. Still the observed value for

the minimum yield, 2.61, is somewhat higher t!han for an

unimplanted sample (2.11). This difference is relatively
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8.10*

{2 4

§

1.0
ENERGY (MeV)

Fig. 3 - Backscattering spectrum of 2.0 MeV He ions in-

cident along a <110> axis of Si(100) implanted

with 10 1 6 at/cm2 100 keV Si+ ions.

1.0
ENERGY (MeV)

Fig. 4 - Backscattering spectra of 2.0 MeV He ions in-

cident along a <110> axis of Si crystals:

1) Si-implanted and annealed at 600°C for 40

minutes, 2) Si-implanted and annealed at 1100 C

for 8 hours, 3) Unimplanted.
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\ .

1 2 3
He* DOSE (mC/cm2)

Fig. 5 - Axh v s . 2.0MeV He+ i r r a d i a t i o n fluence for
Si-implanted (x) and for unimplanted Si (o) .
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small and probably the reason why this effect has not been
noticed before after annealing of Si-implanted samples [5].
Spectra for the samples annealed at 600°C, 11OO°C and for
the unimplanted sample are shown in fig. 4. In fig. 5 &xu
is plotted for 2 MeV He* irradiation of an implanted and
unimplanted sample. Clearly in the beginning of irradiation
the damage introduction is lower for the Si-implanted sili-
con. From the initial slope agi was determined, the two
values are listed in table 1. They are considerably smal-
ler than the earlier data.

3. DISCUSSION

Displacement of lattice atoms by impact of energetic
particles is mostly described with the elastic scattering
model from Kinchin and Pease [63. When more than 15 eV is
transferred during a collision a silicon atom is displaced
from its lattice site. Further displacement occurs by the
recoiling atom as well. In silicon the cross section for
displacement is according to the Kinchin-Pease theory
equal to avv = 1.3x 10~18 cm2 for 2 MeV He+ and o ™ *

-19 5 +

1x10 cm for 1.5 MeV H bombardment. Cross sections for
Si displacement as listed in table 1 are in general larger
than the theoretical estimate, an observation also report-
ed earlier [2] for 200 keV He+ and H impact on As-doped
Si. We have, however, to be careful with the interpreta-
tion of the cross section data. We neglected a dechanneling
term in equation 1, because analysis was done for shallow
depths. Moreover flux peaking effects have not been in-
cluded.

In principle the number of defects produced will be the
same in all samples, nevertheless <jg- differs foT samples
doped with various impurity elements.

Group III and V elements are known to trap defects and
consequently move from their original lattice site [73.
The interaction of group IV elements with impurities is
much weaker and the impurity displacement rate much lower.
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Trapping of defects will prevent direct recombination of

produced vacancies and interstitials and thus more defects

may remain in the sample. However, impurity displacement

rates are more or less the same for group III and V ele-

ments and much lower for group IV elements [7], which is

not reflected in oSi« For instance agi is 3x smaller in

Sb-doped samples than in As-doped samples. So, although

reduced recombination cannot explain the differences

between samples doped with different impurities it will

certainly lead to large values of ogi, close to the ex-

pected theoretical ones.

Introducing foreign atoms in the lattice creates stress

by the different size of the impurity atoms compared with

those of Si host atoms. Stress could create 'soft spots' [9]

where displacement would be much easier than normal. We

would expect then differences in ogi depending on the radius

of the dope atoms in Si. Thus doping with Sb should re- f •

suit in more damage production than doping with As since '

the covalent radius of As is 1.18 A* compared with 1.17 X

for the Si host atoms whereas the covalent radius of Sb ,;

atoms is much greater (1.36 A*). The observed cross sections

are not reflecting this, on the contrary.

Residual damage after implantation could be important <

too. Annihilation of defects would be enhanced at these I

spots . If only one type of defect is mobile, like the in- f

terstitials, recombination of primary defects is prevented

resulting in more damage. If both vacancies and intersti-

tials would diffuse to these sinks less damage would re-

main. Residual damage is present after annealing of im-

planted samples. In the group V impurity-doped crystals ;,

this is not reflected in the initial minimum yield, but j \

for the Si-implanted samples these was a difference of ]

.54 compared with the theoretical value for the minimum

yield.

In the course of irradiation there is a delayed increase

of Axh compared with un-implanted samples (see fig. 5).

This, we can interpret as annealing of complex defects by
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the continuous flux of simple defects (vacancies and inter-

stitials) produced by the beam. These "beam-annealing" ef-

fects have been seen before for other implanted samples

(see e.g. ref. [8]). Obviously the presence of residual

damage after implantation does not enhance Si-displacement,

because og^ for Si-implanted Si is smaller than for un-

implanted samples and also smaller than the Kinchin-Pease

cross section.

Probably the main cause of ag^ being higher than oRp

and the differences in Og- for the different impurities

ib x relaxation of the lattice around complexes of impurity

atoms and defects. As a result of lattice relaxation a number

of Si atoms around the impurity-defect complexes are no

longer shadowed. Differences in covalent radii, can result

in different sites for displaced impurity atoms. Antimony

atoms, for instance, are just displaced over a small dis-

tance while As atoms occupy "random" sites after displace-

ment. Apparently the site for Sb atoms is accompanied with

less relaxation and thus less Si-displacement than the

sites for displaced As atoms.

The value for <jg- in Ge-implanted Si is higher than in

Si-implanted Si, yet no displacement of Ge is seen under

irradiation with the channeling technique T73. These re- f

suits could indicate that trapping of vacancies occurs by ['

the Ge atoms, as observed also with EPR [10] without addi- |

tional displacement of the impurity atoms. •

i. i
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C H A P T E R IV

BEAM-ENERGY DEPENDENCE OF DISPLACEMENT EFFECTS IN Si

ABSTRACT

The off lattice site displacement under irradiation with

1 - 3 MeV E or Be ions in As-doped Si is studied for both

As and Si with the channeling technique. Since the trapping

of vacancies by As results in displacement, this As displace-

ment is a marker for vacancy production in Si. It appears

that the beam energy and Z dependence as predicted by the

elastic displacement theory are not reproduced. We attribute

these deviations to the production of more complex^ immobile

defects rather than due to ionination effects.
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1. INTRODUCTION

The process by which lattice atoms are displaced from
their original lattice sites into non-substitutional positions
by impact of energetic light particles is normally described
by elastic displacement theory. An atom is displaced when more
than a threshold energy E d is transferred during an elastic
collision. In silicon E d is about 15 eV. Assuming that the
energy of the primary recoil is dissipated into subsequent
collisions, displacing other host atoms, one can calculate
the cross section for displacement according to Kinchin and
Pease [13:

Z ^ M ^ E f ln(YEi/Ed)
aKP M 2E tE d

where Mj, M2 and
 Z-|»Z2 are the a t o m i c mass and atomic number

of the incident particle (labelled 1) and the target atom
(labelled 2), where aQ is the Bohr radius and E R the Rydberg
energy and y= 4 M1M2/(M1 + M 2 )

2 .
The mean energy of the primary recoil is given by:

Ed = Ed In (yE^Ej) (2)

and is of the order of 10 E^ in most cases. In formula 1
neither screening effects nor recombination of defects has
been taken into account. The displacement cross section
varies approximately as E7 . Resistivity measurements of
Merkle et al. [23 of proton-irradiated Ag films showed indeed
this energy dependence although at higher proton energies the
cross sections are somewhat smaller than expected.

In semiconductors also inner- or outer-shell ionization
might be introducing lattice defects as suggested by various
authors [3D. Measuring the projectile energy dependence of
displacement in Si could give more insight in the damage
introduction process. Therefore we have extended to higher
energies earlier measurements [4] of the displacement of As
impurity and Si host atoms in doped crystals during irradia-
tion with H or He ions. Analysis was done simultaneously
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using the RBS and channeling technique. The displacement of

As atoms is not due to direct impact of the impinging beam

particles but results from interaction with produced defects.

From EPR [5] and channeling measurements [63 there is evidence

for displacement caused by trapping of vacancies by the As

impurity atoms. Therefore there is a direct relation between

defect production and arsenic displacement. Presuming that

the relative number of defects that is able to interact with the

As atoms is not changing as function of beam energy, the ener-

gy dependence of the As displacement rate will reflect that

of the damage introduction process. In fact it is a more ac-

curate marker for damage production than monitoring the Si

yield since an increase in this with 11 of the random yield,

corresponding to displacement of about It of the Si atoms,

is accompanied with an increase of the non-substitutional As

fraction to 35* [4].

2. EXPERIMENTAL TECHNIQUE

Si(100) wafers doped with As to a concentration of 1 : 1000

were bombarded and analysed in our backscattering/channeling

apparatus at the 3.8 MeV v.d. Graaff accelerator of the Uni-

versity of Utrecht. The energies used were 1.0, 2.0, 2.8 MeV

for He* and 1.5 MeV for H+ irradiation. Backscattered parti-

cles were detected in a surface-barrier detector with a reso-

lution of 15 keV. Further experimental details have been given

elsewhere [7]. Bombardment of the samples was performed in a

random direction, irradiation effects were analysed with the

same beam in the <110> channeling direction. The analysing

dose had only a small effect on the displacement of both As

and Si atoms. The increase of the minimum yield for Si (xn)

and As (xAs) is a measure for the number of displaced atoms.

The minimum yield here is defined as the ratio between the

yield in the channeling and random direction. For both As and

Si the increase levels off in the course of irradiation and

the minimum yield reaches "saturation" values which were e.g.

Xn*3.5* and X^s "
 39* f o r z M e V bombardment [7]. The number
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103 10*
PRIMARY ENERGY (keV)

Fig. 1 - Normalized cross sections for As displacement vs.

H+ or He+ primary beam energy. Points denoted by

•, A and A are taken from refs. 4, to and 11 resp.

The dashed lines represent adjusted normalized

cross sections for Si displacement taking into

account ionization losses and screening effects

(ref. 13).
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of displaced Si atoms (n^) can be calculated from the in-

crease of xj, C43 J

n.
(3)

where Ng^ is the concentration of silicon atoms. This equa-

tion, however, is only valid if the dechanneling at defects

is a minor effect, otherwise analysis is not straightforward

[8]. Since we consider xn only in the first two thousand

Angstroms we estimate the dechanneling contribution to be

negligible [4,93 and the displacement cross section is given

by:

'Si •-0
(4)

The non-substitutional fraction of arsenic atoms is de-

fined as:

xAs
ns

(5)

From that we can derive an expression for the cross section

for displacement of arsenic atoms:

N

"As
As (6)

where NAs is the concentration of arsenic in the lattice.

3. RESULTS

From the increase of the silicon and arsenic minimum yield,

values for the displacement cross sections as function of H

and He* beam energy were derived, see table 1. Together with

data obtained earlier [4] and of other authors [10,113 the

data are plotted in fig. 1 and fig. 2 normalized by theoreti-

cal values for Si displacement obtained from equation 1. The

values for <Jsî °KP l v D e t w e e n * " whereas values for oAs/

vary between 0.2 -1.0. For He* irradiation, in contrast
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TABLE 1 .

projectile

1.
1.
2.

2.

5

0

0

8

MeV
MeV
MeV
MeV

H*
He*
He*

He*

(9.6

(1.7

(2.7

(1.4

°As

+ 2
+

+

i

(cm2)

.4) x

.4)x

.6) x

.3)x

lO-20

10-18

10-19

10-19

(6

(1
(4

(1

.2

.9

.5

.0

aSi

+ 2
+

+ 1

1

(cm2)

.1) x

.6) x

.5) x

.3)x

10-19

10-l?

10"l«

io-i«

101

PRIMARY ENERGY (keV)

Fig. 2 - Normalized cross sections for Si displacement vs.

H* or He* primary beam energy. A, A He* irradiation;

O, O H irradiation (A, O taken from ref. 4}.

As in fig* 1 the dashed lines represent adjusted

normalized cross sections for H (1) and He (2)

impact.
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to proton bombardment, the displacement cross section decrea-

ses with increasing beam energy above 500-1000 keV.

One should note that the analysis of bombardment at diffe-

rent beam energies was performed also at those beam energies.

Thus data cannot be compared if the apparent number of atoms

displaced depends on the analysing beam energy. For all beam

energies used we observed an increase of the Si minimum yield

of ~11, whereas the saturation values of non-substitutional

As were about 32 -381, slightly varying only with As concen-

tration not with analysing beam energy. In addition we irra-

diated a sample uniformly with 200 keV He ions to a dose of

8 x10 1 4 at/cm2. Analysis with a 750 keV or a 2000 keV He+

beam showed for f respectively 38% and 37%. From these re-

sults we conclude that we may compare derived cross sections

although derived at different analysing beam energies.

As mentioned before the irradiation dose used in the chan-

neling direction had hardly any influence on the displacement,

both a. and ag^ were a factor 20-30 l

bombardment in the channeling direction.

were a factor 20-30 lower for H and He

4. DISCUSSION

It is striking that in fig. 2 ogj/aKp is always larger

than 1. This does not necessarily mean that the primary beam

produces more defects than expected theoretically. Relaxation

of the silicon lattice around As-vacancy complexes could be

responsible for displacement of Si-atoms off their lattice

positions by more than 0.2 R so that they may be hit by the

channeling fraction of the analysing beam.

Arsenic atoms are supposed to be displaced after trapping

vacancies [6]. If we assume that the Kinchin-Pease theory is

predicting the number of vacancies correctly and that trap-

ping of one vacancy is causing displacement of one arsenic

atom then the trapping efficiency is remarkably high since

aAs/aKp in fig. 1 varies between 0.2 and 1.0.

Displacement of As could be enhanced by trapping of vacan-

cies which diffuse to the surface-layer after having been
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produced at greater depths. This can only be a small effect,

however, for the ratio of As displacement under random and

channeling irradiation is rather large, a factor 20-30;

whereas due to dechanneling defect production at greater

depths is not expected to show such a large ratio. In addi-

tion, diffusion of point defects from the bulk to the surface

has been studied recently and no evidence was observed, ref.

C123.

The ratio of the experimental and theoretical cross sec-

tions is not constant but shows an increase with higher beam

energies and for He irradiation a decrease above 1 MeV. The

arsenic displacement cross section is for 2 MeV He bombard-

ment two times that for 1.5 MeV H irradiation. This ratio

was also observed for Sb displacement reported earlier [7].

It is much lower than the factor 13 expected according to

Kinchin and Pease's theory. Thus the Kinchin-Pease model is

not describing the energy dependence of the displacement pro-

cess properly neither the projectile Z dependence. Deviations

can be considered in view of several possible explanations.

First of all a correction can be made to account for scree-

ning effects at lower beam energies. Instead of the Coulomb

potential the Thomas-Fermi potential is a better choice.

Outer-shell ionization by the primary recoils is neglected

too in formula 1, resulting in an estimate for the displace-

ment cross section that is too high since not all transferred

energy is dissipated in further collisions. Both aspects have

been considered in a paper of Schifitt and Thomsen [13].

Values of adjusted cross sections normalized \»y aKp are plot-

ted in fig. 1. As a result the agreement between theory and

experiment is somewhat improved at lower energies but now at

higher H+ and He+ energies values for oAs are even higher

than the theoretical cross sections.

Besides displacement by elastic interaction the possible

role of target ionization by the incoming projectiles has

been considered in various models. However, the damage intro-

duction has to occur through a close impact parameter process

because of the large differences in displacement rate between

channeling and random incidence. First of all it has been
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suggested that the Mobility of defects could be enhanced by

a continuous change of charge state due to ionization in the

lattice [14,15]. The trapping probability would then be en-

hanced also. Figure 1 does not give evidence for this effect

because there is hardly any difference in trapping efficien-

cies observed comparing H and He*, whereas ionization effects

by the latter ion are much more important (inelastic stopping

of He is 4 - 10 times larger than of H + ) . In a second model

displacerent would be enhanced by breaking bonds due to ioni-

zation during a small impact parameter collision, resulting

in a lower value of E^ and therefore in more displacement

[16,17]. As mentioned before the primary recoil has an aver-

age energy of ~10 E d dissipated in displacement of about 5

other silicon atoms. Thus the number of primary recoils is

only 20* of the total number of defects. A lower value of Ed

for the production of primary recoils will only result in a

small increase of the total number of defects since the ener-

gy of the recoiling atoms produced extra is too low to dis-

place any other lattice atoms. Besides, outer-shell ionization

is more important around the He than around the H track,

so one would expect more influence of the process during He

irradiation, a conclusion not supported by our experimental

results, for the He induced displacement at higher beam ener-

gies is reduced.

In the third place it could be that elastic displacement

is not just stimulated by ionization but that excitation of

an atom is sufficient to cause displacement [18]. After crea-

ting a hole in the inner-shell an Auger transition is very

likely leading to multiple ionization and perhaps to displace-

ment due to Coulomb repulsion by adjacent ionized atoms. Dis-

placement after K-shell ionization can be ruled out because
-19 2 -20 2

the cross section is too small (1 x 10 cm and 2x10 cm

at maximum in the energy range studied [19] compared to o K p

of 1.3 x10"18 cm2 and 9.5 x10~20 cm2 for He+ and H+ bombard-

ment respectively). Another argument against displacement due

to inner-shell excitation is that for electron irradiation of

As-doped Si at the'maximum beam-energy for K-shell ionization

the displacement cross section was found to be at least a
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factor 10 lower than the K-she11 ionization cross section

[20].

Cross sections for the ionization of the L-shell of sili-

con are at a maximum of 3 x10 cm for 200 keV H+ and

1 x 10"18 cm2 at 1.0 MeV He* beam energy. Although at 1 MeV

He -induced displacement is indeed at maximum the energy de-

pendence of H induced displacement is completely at variance

with the ionization cross section. In addition, effects due

to L-shell ionization should be almost equally important for

channeling and random incidence whereas we observe a very

large difference.

An explanation other than connected with ionization could

be that the Kinchin and Pease cross section does not properly

predict the number of simple point defects. Primary recoils

with high energies can produce more complicated defects as

well. Defects other than interstitials or vacancies are nor-

mally not mobile at room temperature, thus the number of As-

vacancy complexes produced will go down when more complicated

defects are produced by the beam. Because the maximum recoil

energy for He bombardment is four times that for H bombard-

ment, effects will be more pronounced for He which would

agree with our results (see fig. 1). EPR measurements of

Gorelkinskii et al. [21] showed that the number of divacancies

and tetravacancies is about the same for proton energies up

to 30 MeV. Thus the relative contribution becomes more impor-

tant at higher beam energies. Still the number of these de-

fects is small and therefore electrical measurements of pro-

ton irradiated solar cells in the energy range of .5-20 MeV

showed an E dependence [22]. Comparing studies of the

effect of irradiation with different projectiles are scarce

for silicon. Bulgakov et al. measured the carrier removal

rate in doped Si by protons, deuterons and alpha particles

[23,24]. They found a small relative increase of the number

of divacancies and a decrease of the removal rate for He

compared with H+ and D+. The effects although small are in

agreement with our measurements.

In conclusion our measurements show definite deviations

from the Kinchin-Pease theory which in our view, cannot be
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explained by the ionization phenomena mentioned. Instead we

propose that the role of complex defects should be taken in-

to account. More measurements as function of beam type and

energy could confirm this.
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C H A P T E R V

CHANNELING STUDIES OF ELECTRON-INDUCED DISPLACEMENT IN Si

ABSTRACT

Displacement of As atoms in Si under 10 — 3S0 keV electron

bombardment^ studied with the channeling technique, is used

as marker for displacement of Si host atoms. For high energy

irradiations good agreement is found between experimental

and theoretical cross sections. From irradiation at 9 keV an

upper value of 10 cm is determined for the subtreshold

displacement cross section.
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1. INTRODUCTION

The process by which lattice atoms are displaced during

bombardment with energetic projectiles can be divided into

two parts.(1): If during elastic scattering more than a

threshold energy E^ is transferred to the host atom then the

atom is displaced from its lattice site. The energy E^ is

about 10-15 eV for silicon, thus the minimum energy for

electrons to displace host atoms elastically is ~140 keV.(2):

Excitation of the atom during inelastic interactions on the

other hand could possibly result in displacement too. Sub-

threshold displacement effects by electron bombardment have

been reported by Zaikovskaya et al. (.1970). They irradiated

epitaxial Si layers with low energy electrons and reported

large resistivity changes during bombardment. The results

are explained by assuming that after K-she11 ionization fol-

lowed by an Auger transition the multiply-ionized Si atom is

repelled from its original lattice position by Coulomb inter-

action with the adjacent ions. Similar studies in Si have

been carried out by Norris (1972). He did not find signifi-

cant resistance changes and suggests that those found by

Zaikovskaya et al. could have been caused by a field deple-

tion effect at a Si - SiO2 interface under the metal contacts.

With the electrical methods as used by Zaikovskaya et al.

and Norris the displacement of host atoms is investigated

indirectly and the interpretation remains ambiguous. Instead

we determined after bombardment with electrons the number of

displaced impurity atoms with the backscattering/channeling

technique. Many elements are known to be traps for point de-

fects. During formation of an impurity-defect pair the im-

purity atom can be displaced from its original lattice site

into a non-substitutional position (Wiggers and Saris, 1978).

Arsenic atoms, e.g., occupy initially substitutional posi-

tions, during irradiation with energetic H+ or He particles

the non-substitutional fraction increases until a saturation

value of 37% has been reached for an impurity concentration

of 1 : 1000. Because arsenic atoms trap vacancies as measured

with EPR (Elkin and Watkins, 1968) and channeling measure-

ments (Swanson et al., 1978), there is a direct relation be-
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tween the displacement of As atoms and the production of

point defects. Therefore the displacement of As can be used

as marker for the introduction of damage in the lattice. The

method is more sensitive than monitoring the increase of the

silicon minimum yield in the channeling direction, since an

increase of the fraction of non-substitutional As atoms to

35* corresponds to an increase of the Si minimum yield with

only U (Kool et al., 1976).

2. EXPERIMENTAL TECHNIQUE

Silicon (100) wafers were implanted with 1016 As/cm2.

After a drive-in diffusion the concentration was uniform

(5x10 As/cm ) to a depth of approximately 2 ym.

Irradiations with 350 keV (.50 C/cm ) and 150 keV elec-

trons (.35 C/cm ) were performed at the electron v.d. Graaff

accelerator of the University of Amsterdam. The energy of

150 keV was obtained by transmitting a 250 keV electron beam

through an Al foil of 130 ym thickness. The beam was homoge-

neously swept over the target. The current was 20-30 wA. ;

The temperature of the target did not rise above 50°C.

With a beam of 1 mA from a simple electron gun samples
2 '

were irradiated with 9 keV electrons to a dose of 51 C/cm
2 —5

and 100 C/cm • Because the vacuum was poor (5*10 torr)

and the irradiation time long carbon build-up occurred at

the surface of the samples. A plasma etch was used to remove

this contamination from the substrate.

The samples were analysed in our backscattering/channeling

apparatus at the 3.8 MV v.d. Graaff accelerator of the Uni-

versity of Utrecht. The samples were mounted in a three-axis :

goniometer. A beam of 2 MeV He* particles was directed on to ,

the targe, Mckscattered particles were detected with a sur- j

face barri " del... .. r. At a scattering angle of 150° we could

see the arsenic profile to a depth of 6000 X. Further experi-

mental details are given elsewhere (Wiggers and Saris, 1978).

The number of displaced As atoms was determined along the

<110> axis using the following definition of the non-substi-

tutional fraction fns:



- 110 -

800

1.0 12 1.4
ENERGY (MeV)

1.6 1.8 20

Fig. 1 - Energy spectra for 2 MeV He ions scattered over an
-2angle of 80 from Si(As) irradiated with .5 C cm

350 keV electrons.

1: <110> aligned spectrum; 2: random spectrum norma-

lized to the same He* dose as the aligned spectrum.

The integration interval for determining

is indicated in the figure.

TABLE 1.

Values for the non-substitutional fraction f and the As-

displacement cross section o» for electron impact on As-

doped Si.

electron

energy

(keV)

350

150
9
9

dose

(C/cm2)

.50

.35

51
100

fns
(*)

28
7

3
4

(1
(2

<

.6

.4

: 1 =

°As

(c-2)

+ .4) x

+ .6) x

<io-2s

io-22

10"23
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(1)

Here x^ and xn are th« ratios of the yield in the channeling

and random direction for the impurity and silicon host atoms

respectively. The arsenic displacement cross section a* is

defined as:

where NAs and Ng^ are the concentration of arsenic and sili-

con atoms in the lattice respectively and • is the electron

irradiation dose. Only one or two irradiation doses are

applied per electron energy, so no direct determination of

the derivative of f in equation (2) can be made. We assume

a similar relation of fns to irradiation dose * as observed

for 2 MeV He* irradiation: the starting value is then f n s*
1*

and for large * saturation occurs at fns~37t, in between

the relation between fns and • is exponential as described by

Kool et al. (1976). Using these assumptions o A s is calculated

from the experimental data of fng.

3. RESULTS AND DISCUSSION

Backscattering spectra for channeling and random incidence

of the sample bombarded with 350 keV electrons are plotted

in fig. 1. From integration over a depth interval of 500 -

2300 X a value for f was determined using formula (1).

After that a small correction was made for the He dose used

during the channeling analysis. From the adjusted value of

fns, the cross section for As displacement was calculated

according to equation (2). Analysis of the other electron-

bombarded samples proceeded in the same way. Values for fns

and oAs are listed in table 1. The value of fns for the

350 keV irradiation is high in comparison to that of the

9 keV irradiation. Since the 9 keV values are only one or two

percent higher than the initial value of 0-21,aA^«10~ cm

as listed in table 1 is an upper limit, including all possi-



- 112 -

K)1 V)2 K>3

ELECTRON ENERGY ( k e V )

Fig. 2 - Arsenic displacement cross section o^s vs. electron
energy. Drawn are also curves for theoretical esti-
mates of the Si displacement cross section for:
1) elastic displacement, with a threshold energy of

E d«10 eV (Corbett and Bourgoin, 1975);
2) ionization-induced displacement (K-shell ioniza-

tion cross section divided by 10 (Iskanderova
et al., 1974)).



ble errors in deriving o^ from fns» dose measurements etc.

The true displacement rate will certainly be lower.

The experimental values of cAs measured at 3 different

energies are plotted in fig. 2. For comparison we plotted

also the cross section for elastic displacement of Si atoms

as function of energy as given by Corbett and Bourgoin (1d75).

From fig. 2 we see that the cross sections of vacancy produc-

tion and As displacement are about equal. As mentioned above

the displacement of As is due to trapping of vacancies.

Therefore we may conclude that all produced vacancies are

trapped by the As atoms. Thus monitoring the displacement of

As atoms off lattice sites is indeed a sensitive marker for

the displacement of Si host atoms.

According to Zaikovskaya et al. (1970) their results of

subthreshold Si-displacement studies showed an energy depen-

dence similar to that of the K-shell ionization cross section.

Iskanderova et al. (1974) estimate the cross section of Si

displacement to be at maximum 10~ cm . In fig. 2 we plotted

the K-shell ionization cross section as function of energy
-24 2

scaled down to a value of 10 cm at 7 keV electron energy.

Still the measured value of o. for 9 keV electron energy is

at least ten times lower than predicted for the "theoretical

estimate" of the Si displacement cross section (fig. 2).

At low electron energies displacement would occur after

ionization of the K-shell of a silicon atom. An Auger transi-

tion is very likely and the multiply-ionized atom could be

repelled from its lattice site by Coulomb-interaction with

adjacent ionized atoms. A restriction is that displacement

must occur before the Si state decays (t<10 sec). The

K-shell ionization cross section has a maximum which can be

estimated from measurements of Tawara et al. (1973) to be
-20 210 cm at an electron energy of 3-4 times the binding

energy of the K-shell electrons (1.8 keV). Abdullaev et al.

(1975) suggest that every inner-shell ionization results in

production of a Frenkel pair. The number of remaining defects

would be dependent on the probability of trapping by impurity

atoms thus on the impurity concentration. If so, we would

expect at our high impurity concentration a cross section for
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_22 2
As displacement of at least 10 cm . As mentioned <*bove

Iskanderova et al. (1974) estimate the displacement cross

section to be 10 cm assuming that only a fraction of the

multiply-ionized atoms is displaced*. Our results show that

this value is still an order of magnitude too high. Perhaps

displacement after ionization alone is not possible at all

because mutual repulsion of holes on adjacent silicon atoms

would occur before atomic displacement.

REFERENCES

Abdullaev A., Lang I.G., Mashovets T.V. and Vitovskii N.A.

1975 Int.Conf. on Lattice Defects in Semiconduc-

tors, Freiburg, 1974 (Inst.Phys.Conf.Ser. 23) p. 346

Corbett J.W. and Bourgoin J.C. in Point Defects in Solids,

vol. 2, 1975 (Plenum Press, N.Y.) p. 80

Elkin E.L. and Watkins G.D. 1968 Phys.Rev. 174, 881.

Iskanderova Z.A., Kiv A.E., Malkin A.A. and Yanchuk V.A.

1974 Sov.Phys.Semicond. 2 1172

Kool W.H., Roosendaal H.E., Wiggers L.W. and Saris F.W.

1976 Nucl.Instr. and Methods J_32 285

Norris C.B. 1972 J.Appl.Phys. 43 4060

Swanson M., Davies J.A., Quenneville T., Saris F.W. and

Wiggers L.VI. 1978 Rad.Effects 35 51

Tawara H., Harrison K.G. and de Heer F.J. 1973 Physica 6_3

351

Wiggers L.W. and Saris F.W. 1978a Rad.Effects-,

to be published, Chapter I of this thesis

1978b Nucl.Instr.and Methods t49 399

Zaikovskaya M.A., Kiv A.E. and Niyazova O.R. 1970

Phys.Stat.Sol. (a) 3 99

*In our opinion a too small value for the K-shell ionization

cross section in the calculations was used.



f - 115 -

C H A P T E R VI

DAMAGE PRODUCTION AT THE SURFACE OF Si SINGLE

CRYSTALS BY 200 keV He+ BOMBARDMENT

ABSTRACT

With the channeling technique damage build-up at the

surface of silicon single crystals by 200 keV Re* irra-

diation is studied. To investigate the role of diffusion

of defects to the surface traps were created in the bulk

by doping samples with impurities (As and B) known to form

complexes with point defects or by creating a buried

damaged layer by If implantation. In all cases the initial

damage introduction rate at the surface was equal to that

for undoped samples. Therefore we conclude that for sur-

face atom displacement the role of diffusion of defects to

the surface is insignificant.
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1. INTRODUCTION

EPR studies of the depth distribution of defects in

semiconductors, irradiated with energetic light ions, fre-

quently reveal not only the main disorder distribution at

approximately the projected range of the ions but also a

disordered layer at or within 200 X from the surface [1,2].

With the channeling technique also build-up of damage at

the surface of Si single crystals was shown to occur during

irradiation with 100 and 200 keV H+ or He+ ions [3,4]. The

effect manifested itself by an increase of the surface

peak in a backscattering spectrum under channeling inci-

dence. The increased number of scattering centers must be

located within the first 100 X of the crystal as given by

the depth-resolution of this backscattering experiment.

Kool et al. [4] reported that the increase of the surface

peak was independent of whether the beam was incident under

channeling or random directions. In addition, it was ob-

served that the displacement cross section was much larger

than predicted by considering elastic displacement of atoms

in the surface layer. Swanson et al. LSI found that the

presence of surface impurities enhanced displacement.

Gasthold et al. [2] suggested that diffusion of defects

from deep out off the bulk towards the surface could be

responsible for the observed surface disorder. Effects of

diffusion from shallow depths should be ruled-out since

defect production in the first few 1000 A clearly shows a

channeling effect f6,7], which was not observed for the

damage build-up at the surface. So, if diffusion should

play a role defects have to come from much greater depths

i.e. from the region where the ions are stopped and damage

production is at maximum independent of channeling or rand-

om incidence. On the other hand in recent investigations

of impurity displacement in the bulk, due to trapping of

defects by the impurity atoms E6,7], we observe large dif-

ferences in displacement rate for irradiation in a channel-

ing or in a random direction. Abroyan et al. C83 found

that for proton bombardment of nitrogen-implanted silicon,
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surface damage monitored by anisotropies in secondary elec-

tron emission was reduced as compared to unimplanted Si.

This was interpreted as evidence for defect diffusion from

the bulk to the surface which is hindered by the presence

of a damaged layer due to nitrogen implantation.

In the present work we have investigated the possible

role of defect diffusion from the bulk to the surface by

studying the increase of the silicon surface peak due to

200 keV He irradiation in silicon. The increase of the si-

licon surface peak was monitored by channeling of 200 keV

protons in undoped silicon and in silicon samples doped

with As and B, elements known to trap defects [73. Also

Si-samples were prepared with a buried damaged layer, simi-

lar to the experiment of Abroyan et al.. We find that the

cross section for surface atom displacement is not in-

fluenced by these defect traps.

2. EXPERIMENTAL

The experiments were performed at the 200 kV ion acce-

lerator of the FOM-Institute in Amsterdam. Beams of 200 keV

He and H were used sequentially; He for defect produc-

tion and H for channeling analysis. Both irradiation and

analysis were done along the <110> channeling direction

of Si (100) wafers. Bombardment in the channeling direction

has the adventage of keeping the damage introduction in the

bulk low and thus minimizing background subtraction effects

whereas the defect production at the surface is the same as

for random incidence, see above. He ions were used as bom-

barding projectile since the damage introduction rate at

the surface is a factor of 15 higher than for H+ bombardment

[4]. Switching between He and H was facilitated by using

a mixture of H2 and He gas in the ion-source.

The beam spot on target was 0.4 mm , new spots were ob-

tained by moving the target goniometer along two directions.

Backscattered protons were detected by a surface-barrier
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Fig. 1 - Energy spectra of backscattered 200 keV H ions
incident along a <110> axis of a S O00) wafer
before (1) and after (2) bombardment with

1 fi + 2

5.6x 10 He /en .The method of background sub-
traction is indicated.

2 3 4 5 6
He* DOSE (10*torn/cm2)

Fig. 2 - Number of displaced surface atoms (AS) vs. 200
keV He* irradiation fluence for undoped Si
etched in HF(x) or stripped of a surface layer of
300 ft by anodic oxidation and etching (A). Data
denoted by (o) are taken from ref. 4.
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detector set at 135° scattering angle (resolution ~ 3 keV).

Further details of the experimental set-up and data analysis

system are given elsewhere [9].

3. RESULTS

3.1. Si crystals3 without any extra doping or implantation

Silicon (100) crystals (p-type 2-5 acm) etched in HF or

stripped of a surface layer of 300 % by anodic oxidation

and subsequent etching in HF were bombarded by a 5 vA cm

200 keV He beaa. The bombardment was interrupted at cer-

tain intervals to register the introduced radiation damage

using a 1.5-2.0 yC 200 keV H+ions dose. In fig. 1 back-

scattering spectra are shown for a sample before and after

high dose bombardment. Both the yield of the region behind

the surface peak as well as of the peak itselfs increases

under irradiation. The number of surface atoms hit by the

analyzing beam(S) is determined by integrating over the

surface peak and subtracting contributions of deeper layers

[10] as indicated in fig. 1.

The initial value of S is 4.3x 1015 at/cm2. This value

is in good agreement with data of Delia Mea et al. [11]

who measured the surface peak to consist of 4x10 at/cm

for 200 keV H analysis and is also equal to the value

that can be deduced with a simple scaling law from the work

of Kauffman et al. [12].

The increase in the surface peak versus He dose is plot-

ted in fig. 2 together with results of Kool et. al. [3] for

a clean Si sample. Clearly our results are in nice agree-

ment with those of Kool et al.. Note also that anodic oxi-

dation before the HF etch does not make any difference on

the surface atom displacement rate.

The number of oxygen atoms on the surface can be deter-

mined from the channeling spectra to be<0.5x10 at/cm

before the irradiation and ~ 1.2x10 at/cm after

bombardment with 5x10 He ions/cm .
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Fig. 3 - iS vs. 200 keV He* irradiation dose for Si doped
with As(x) and B(o). Also drawn is a line repre-
senting the results for undoped Si (see fig. 2).
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200

Fig. 4 - Backscattering spectra of 200 keV H ions inci-
dent along a <110> axis of Si (100) iaplanted at

15 2 +room temperature with 2x10 at/cm 100 keV H
ions (1) or with 4x 10 1 4 at/cm2 80 keV N* ions
atLN, temperature (2).
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3.2. Si crystals, doped with As or B atoms

Silicon (100) wafers were implanted with 70 keV As* or

100 keV B+ ions to a dose of 1016 at/cm2. Implantation

damage was annealed out at 1100°C at which temperature the

inpurity atoms diffused into the bulk. The concentration is

about 6x 1019 at/cm3 for As- and 1x 1020 at/cm3 for the B-

doped samples until a depth of approx. 2 pa and 1 um respec-

tively. Before mounting the crystals were etched in HF to

remove oxide layers. In the same way as described before

the samples were bombarded and analyzed. The initial values

of the number of surface atoms hit by the analyzing beaa

(S) were 4.4x1015 at/cm2 and 4.1 xiO 1 5 at/cm2 for the B-

and As-doped sample respectively. In fig. 3 the curves for

AS versus He dose are plotted together with a curve re-

presenting the results of undoped silicon from fig. 2.

There are no significant differences between the three

curves thus surface atom displacement is not affected by

doping.

3.3. Si-crystals, implanted with S ions

Silicon (100) wafers were implanted at room temperature

with 110 keV N+ ions to a dose of 2x 1015 at/cm2 or at LN-

temperature with 80 keV N ions to a dose of 4x10 at/cm .

The implantation created damage both at the surface and in

the bulk. At LN2 temperature the damage level was much

higher than for the implant at room temperature as can be

seen in fig. 4.

Damage created at the surface is removed by stripping a

layer of 300 A* off the surface aftev anodic oxidation.
15 2

Then the value of S dropped from 6.3 to 4.3x10 at/cm*

for the wafer implanted at room temperature. Spectra taken

before and after the stripping procedure are shown in fig.

5. The initial value of S for the other implanted crystal

after stripping was 5.0x10 at/cm . To investigate the

increase of the surface peak bombardment and analysis was

performed in the way described before.

The impact of the He* beam had a dramatic effect on the
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Fig. 5 - Backscattering spectra of 200 keV H ions inci-

dent along a <110> axis of Si (100) implanted at

room temperature with 2x 101S N+/cm2 before (o)

and after (x) removing of a surface layer of 300

£ by anodic oxidation and etching. The area sub-

tracted in calculating S is indicated.
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Fig. 6 - Backscattering spectra of 200 keV H ions inci-
dent along a <110> axis of Si (100) implanted
with 4 x 1 0 1 4 N+/cm2 at LN2 temperature before (1)
and after (2) bombardment with 5.6x 10 1 6 He+/cm

2 3 4 5 6
H»* DOSE (10* ions/cm1)

rig. 7 - AS vs. 200 keV He+ irradiation dose for Si im-
planted with N ions at room- (x) or at LN2~
temperature (o). Also drawn is a line represen-
ting the results for undoped Si (see fig. 2).
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backscattered spectrum as can be seen in fig. 6. The sur-

face peak increases as in the other samples, but in addi-

tion we observe a large beam annealing effect. Probably

produced mobile defects annihilate with complicated faults

created by the implantation. This leads to a large reduction

of the radiation damage in the bulk.

In fig. 7 values of AS are plotted versus He dose. For

comparison also the curve for the unimplanted wafers from

fig. 2 is drawn. Initially the increase of the surface yield

is almost the same for all three cases, however, after about

1x10 cm irradiation dose the increase in the implanted

samples levels off and the damage production is a factor 2

smaller than in uninplanted Si.

4. DISCUSSION

From the observed initial increase in the silicon sur-

face peak one can determine a cross section for surface

atom displacement, analogous to the formulas for displacement

in the bulk:

°S "

where 4 is the He+ irradiation dose.

When the crystal is properly aligned only surface atoms

are visible to the He+ particles while bulk atoms are shadow-

ed, so SQ-3.5 x 10
1S at/cm2 [12,13] . For all data of fig. 2,

3, 7 the initial increase in AS as function of ion dose is the

same and yields a cross section o- - 9x10~ cm . Two

things are worth noting here: first the cross section for

surface atom displacement appears to be much higher than

the theoretical cross section for displacement by elastic

collisions (Kinchin and Pease, ref. [13]) oRp * 1x10"

cm , second the cross section is completely independent on

the conditions in the bulk of the silicon crystals. Al-

though defect diffusion from the bulk to the surface could

have been a reason for the measured cross section to be

larger than oKp this is ruled-out by the fact that we do
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not observe any effect of doping the crystal with impuri-

ties neither do we observe any influence on the displace-

ment cross section from nitrogen implantation damage.

Trapping of point defects by impurities is now well

established: group III impurities are expected to trap in-

terstitials whereas group V impurities trap vacancies.

Therefore we expect a layer doped with those impurites to

act as a barrier for diffusion of point defects from the

bulk of the sample to the surface. Likewise it is expected

that the high defect density in silicon after nitrogen im-

plantation will lead to trapping of point defects. Indeed

we find some difference in the saturation of surface damage

for the implanted and unimplanted wafer, in fig. 7. Yet,

the cross section for surface atom displacement which is

determined from the increase in the surface peak near zero

dose, is not found to depend on the conditions in the bulk

of the crystal. Consequently, we would argue that defect

diffusion from the bulk to the surface does not play a

major role in the production of surface disorder.

The question remains how the observed displacement cross

section may become larger than predicted by elastic dis-

placement of surface atoms. It may be that surface recon-

struction effects or chemical reactions with surface im-

purities are induced by the incoming beam. In the present

experiment a noticeable increase of the oxygen coverage oc-

cured (see section 3.1). If forming of SiO- at the surface

is accompanied by displacement of one silicon atom per two

adsorbated oxygen atoms [113, only 201 of the total number

of displaced silicon atoms can be accounted for. However,

Feldman et al. [14] recently found that there is at least

one monolayer but no more than two monolayers of disordered

Si at the Si-SiO- interface, see also fig. 4 in ref. [9].

If so, then the observed increase in the silicon surface

peak can be due to the increase of the oxygen coverage.

Obviously more experiments with ultra-clean Si-surfaces are

needed.
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SUMMARY

This thesis deals with the mechanisms of defect production

and interaction of introduced defects with impurity atoms in

silicon single crystals. Defects are created by irradiation

with energetic light particles (.2 -3 MeV H+ or He* ions).

Mostly simple defects like vacancies and interstitials are

produced during bombardment. In Chapter I these defects are

proven with the channeling technique to interact strongly

with group III, V and VI atoms, deliberately brought into si-

licon by implantation and diffusion. Group IV elements like

Ge and Sn exhibit a much weaker interaction with produced

defects. The results are explained by assuming that most de-

fects in doped semiconductors are charged and feel Coulomb

attraction by acceptor or donor atoms. Positively charged

interstitials are attracted by group III elements which can

be considered as negatively charged. On the other hand negati-

vely charged vacancies will be attracted by group V and VI

atoms being positively charged in the lattice. Trapping of de-

fects results in displacement of the impurity atoms off lat-

tice sites. Because group IV elements are electrically neutral

in Si they will not have any Coulomb interaction with defects.

A further test of the model is given in Chapter II. The

displacement of As and B was studied in single- and double-

doped material. By choosing the doping conditions in the right

way crystals could be made n-type or p-type. Expected changes

of charge state of defects would have large effects on the

Coulomb interaction and thus on the impurity displacement.

Indeed we found large differences in As and B-displacement

rates by changing the crystals from n- to p-type or vice

versa.

In Chapter III the effects of bombardment on the Si align-

ed yield are described for Si crystals doped with various

impurities. The increase of the aligned yield under irradia-

tion is mi'cli higher than theoretically expected. Besides the

influence of prohibiting recombination of vacancies and in-

terstitials by trapping defects, the impurity atoms can cause

relaxation of the lattice around impurity defect complexes.
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The latter process is thought to be responsible for the pre-

sented results.

The displacement of impurities can be used as a sensitive

marker for displacement of silicon atoms as well. In Chapter

IV the beam energy dependence of As displacement for H and

He and in Chapter V for electron bombardment is studied.

Measuring the relation between displacement cross sections

and projectile energy can give more insight in the damage

introduction process. Besides displacement through elastic

collisions, excitation of Si host atoms could perhaps lead to

displacement. However, no indication is found in this respect

for the importance of ionization in the lattice.

At last in Chapter VI we report on measurements of the in-

crease of the surface peak in aligned spectra under He irra-

diation. Build-up of damage, correlated with this increase,

could be due to diffusion of defects to the surface. Traps

for defects like impurity atoms or a damaged layer in the

bulk could perhaps prevent this. No effects were seen of do-

ping the crystal with As or B on the increase of the surface

peak under bombardment. In samples implanted with N ions

the only effect noticed was a lower saturation value for dis-

placement. From these results we consider it unlikely that

diffusion of defects from deep out the bulk towards the sur-

face is playing an important role.
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SAMENVATTING

Dit proefschrift behelst een studie van zowel de produk-

tie van schade in Si bij beschieting met snelle deeltjes

(.2 - 3.0 MeV H of He ionen), alsook van de wisselwerking

van de ontstane fouten met onzuiverheidsatomen in het mate-

riaal. De onzuiverheden uit groep III, IV, V en VI van het

periodiek systeem zijn in lage concentraties opzettelijk in

de silicium kristallen gebracht door ionen-implantatie en/of

diffusie. Onder bestraling blijken deze atomen van hun oor-

spronkelijke roosterplaats te geraken door wisselwerking met

geproduceerde mobiele fouten. Dit werd bestudeerd met de zgn.

terugverstrooiing/channeling techniek. Daarbij schieten we

met een bundel deeltjes in een open richting van het kristal.

Atomen die zich niet op een roosterplaats bevinden, geven

aanleiding tot verstrooiing. Het aantal in de richting van

een detector verstrooide deeltjes leert ons hoeveel atomen

er verplaatst zijn. De groep III, V en VI element blijken

een sterke wisselwerking te vertonen met gecreëerde fouten

gezien hun snelle verplaatsing, groep IV elementen daaren-

tegen vertonen vrijwel geen verplaatsing. We kunnen dit ver-

klaren door aan te nemen dat er een Coulomb aantrekking be-

staat tussen puntfouten en onzuiverheidsatomen. Immers in

gedoteerd materiaal zijn de meeste fouten geladen, evenzo

kunnen de groep III en de groep V en VI atomen (resp. accep-

toren en donoren) beschouwd worden als electrisch geladen.

Negatief geladen vacatures worden aangetrokken door groep V

en VI elementen, positief geladen interstitiëlen daarentegen

door groep III elementen. Na invanging vormt zich een stabiel

complex. Vanzelfsprekend zullen de groep IV elementen deze

Coulomb wisselwerking niet vertonen omdat zij dezelfde

valentie hebben als Si en dus electrisch neutraal zijn.

Dit model is verder getest in hoofdstuk II. Daarin wordt

de verplaatsing van As en B atomen in enkel en dubbel gedo-

teerd Si bestudeerd. Door de dotering-dosis op de juiste

wijze te kiezen kan het kristal zowel n-type als p-type ge-

maakt worden. De lading van puntfouten hangt af van de lig-

ging van het Fermi-niveau in het rooster en dus is de Coulomb
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wisselwerking hiervan ook afhankelijk. We verwachten dus grote

verschillen in werkzame doorsnede voor verplaatsing bij veran-

dering van het rooster van p-type in n-type en vice-versa.

Inderdaad blijkt de werkzame doorsnede voor As verplaatsing

klein te zijn in materiaal waarin de B concentratie hoger was

dan de As concentratie en die voor B verplaatsing klein in Si

waarin de As concentratie hoger was dan de B concentratie.

In hoofdstuk III is de invloed van H+ of He+ bestraling

op de roosterpositie van silicium atomen onderzocht voor

kristallen al dan niet gedoteerd met onzuiverheidsatomen.

De toename van de opbrengst bij inschieting in een kanaal-

richting is voor gedoteerd Si veel groter dan wat we verwach-

ten op grond van een theoretisch model dat uitgaat van ver-

plaatsing door elastische botsingen tussen projectiel en

roosteratomen. Twee zaken spelen hierbij een rol. Allereerst

verhindert de invanging van fouten door onzuiverheden de di-

recte recombinatie van vacatures en interstitiëlen. Daarnaast

veroorzaakt een combinatie van een puntfout en onzuiverheids-

atoom elastische vervorming in het rooster en daardoor wel-

licht verplaatsing van Si atomen over kleine afstand rond

een dergelijk complex.

Door de directe relatie tussen produktie van fouten en de

verplaatsing van onzuiverheden kunnen we het laatste verschijn-

sel gebruiken om het schade-introduktieproces te bestuderen.

De hoeveelheid verplaatste As atomen is in feite een veel ge-

voeliger maat voor de schade dan de verhoging van de Si op-

brengst. De projectiel-energie afhankelijkheid geeft een in-

druk in hoeverre er naast de verplaatsing door elastische

botsingen ook inelastische processen een rol spelen. Te den-

ken valt hierbij o.a. aan Coulomb-afstoting tussen twee door

een bundeldeeltje geioniseerde roosteratomen. In hoofdstuk IV

is de energie-afhankelijkheid voor H+ en He+ en in hoofdstuk V

voor elektronen bombardement onderzocht. De afwijkingen in

hoofdstuk VI ten opzichte van het elastische model kunnen niet

verklaard worden met ionisatie-gestimuleerde verplaatsing.

In hoofdstuk V wijst de afwezigheid van verplaatsing na lage-

energie-electronenbombardement er op dat ook daar ionisatie-

geïnduceerde verplaatsing geen rol speelt.
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Tenslotte wordt in hoofdstuk VI de vergroting van de opper-

vlakte piek in een gealigneerd spectrum bestudeerd onder bom-

bardement met 200 keV He ionen. De toename kan gecorreleerd

worden met de verplaatsing van Si atomen aan het oppervlak.

Dit zou een gevolg kunnen zijn van diffusie van fouten diep

uit het kristal naar het oppervlak toe. Invangen van deze

fouten onderweg zou dan een langzamere schadeproductie aan het

oppervlak tot gevolg moeten hebben. Arseen of boriiun atomen

waarvan we aangetoond hebben in hoofdstuk I dat ze wisselwer-

ken met fouten, blijken echter geen invloed te hebben op de

schade-opbouw, noch blijkt het inbrengen van een zwaar-be-

schadigde laag in het kristal door implantatie enig effect te

sorteren. Derhalve is de invloed van diffusie op de verplaat-

singseffecten aan het oppervlak verwaarloosbaar.
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