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" ABSTRACT

In this,thesis the scatterfng of hydrogen and helium jons, in
the incident particle energy range 5-15 kev; from silicon targets is-'
studied both theoretically and experimentally. In the theoretical
treatment, electronic and nuclear ené}gy 1ésses are included in a
computer -simulation model. The computer simulation technique has been
developed to study the inferaction of the incident ions and target
. atoms for an incident reduced energy range 0.05<€°<20 of {nferesi in
fusion research. .The theoretical model is based on a Thomas-Fermi‘inter;
atomic potentia] an& exégrimetna] valués for the electronic energy 1oss
-~ coefficient. The backscattered energy and angular disfributions are
calculated_ by foT]oQihg the histories of 5,000 to 10,000 particles. An
experimental system using the t{me-of-f1i§ht technique has béén devg]oped
to measure the energy sﬁectna of light fons and neutrals backscattered
from solid surfacés thus pérﬁitting a comparison of the theory with
ekperimenta]'data fo} a well characterised target.. To test the time-
of-flight techniqﬁe, ions and'neu%ralg were scattered’from thin silver
‘films (20-40 R)_evaporated on silicon substrates. From the measurenents
- 1t was found that the sensitiyity.of ﬁhe‘technique.ig better than 1/20 °
of a moné]ayer for silver on s}licon‘- The energy resolution for helium
scattered from thése targets was found to be 10-15% thch is consistent

with the timeTOf-f1igHt resolution and the electronic-loss energy

broadening.. measure the energy'speqtra of the backscattered pa{tic1es,
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time-of-f1ight spectra for hyd}ogen and helijum scattered- from silicon
were fecordedl These spectra were then transfdrmed to energy spectra,
The comparison between the éxperimentaf and theorgtica] resul#s showed .
good agreement down to a back;cattered energy of 500 eV (cut-off energy.
dﬁe to deiec#or calibration timits). ‘A mumber of expériments‘we;e done
to ﬁeasure the chargé fractiqns of the bagkscatteréd H and He particles
from a silicon target. For hydrogen scattering mo surface peaks were
bbserVeq\anJ also there was no ﬁenefrat;on effect on the charge fractions.
This is an ind%éation that hydrogen neutrali;;tﬁoh éccurs at’ the surface.
.'On the otherfhand,:in the helium case peaks were observed in the charge
fractions cdrresponding\io surface scattering. Thig indfcate% that /
helium bound states occur inside the target. Fina]]y; the effect'of
\éurface c]éaning was-sfudigd. The resuits showed that a factor of 2
fhcrease in ion yield was pbserved éfter cleaning the surface by 5 keV
néoﬁ}bombardment. The reduction in the charge fraction for the,
practical ggrfaée was mainly due to carbon apd oXygeﬁ impurities on _

the surface.
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. _CHAPTER 1
INTRODUCTION

An energetic ion.incident on a solid target will undergo
collisions with atomic nuclei and the electrons of the solid.

This incident ion can Iosq energy through collisions until it comes
to rest inside the target or experiences multiple deflections leading
to backscattering from the surface. In the stud& of Tow and medium
energy (5-15 keV) %oq scattering froﬁ solids, two major prob]ehslgre
.encounteiggé first,gihe"interatomic potential between the colliding
partic]egg%§ not precisely known,and second is the neutralization of
the backsc:ttered p;rtic]es which creates difficu]tie; in measuring
.the actual scattered particles.

The objective of this study is to determine the énergy distri-
bution and charge states of light ions (H+, He+) backscattered from
s{1icon for incident ion energies below 20 keV. Silicon was chosen
because it is a well characterized material and many scattering
studies in the other energy ranges were performed on silicon targets.

Knowledge of the energy, angular and charge distributions of
Tight atoms backscattered from solid surfaces is of importance for.
the evaluation of the interaction of a hot plasma with the surrounding
walls (1,2). The energy range up to 20 keV is of special interest since.
this corresponds to the temperature in a D-T fusion reacfor. Also, low

energy ion scattering is a very successful technique for surface

C W



analysis, Using this techniqué, it is possible to analyze the outermost

atomic layers of the surface. Analogous to Rutherford backscattering,

P o

-

the énérgy loss of an ioh scattered at low energies depends on tHg[‘¢~
mass of the target atom. Therefore, energy spectra of the backséattered
particles can be used’;o analyze solid surfaces. v

At high and medium energies (2100 keV) the interatomic potential’
is that of two unscreened nuclear charges,i.e. Coulomb potential.
Therefore, the Rutherford formula for the scattering cross section is
used. In this energy range the scattering cross section is small,
because of the 1/E2 debenﬂence, and therefore only single collision
events are encountered. Solid state detectors are used to detect fhe
backscattered bartic]es; tﬁerefore both‘charged and neutral particles
are recorded. This is why Rutherford backschEgriné te;hnique gives
quantitative results (3).

At Tow energies the nuclear charges are screened by the
electronic clouds and screening functions ;re used to modify the Coulomb
rpotentia]. Smith (4) used low energy ion scattering to analyze adsorbed.
gases dn nickel surface. Sincg only charged particies were detected
using an electrostatic enérgy analyzer (ESA), the technique will give
on]ytAiaIitative results. Most of the backscattered partic]eé are
neutrals and consequently will not be detected.

' Tolovercome this neutralization problem, a time-of-flight
technique was first applied to low and medium'energy jon scattering by
Buck et. al. {5). This helps in correcting the ESA spectra,i.e. in

v

calibrating the ESA,and also provides a technique for charge fraction
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measurements.

One of the major requ%rements of 1ow‘energy ion‘scattering is
the necessity of using aé URV target chamber (10'q Torr) since the
teghnidhe is véry senéitive to surface conditions. The time-of-flight
techniqué is cé%patib]e Wwith the UHY system. This is an advantage over
the stripping technique, originally proposéd by ChicheFOV‘(G),which'

3 Torr) to reionize the neutral pa%tic]es.

uses high pressure gas (10°
This latter ﬁéchnique requires complicated differential pumping of the
detector. " .

In chapter 2, the collision phencmeni are discussed. The

different mechanisms of energy loss and different theories for jon-

solid interactions, namely, LSS and VISS theories,are reviewed.

In this thesis, a computer simulation model was developed to

. study the backscattered energy and angular distributions. The model

assumes a random or amorphous target and Thomas-Fermi interatomic
potential. The cross sections used are those develeped 9rigina11y by

Lindhard et. al. (7). The details of the model and r%su]ts obtained

!
3

are given in Chapter 3.
THe major pért of the experimentai work was t%é design and

construction of low energy light ion scattering faci]ity. The apparatus

developed is described in Chapter 4. Also in this chapter, the time-

of-flight technique (TOF) is described and the TOF reSqution is a]sé

discussed. At the end of this chapter the advantages and disadVEntadEs .

of the technique are listed.
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To test the TOF technique, a_copf;o11ed‘§urface analysis experi-

: . 1 :
ment was underfaken.. It is described in Chapter 5. Silver films-(20-

[ - .
40 A thick) were deposifed on silicon substrates; the targets were

characterized using tﬂé Rutherford backscaftering technique. TOF and
energy spectra fo}'hydrogeﬁ gnd helium backscattered from these targets
are presented in this chapter.: The §ensiti01ty and resolution of the
technique are discussed. Also in this chapter,.a general summary of

the use of ion'scattering_for surface analysis (techniques and ]imitatioﬁé)
is given.
X
The TOF technique was then used to measure the energy spectra

of hydrogen and helium backscattered from ;i1iéQn. TOF épectra for 5-15°

. KeV hydrogen and helium were recorded and then transﬁprmed to energy .

- spectra. fhese spectra, together with the limitation of the technique °

[N

are presented in Chapter 6. . : ‘
In Chapter 7, the charged fractions measurements are presented.
Also the effect of surface cleanliness is discussed with experimental

F
results. Finally, in Chapter 8, a general summary of the thesis’ is

given.

b
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CHAPTER 2

- el 2

A REVIEW OF SCATTERING THEORY

2.1 Introduction L. ~—--¥—~—\~\ . N

i
v

An energetic ion impinginé on a solid interacts with fhe-atoms

and electrons. The relative magnitude of these interactions depends o

on the incjdent energy. Ai high énergies, the ion interacts prédomin-'

anfiy with the e1ectroqs of the solid. These electronic interag}iohs

will not cause any deflections in the iéﬁ's trajectory because of the

small momentum tranéferred in the proce%%, but.yi]l cause an overall

energy 1oss. Atomic scattering, on the other hand, is more important

in the 1ow'energy Fange. Because of the larger momentum transfer in

these co]]isions; the ion will experience angular deflections as well

as discrete energy losses determined by the consépvation of energy and.

momen tum, o ' Co?
_Generally, an ion will undergd both nuclear (elastic) énd e]ectronfg

(ineTast{c) col]isions inside the solid (8). This jon will either.come to |

rest inside the target;néteria] or scatter back with a certain fraction of N

the incident/energy. The collision cross sections are govefne& by - - .

"the interatomi ‘potentials between the interacting speéiés. The choice'?

of the interat mic potential is of prihe importance in determining the
trajectory of the ihcidént particle. In this chapter a general review

of the scattering theory is presented.

3
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2.2 Energy Loss Mechanisms

‘Nuc1ear energy loss, or nuclear stopping, E%ﬂn,'is due to e]és;ic
interactions’betweén tﬁé incident projectile and’ the screened nuclear '
chqrggs of the target nuclei. For an incident projectile energy E0 and
a scattering angle 6 in the center of mass coordinates, the energy

transferred to a target atom in a nuclear colfision is given by (9):

-

M, .2 0
T = ——F—s £ sin (7) (2.1a)
(M + M) “ . ‘ '
. 2,8
=y E, sin (5) < ‘ (2.1b)

0 - \\\ * «
where M] and M2 are the projettile and the target atom masses respectively.

The‘maximqm energy transferred for a head-on collision (¢ = 180°)

is:

T, =Y E, (2.2)
Thepefore,.

=T .cin (8

T=T.sin (7) (2.3)
Thg nuclear stopping loss can be expressed as

dE) _ ‘ o

[‘?’Y]n SENG \ O (2.9)

B UV N T e



equation (2.7) vanishes.

\ £
Y

where N is the atomic densify of the target material and Sn(E) is the .

stopping cross section for energy loss in a nuclear collision. Sn(E) is given
b.y‘ YE, .
s () = j Tdo L (2.5)

0o . .

where do is the differepttal scattering cross section for energy transfer.

An expression for dg will be shown in section 2.4, . N

.
»,

The scattering angle in the center of mass coordinates depends

on the interatomic poteniia] between the incoming projectile and the

stationary atom. The expression ?pr the scattering angle 8 is (10):

)

o [1- E“-% - p°u©] o .
' rel.

’ .

.-where p is the impact parameter, u = l-and Ere] is the primary energy

Ir\’
measured with respect to the center of mass,i.e. "
E . = rn o E A = My/M < @
rel. T+A %o’ 2’ , :

Uy is the value of u for which the denominator of the integrand in

- '

The scattering angle in the laboratory coordinates, v, is

~given by (9): . - . A

5

cos ¥ = 2A <o 2.t }/2 - J/(”)
(A“+2Acos6+1) ) ) -

The energy of the projectile of initial energy Eo after ‘scatter-

A e

—r



ing through an'angle/¢/{h tﬁé 1aboratory coordinates is also given by (11):

' 2
M.~ © -
E, = EO —ifii———? {cos w + [[ 2] - w]]/z . _(2.9)
(4 +M,) " ‘ \

- 2
Pl

7/

l .
Etectronic eneray Toss, or electronic stooping, E%ﬂ ,”is due to
| ° Y e

inelastic interatidns between the projectile and target electrons. This

electronic excitation becomes increasingly important at higher projettile

-~ energies. The rate of energy loss to electrons has been calculated by

Lindhard and Scharff (12):

dEY . 1/2 ‘
[W]e - KE | (2.10)

where K is a constant given by (13):

A : 1/2 »
_.1/6 142 2 [1 ] ,
K=1 . 8% Ne“a_ |~ - (2.11)
1 (zf(3+ 5/3)3/29 | 0 . ‘

where a, is the Boh; radius and‘E”is the‘energy at which the ion
velocity equals the vé]oéity:bf an electron in the first bohr orbit. This
equals 25 keV for hydrogen

The total energy loss per unit path 1engthﬁof a moving pro;ect11e

can be approximated“by adding the two parts of energy 1oss, namely:

de _ (dE ) .
i [HYJn + [aiié ] ’ | . (2.12a)
L= NS, (E) + 5(E)] - (2.125)

where Se E) is the stopping crgss section for energy loss in electronic

e T
v

-
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collisions. ’/

y

2.3 Interatomic Potentials . )
As two atoms come tcgether from an infiﬁité'separation, they
wi]l experience an increasing attractive force. As the approach
" distance becomes smaller, the force becomes increasingly repulsive.
The miﬁimum of the total potential energy vefsus distanée occurs at,

the equilibrium lattice spﬁping, d, €§'§hown in figure 2.1.

b

'
!

N

Fig. 2.1: Potential energy of two atoms at separation r.

, The main obstacle to the studying of the interaction of incident

projectile and the targét atoms is the interatomic potential. Once

the appropriate interatomic potential is chosen, the scattering angle in

o

PRI
+

© pen e o A A



| , S ‘<O

the center of mass coordinates can be determined, using equaticn (2.6),

and consequently all the interaction parameters are determined.-

At high energies wﬁen the projectile can come close to the

target nuciels, -the potential is simply that of -two unscreened nuctear )
. | _

charges at a distance r. fThis is the CouTomb™potential and it takes

the form, ( f
- ?
Z]ZZe2 | 2122
V(r) e T - (14.4) —— ev- . ) (2.13)
0

As the interatomic distance increasés, the full potential due
to the nucleus is expected to be reduced by the screening éffect of
the orbital electrons. Different analytical forms of this screening
effect haQe been evaluated by several authors and are obta%ned by
integration over the contribution due to each individual electron. In
general form,however, the potehf1a1 may be expressed as,

| 2,2,6° »
- V(r) = = f(r/a) - . (2.14)

0

A}

where f(r/a) is the screening function and a is a screening ]eﬁgth,

for example, aslBohr (8) has suggested for an isolgted atom,

may be expressed by a = aOZ]"]/3, where a, is the first Bohr orbit

° . .
(0.529 A) for the electron in the hydrogen atom and Z,e i$ the nuclear

1
" charge.
Thus the exact specification of the potential depends critically

dpon‘the form chosen for the screening.function:

[y

0)‘

-r

P

dl
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Bohr (8) has also shown that an expression for the screening

function is
f(f/a) = exp (-r/a) : ' (2.15a)

and therefore, the Bohr potential takes the form,

Z]ZZeav
V(r) = 4z exp(-r/a)
4]
L,
= — (14.4) exp (-r/a) (2.15b)

Other potentials have been proposed. These include

Z]Z r ) :
V(r) = -~ (14.4).[5& exp (—cr/a1)] (2.16)

which is the Born-Mayer (14) potential,

and the Thomas-Fermi potential, givén by:

L, ' '
V(ir) = -F——(14.4) ®1F (r/aF) (2.17a)

L (r/aF) is the Thomas-Fermi screening fudttigp and it is tabulated
for different-values of (r/aF) (15). ac is the Thomas-Fermi screening

length derived by Firsoy (16) as:

a = 0.8853 o (7)) 22}/%)?/? | (2.17b)

The Thomas-Fermi potential is valid between r = o to r = 1A

2

and is universal for all atoms; this makes it the most useful of all

interatomic potentials.

H
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A comparison of the various interatomic potentials is shown in

Figure 2.2 (9).

103

Thomas-Fermi \

o'+ )

Born-Mayer

’ ."\ Bohr \
10° )

1

0O 0.2 04 06 0.8 10
INTERATOMIC SEPARATION

INTERATOMIC POTENTIAL V(r) (eV)
o
~n

(1attice constant)
Fiq. 2.2: Interatomic potentials for copper.

2.4 LSS Theory

Thé probfem of ion scattering by streened Coulomb fields wasys,

studied comprehensively by Lindhard, Scharff, and SChiott (17) and

Schiott'(18). The treatment was based on a universal nuclear stepping
cross section, Sn’ calculated from a Thomas-Fermi model f6r the inter-

v
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13
action between ions, and an electronic stopping cross section, Se’
proportional to the velocity of the incoming particle.
L . ' ‘
When the enerqy and range are measured in the dimensionless
parameters_g and o, where ‘ ~
a M2
e = E — 7 N (2.]8)
2 M
p = RNM2 4ra — . . (2.19)
. (M]+M2‘) . A

where a is the screening parameter in the Thomas-Fermi potential and is

given by

-

| 0.8853 (22/3 2/3)-1/2

the nuclear stopping power, i.e. (dc/do)n is a function of ¢ only,
indépendent of the incoming particle and the stopping substance, Figure

2.3. " In the same units the electronic stopping power is represented

by, f;j“
g i

‘ .
de}, . _..1/2 e
N R . | (2.20)
where
0.0793. z”2 ]/Z (Ay*A,) 32 2.2
k= - - 2.21
(zf/3+z§/3)3/4 372 ;/2

and 5 is g1ven the value Z]/ .

o Therefore, the total stopping power,

in reduced units, is given by

@

O

o



Fiq.

2.3:

Nuclear and electronic stoppina power curves
(Based on LSS theory).

LN
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do total do n

and, the mean total reduced range, <p>, is given by
& de

( (2.23)
+ {Qé}e] | .

Eﬁﬂe | '(2.é2)

The differential cross section.derived by Lindhard et. al. /7)

is given by the following expression:

do = ma? —ghs £(1'/2) | (2.242)
X 2t . f‘«"‘“ﬂ . '
where ' \
.t = e2T/Tm | (2. 24b)
a /

f(t]/z) is a function that depends on the assumed }grm of the screening
function-Hinterbon, Sigmund and Sanders (19) used the following expression
for the function f(t]/Z)_which is very close to Lindhard's numerical

curve,
¢ ’ . .
(212 =\ t]/6[1+(2x’t2/3¥2/3]'3/2 (2.25)%
where
\ o= 1.309

In their treatment, 1SS used a power potential of the form,

V() =g 3 S " (2.26)

r



and the differential cross section is given by

C dT
do(E,T) = —=——— (2.27a)
EmT1+m )
where m = 1/3, 1/2 or 1
m 2 2m
CaT, a2 !l. ZZ]ZZe
2 'm M2 a .
where 11/3 = 1.309; (2.27b)
In general,
(/
m = %-is valid for moderately low energies (¢ £0.2); \
m = % is valid for almost the whole range of keV energies (0.08 A
oMY / '
m=1 9is valid for high energies (e210)

2.5 Total Scattering Cross Section

From equation (2.25)

f(£1/2y = 1.300t/0[1 + (2.618¢

2/3)2/3]~3/2

while from equation (2.24b)

16
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Substituting back in equation (2.24a) gives
» 2 SN
2  gtdx .
do = ma° —=—2-= f(x,c)
2€3 ><3/2 )
. where
2 ..1/6
- (e7x)
Therefgre
do = 0.6545 ma dx (2,28)

82/3X4/3[]«+ (2.618 €4/3x2/’3)2/3]3/2

Integrating.over all possible values of x,i.e. all possible values

of transferred energy,gives the total cross séction, therefore

x__ =1
max
o = 0.6545 naz.f dx

AR SA AR
min ‘

4/3X2/3)2/3]3/2

The integral on the R.H.S. of equation (2.29) does not depend
on the specific collision partners. Therefore it is a uﬁiQersa] value
and is evaluated numerically. The lower limit of the integraf is
taken as 0.0001 instead of zero to avoid the éiﬁgu]arity. Therefore;

! . dx

U330 + (26186 3 3232

- (2.30)

fo.oom €

The results of the total scattering cross section as a function of ¢

are shown in Appendix A.

(2.29)

B e e e e -
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2.6 Single~Collision Model

The.sing1e-col1ision model was proposed first by McCracken
and.Freeman (]3) wbere they studied the. backscatter1ng of keV hydrogen
The interatomic potential used is the Coulomb potential and therefore
the §cattering cross section is given by the Rutherford formula.

Because the sing]é;co1lision model is‘often used in backscattering
ca]qu]ations, a brief description Qill be given here. _

In this model, the ion trajectories before and after thé nuclear
collision are §traight lines. Figure 2.4 shows the geometnx/5¥\5 single-
scattering event. The ion starts at point A with incident energy Eo

-

-

Surfoce' . -

-~

Fig. 2.4: Geometry of a Sinq1e-écaétering event.

»

and collides with a target atom at B aftep traVers1ng a distance x

' inside the solid. During trave111ng from A to B, the ion loses energy

&

" eemeas W

i
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]

" to the ta?bet electrons (through excitation and ionization or generally,
inelastic collisions). The electronic energy loss is given by LLS

fonﬁula

/2

K is defined in equation (2.171) as:®

/6 62122 1/2
{

2. 41
8me“a_(—)

Therefore, the energy of the incident particle before collision

at B is\yiven by, .
N\

| x) = (E, - %Kx)z ' | (2.32)

and hence t?e'. probability of a scattering event in any element of 1erigth .

dx is given by

¢

da = no [(F, - ¥ Kx)?, 6] dudx , (2.33)

In the nuclear collision event, the pértic]e will Tose a
. discrete amount of energy’getermined by the conservation of energy

and momentum. Using the r‘e1ationsl?n the previous sections,

£, = ECOD -y sin‘(9)] - (2.34a)
whére Ef is the energy aftﬁr nuclear collision at B. Substitiuting R2

\2 [1-vy sinz(-g-)], equation (2.34a) can be written as

£, =R%E(X) - .. - ~ . (2.300)

bt e+ ot e & o e s
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If the measured scattered energy when the jon returns to the

surface (point C) is ES,-then it can be read%]y shown that the depth

at Which the scattering event took place is given by

2(RVE,-vE,) ¢ ‘ )
— X = m . . ' . - (2.35)

‘ ¥
Hence, using equatfon (2.33) and (2.35) the probability of an jon

being scattered and emerging from the solid with an energy Es is:

i

(€,) o, see 0 T nat,
N(E.) dudE ] > 6 ' 5
S s R-sec 9 | KEL/Z(R-sec 8) (ijﬁi}

Assuming that Rutherford scatter

plies in this case . \
72724 )
) ' 1 1°2 o 4.8 ‘
) - o(E,8)dw = ( ] cosec” (3)dw T~
: . . o '
Therefore ) ‘ t\ g
, p f(z)eZVEF'co%ecq(%)(R-seca)3dwdES
.- N(Es)dwdES = 4 (2.37)
128 ma B (VE -/E  seco)
wher'e

f(2) = 25/52 (22/3+22/3)3/2 )
1 2* 71 2
To obtain the total number of backscattered particles, equation
(2.37) is integrated for all possible energies and scattering angles.
In their conclusion, McCracken and Freeman (13) indicated that-

one of the reasons that the.absolute number of scattered ions measured

experimenté]]y is greater than the ca]culated'véldes is that the

. #»
2

POy, o X4
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contribution of multiple scattering was ignored. This multiple

scatter1ng contribution becomes increasingly 1arge for Tower ion

energies or heav1er targets. i '
Vukanic and Sigmund f%? } used the same s1ngle scatter1ng ‘ f\ﬁ?

model with a screened Coulomb potential. They used a s1mp1e power \_

‘Equs sectioﬁ to avoid the coﬁplexitiés of using the Thomas-Fermi

crass section at the expense of ‘accuracy. Good agreement with exper1-

ments was obtained for 5?3. For smaller values of €, as they have

also indicated, multiple collisions have an appreciable contribution

“to the backscattered spectra. ‘

2.7 Application of the Pransport Theory : 4

b Weissmann and'Sigmund (21) used the integro-differential equation -

techn1que (transport equat1on) to study the backscatter1ng of keV
light jons. They assumed a random infinite target and used the Thomas-
Fermi cross. section.

The range distribution of an ion beam is given by ?R(xyg,n),

where x is the penetration depth, E the initial energy, and n = cos 6, |

6 being the initial angfe between ihe beam and the«x-direction. FR

. s determined by the following equation (17,22):

M Ry T NS —-é-g-j N j ddn(F.R-F'}E) ’ A .~ (2.38)

and the distribution is normalized
‘ © ! ' - . “ . " ‘
, I df g(x,Eun) = 1 | : ' (2.39)

-0

Noe ¥



‘The reflection coeffidient R = R(E,n) isbgiven by,

0
R = ] dxFR(x,E,n) . l (2.40)

e \ A
This means that the number of reflected parfic]es is given by the
ta%] of the distribution Fé,i.é. the profile intersectfon with the
target surface. \

From equation (2.38), the moment equations can be found (19):

, dFp
-1 n-1 R2
nRF R4 n(aA1)FR" = (2041)NS | RS
Re | Rom e dt
H(20 N [ do [FR (E) - Py (coss W (ET)] (2.41)

where FEQ = FEQ(E) are the coefficients in the Legendre-polynomial
expansion,

® | ' n . i
[ e () - 1 (20 (6, () (2.42)

2

-0

3

3

and ¢~ is the laboratory scattering angle.

u;ing dimensionless quantities, e and o; we get

‘o i
n _ (o) cn ) )
Equation (2.41) is numerically integrated to determine the Legendre

coefficients. With these coefficients, the moments can be determined

and the range distributions constructed from thé Edgeworth series”

-

e A T 5
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expansion (19,23,24):

I‘ Vd

I B R
fR(p,sm) = <Ap2>]/2 [¢0(£) 3 ¢f3(€) + ] (2443)

where
= 250 (2.44b)
<Ap2>]/2 : )
P = o’ : (2.44§)
1 <x\02>3/2 | .

and ¢ (&) and ¢,(&) are the gauss1an and 1ts third derivative,
0 3
The total reflect1on coeff1c1ent R( n) is found to a First

A

approx1mat1on by 1ntegrat1ng fR( p,e,n) (21):

cg(a,n) [dpr(o,e S I (2.45) |

The problem with the transpoft theory is that the energy distri-
butien cannot bé' determined and a “surface correction" must be applied
to the solution to account for thé multiple crossing of the free

surface (25).

Figure 2.5 shows the calculated projected range distribution

for protons in heavy targets in dimensionless units (21).

)

* The gaussian approximation is defined by

. 2
_dg  -E7/2 '
¢ (g)de = —=—e . .
0 ven Y
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CHAPTER 3
COMPUTER SIMULATION NF ION SCATTERING

3.1 Introduction to Computer Simulation

To avoid the problems encountered in the transport theory,
namely, the surface correction and the inability to calculate the back-
scattered energy distribution, also to include the hu]tip]e scattering
effect which was avoided in the single-collision model, computer simulation
or a Monte-Carlo technique was used to study the incident particle—-
target atoms interactions. ‘ .

In the Monte-Carlo technique, the histories of a large number
of particles (same initial conditions) are determined hy following suc-
cessive scattering events as each particle travels through the solid
until it slows down or backscatters out of the surface. The larger the
number of particles foT]owed, the closer are the results to the average
behavior but this will be at the expense of additional computer time,

Figure 3.1 shows the paths of two primary projectiles as they penetrate

J

the target..

25
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Fig. 3.1: The paths of two primary projectiles broken up into linear
segments , )

At each scatterin bB}nt the appropriate interaction probabilities

coufd be determiné&‘by the use of random numbers.

%?ﬁobinson, Oen and Holmes (10,26,27) and Beeler and Besco (28)
have éuCcessfully applied this technique td various models of nuclear
scattering, but wit:Sut consideration of electronic énergy loss. For‘
this reason their models are valid only for heavy ion beams. Ishitani
et. al. (29) applied the Monte-Carlo technique to study the behavior
of light ion beams in amorphous targets considering both nuclear and
alectronic stoopina. But they used the mean free path concept which

will be-discussed in the next section.
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3.2 Computer Model

In thig‘thesis the Monte-Carlo féchnique was applied to the
scattering of 1igh£ jons from different substrates (30,31). The cases
studied here are for hydrogen and helium jons. (5-15 keV) incident
'norma11y on a silicon target. Both nuclear and electronic co11ision§’
are considefed together with multiple collisions inside the solid.

The following assumptions were made: (1) the solid has a
random or amorphous-like structure, (2) the electronic stopping is
assumed to be proportional to the speed of the incident particles,

(3) the Thomas-Fermi interaction'poteﬁtial is used to describe binary
incident part}cle-target atom collisions, and (4) the motion of the
target atoms upon receiving collision energy can be assumed negligible.
The last assumption is valid only for the case of an infinite medium
and -is not vé]id near the free surface.

The usual way to find the location of a nuclear collision is the
use of the mean free path concept. The mean free path, which is the
average distance between collisions, is the reciprocal of the macroscopic
scattering cross section.which is energy dependent, and so will be
continuously varying in this case due to electronic energy 10ss. An
alternative scheme,which was used in thesé calculations was developed
as follows: ‘ .

.Ffom the continuous energy loss due to electronic collision,
the reduced energy as a-function of the reduced range is deduced from |

equation (2.20):

e Tt P pia. e e . oot R

. A ot e mwaryn o e n
.
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.
(E’Z 1, 0
o}

ep) = - §-kp) i (3.1)

An ioq:will move in the solid until its energy reaches a
minimum value. This value will be taken 25 eV, similar to the threshold
energy for atomic displacement, and at this energv ‘the ion

is assumed to be absorbed. Assume the total distance at which the

rd

ion is stopped is p___.which corresponds to an ion energy E = 25 &V,
o max

min

The pro£3b51ity that at least one nuclear scattering event occurs is P,

.and it is given by

Pmax

pp = 1 el (21 Nole)do] | ()
0
where-o(e) is the scattering cross‘sect{on as a function of energy
(and consequently a function of position). This probability Py varies

from 0 to 1. If a random.number q is chosen at a particular p, and

if qipn, no nuclear scattering will occur. If a<p, at least one

nuclear scattering event will occur before the particle energy is

reduced to 25 eV by electronic energy losses. Hence, the probability

that a nuclear scattering event occurs at distance p(<émax) is given
" by the expression: '
0 .
0 =1 - expl-| (So(c)dy] ‘ (3.3)

This equation could be written in the form:

- . - Ae W

-
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pmax omax

a=1-epl-[  EpolclioT ewl|  GolddoT  (3.4)
0 %

K

Substituting equation (3.2) into equation (3.4), the following form for

q can be found,

Cmax X ' -
a=1- (-p) el]  ole)de’] (3.5)
(Y
Therefore -
[pmax : . "
X . -
| (ole)ao” - ar (= (3.6)

By chanaing variables in eauation (3.6) using the relation of eauation (2.20),

equation (3.6) can be written as: .

e{Ppax)
TN ) No(e )de” _ (l:g_} .
oy P KEDVE
i.e. ;/,// 4
e(o) : : ,
xy No(eT)de” _ -
femin(p) k(€:5T77_ g (T—%;] . (.7

If the integral in the L.H.S. of equation (3.7) is substituted by the

expression R(e), therefore

£ ' ) ’ “‘ .

Emin

Pt s o -

2 am e v e T
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Now, equation (3.2) can be rewritten as

€ i, . _
g =1 - el G g eole)](309)
- K(e) ,
€min

Substituting (3.8) into (3.5) gives

-

g =1 - (1-p,) exp[R(e)] -
= 1 - epl-R(e,)] explR(c)]
=1 - exp[R(e) = R(e,)]
Therefore
R(e) - Rle,) = tn (1-q) S (3.10)

To summarize the equations that will be used in the calculations,

it could be found that the following four equations will be used,
1. '

clo) = (L - J o) (3.1)
.
. R - femin(g)'giiﬁi%%%: B
p, = 1 - exp[-R(e )] : (3-9)"
and
R(e) - R(e)) = an (1-q) . @)

_Now the following steps should be followed to determine the locatfon of

a nuclear collision:
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&

'e
1. tabulate values of R{e) for diffengnt incident energies down to

-25 eV using equation (3.8),
2. determine p, from R(eq) using equation (3.9),‘ :

3. choose a random number q and-check if q<p, -

v

4. determine R(e) from equation (3.10) and consequengly e(p) from

L3

the first step, and

5. use equation (3.1) to determine the position of nuclear scattering,

p,after knowing e(x)'from the fourth step.

For the tabulation of R(e) for different values of energies,

the ‘following integral has to be evaluated,

, €
‘ . Xy No(é”)de”
R(E) = fe N (p) ‘k"(‘;‘")'r/'z .
min ‘ Ry

o

From section 2.5, the scattering cross section is given by,

]

o(e) = 0.6545 ma’ Y(e)

where Y(e) is given by equation (2.30), therefore

2N () f Y(e“)de”
k - p .. (ez) /2
“min

' €
R(e) = 0:6545

substitute [Y(e')/(e')llz] by F(e”), therefore

£ )
_ 0.6545 Ny .
R(e) = TL e
. min
where

(3.11)

Cé.]Za)

-(3.12b)

PO P T pL.
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The nuclear differential cross segsigq for energy transfer
between T and T + dT,:norma1ized to a total p;%babi1ity of unity is
given by (29):

Tma

« X . *
p(T)dT = do(T)/j doll) gy . (3.13)
n “ |

Tmi

Integrating equation (3.13) gives:

min - min

! w | Tnax o1 R
p=fT —%%dnL Mg (3.14)

. \‘h\‘\\ .
In equation (3.14), p will be a fraction between 0 and 1. ,In the

present calculation p will be Ehosen‘as”é random number q”. Therefore
equation (3.14) becomes;

Al Tax S
= domy] T ao(ny . (3.15)

Tmin . Tm1’n

The deqominétor in the R.H.S. of ebuation (3.155 is fhe total nuclear

. scattering‘cross'section evaluated in section 2.5. Equation (3.15)

can ‘be rewritten in the form,

§

. . X
‘ “ e dx -

. = , ]
P fgqooo1 23 8304 (2.618 3 X3392 (3.16)

[ 2 T I
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using the expression for do derived in equation (2.28). The integral
in the R.H.S. of equation (3.16) is evaluated for different values of
X (from x = 0.0001 to x =-1). Therefore, for any random number q~,

it is possible to find the value of x that satisfies eduation (3.15).

Siq;é x = T/T, therefore using equation (2.3) gives,
i

sin?(0/2) = x CEan .

From equation (3.17) the scattering angle 6, in the center of mass
coordinates, is detérmjned. > ‘ .

In addition to the collision angle y, the azimuthal angle ¢
shouﬂd be dete%minedl The value of thézangTe ¢ varies from 0 to 2m.

-

There ;. choosing ‘a third random number q°~, the azimuthal angle is

v,

" determined by,

¢$=q7.2m . \ oo (3.18)

.3 Description of the Complete Computation Work

fhis section is a summary.of the computational steps discuésed

———

Eefo e, and in addition the-calculated parameters and method of calcu-

-

lation are described.
First for the given initial energy E,, the first nuclear X
collision location is determined, .and the energies befqre and after .

collision are evaluated.-_In the same way,‘the;calcu]ationxbroceeds

L

to the second andft@ird collisions, ... etc. . At each location, the

projected range is calculated. A check is undertaken to determine

.,
Y

}/'" .

s S
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~ (to reduce. computation time). In a somewhat more exact case, all
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‘whether tﬁé projected range is negative or positive. In the former

case, the particle is backscattered and in this case the energy

and angle, that the outgoing part%c]e makes w{th the original direction,
are determined. To calculate the backscattered g;ergy, the distance
from the last scaftering to the surface, DS, is determined and the
energy will be given using equation (3.1) by substituting x by DS.

If, on the otﬁer hand, the projected range is positive, check that “the

particle energy is higher than a minimum value, taken here as 250 eV

Y
<

-
TS

4

interactions down to ~ 25 eV should be_con§idefed.
After finishing the histor& of'the first particle, backscatﬁered
or absorbed, the same procedure fis repeatea for the remaining particles

with the same initial conditions. Therefore, it is possible to find

- ‘-ﬂ*’fmﬂ'm’w"n&u
. n
'
o

" the number of backscattered partic]es; and their energy and angular

di;tribut{oﬁs.

The same&calcu1ation procedure is repeated for different
incident energies for hydrogen and helium ions incident on a silicon
target to examine the effect'of.the iﬁcﬁdent particle and energy on -

the backscattered energy and angular distributions.

¢
o
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3.4 Results and DiSCUSsions

The\modei developed in section 3.2 was applied to hydrogen
\

and helium ions incident narmally on a random siicon target. The
incident energies considered were 5, 10, and 15 keV. Both energy

\Jand angular distributions were calculated. The number of incident
’ \

particies ranged from 5, OOO to 10,000 depending on the inCident Jdon
-and energy i.e. depending on the scattering cross section. The limiting

factor was the -computation time.

@

As was mentioned before, the electronic energy loss is given by
LSS formula

]
%§~= -kef
o .

o L d

where k is -given by equation (2.21). It was found by Ormrod and Duckworth

(32) that ‘the electronic energy loss exhibits oscillations which are

functions of Z, (incident particle). Recently, Thompson et. al. (33)

. found by comparing measured and calculated damage profiles that higher -

values for k should be used, depending on the incident particle, instead
of these given by LSS. . For hydrogen and he]ium k should be replaced
by 1.55 k. This new value of k was used in the present ca]cu]ations
Figures 3.2(a) and (b) show the energy and angular distributions
for 5 keV hydrdgen jons incident\on a randoﬁ silicon target. The
following table gives a summary of the computer simulation results.

+

L Y
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NUMBER OF BACKSCATTERED PARTICLES

NUMéERCF'BACKSCATTERED PARTICLES
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S keV HYDROGEN ON SILICON

(N=10,000)
60r

20

¥

Rl .

0 5 4 3 8 0 12
(@) ~ . ENERGY DIVISIONS

100 -

O. 1 L N U 1‘ ) 1

O 10 20 30 40 -50 60 70 --80
.,(b‘) | - SCATTERING ANGLE

Fig. 3.2: Monte-Carlo calculation for 5 keV H/Si (N = 10,000) -

{a) energy distribution, (b) angular distribution.
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Reflection Coefficients and Scattered Engrgy Fractions for H and He Ions

Incident on Amorphous Silicon Targets (Mormal Incidence, E . = 250 eV)
Y
;
Scatt§r1ng Eo(kev). €g1 k/k R ?*
(H;si) 50 . 4.30 1.5 0.030 0.010
(H,S1) 10.0 8.60 1.55 0.014 0.004
(H,5i) 15.0 12.90 .55 0.010  0.002
(He,$1) 5.0 1.87 1.5 0.080 0.022
(He,S1) 10.0 3.74 1.55 0.052 0.012
(He,Si) . 15.0 5.61 .55 0.023 0.005
) * |
E.
* _ =] !

T ce——

NE0

xR, Ei is the energy of the ith scattered particle.

From the obtained spectra, it was:-found that most backscattered

particles come from inside the target i.e. there is a depletion in

surface scattering. Comparihg the spectra for different energies for

the same incident ion (within the statistical errors) it was found that

the Tower the incident energjes, the higher the backscattered energy

‘fractions. Also comparing hydrogen and helium spectra, the helium

cases show more scattering from the outside layers than does hydrogen.

“~= This should be expected when one compares the values of the reduced

—
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energies for both ions incident on silicoy (e = 0.8599/keV for hydrogen

and 0.3738/keV for helium) (34).

For both jons and for alTNgcident energies, some particles are
backscattered with énergies higher than those corresponding to single
scattering collisions from the surface atoms. This shows that multiple
scattering takes place at and near the target surface. This phenomena
was alsp found experimentally,as will be shown in Chapter 6.

( From'the angular distribution spectra, it could be roughly
assumed that the angular distribution is approximately a cosine
function. This has been observed experimentally by Verbeek (35) for

hydrogen incidgpt on a niobium polycrystalline térget.

———
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CHAPTER 4

APPARATUS AND EXPERIMENTAL TECHNIQUE

4.1 Introduction

To study the séattering of low and medium energy ions from solid
surfaces, an experimental ion scatter%gg facility ;as constructed. In
this energy range, as will be seen in detail in Chapter 7, most of the
backscattered particles are neutrals. Therefore, the use of an electro-
static analyzer (ESA) will not be applicable for detecting the back-

scattered neutral particles. A time-of-flight (TOF) technique,

originally proposed by Buck et. al. (5), was used to detect both neutrals

and jons backscattered from the solid surfaces.

In ion bombardment experiments, the target surface is continuously
cleaned by the incident ions. The target is kept clean if the number
of incident ions is much larger than residual gas molecules impinging

-10 Torr)

on the target. In this case there is no need for UHV (10‘9-10
iﬁ the target chamber. Unfortunatley, this is not the case in back-
scattering studies, especially those using TOF technique since the inci-
dent beam current is very low, to av&id damage of the target surface.

Therefore, for efficient ion scattering experiments an UHV scattering

" chamber is required. The pressure has to remain in the 10'9 Torr range

during the experiment (with ion beam impinging on the target).
To'maintain Tow pressure in the target chamber, a system of

apertures (2 mm diamefer) is used. This involves an efficient beam

39
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4
chusing and alignment system. " The ion beam has to be ﬁagnetica]]y
analyzed to get rid of af] undesirable ions.that might hit the target
with the originaflions. ~A1sd, precautipns were taken to prevent
any neutral partic]e§ from hittiang the target. This is of extreme
importance in TOF measurements to ensure good signal to noise ratio.

Figure 4.1 show;—% photograph for the ion scattering facility designed

/

for this work. (J/’//\—“"~“““”\
v

4.2 Ion Generation

A radio—freqyeney—+ urce, Ortec model 501, is used to
generate the ion béam. Its Qberation\ggpend; on the electrons gajning
energy from the r-f field and ionizing gas atoms in their oscillatory
paths. The ions are extracted by the voltage difference between the
discharge tube head (extfactjon vo]tagéﬁand accelerating voltage) and
thé base plate (accelerating voltage only). Veéy pure gases are fed
at the base plate to denerate the desired ion beam.

The ion beam produced‘by the R~F ion source is divergent.

For this model, the diyergehce angle- is 14°, Therefore the beam is
focussed before being analyzed by the th]eéting magnet. To increase
the beam current at the }arget,,tyé einzel lenses‘are used instead of
“tonly one lens. The dimeﬁgions of the lepses used are ghown in Fiqure
4.2; the details of the lens design can be found in ref. (36). The

seconq lens focuses the beam at the aperture A (3 mm) just before the
\ N
magnet ‘section.
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To ensure that a single ion species will enter the target

Chamber, the focussed beam is magnetic§11y analyzed and deflected
through a 20° angle.In tﬁiS'work the mégnet coils were connected in
paraile] and the magnet was calibrated as shown in figure 4.3.\ To
prevent overheating of the magnéet coils, cald water is circulated
through them. Typical values for the magnétic fields required, for

10 keV ion beams, are as follows: 480 Gauss for hydrogen and 960 Gauss

for helium. Two pieces of soft iron are attached to the magnet

pq]es to improve the focusing properties of the analyzing magnet.

MAGNETIC FIELD, GAUSS (X10°)

20

-

»

~

o 05 10 15 20 25
MAGNET CURRENT (AMPS)

Fig. 4.3: Magnet Calibration.
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Because of thé use of small apertures (2 mh): mechanical alignment

is not sufficient. Beam alignment is thérefore achieved with two séts
of defiecting o]ates. The first set lies directly ;fter the

second elnze1 lens; and the second set after ;he ana]yz1ng magnet

in the differentia) pumping chaﬁberf

T
Nt

An operating pressure of roughly 1 x 10'6 Torr is maintained
in the accelerator section by a conventjonal oil diffusion pump equiped
with liquid nitYogen cold trap. The exhaust of the diffusion pump
goes to a rotary pﬁmp through another liquid nitrogen cold trap to

prevent 0il streaming to the accelerator chamber.

4.3 Dfoerentia] Pumping System

' To reach the UHV target chamber, the ion beam passes through a
dif‘ereqt1a1]y pumped -chamber. A 2 mm anerture 1ocafod at
eac en& of the chamber, collimates the beam and provides the necessary
puﬁpi g ﬁmpedence for maintaining the differential pressure between the
Zou

Lce pressure (1 x 107 -6 Torr) and the UHV target chamber
-9

beam’
pressur% (6 x 1977 Torr). This is shown schematically in f1gure 4.4.
The d1fferent1a1 chamber is pumped by a 50 ?/sec diode ion pump and
2000. 1/sec titanium sub11mat1on pump (water cooled surface); it‘is
usually roughed by using a sorption pump. The pressure in theﬂdiffer?
ential pumping section is normally 4 X 10 Torr yhi]e running the

experiment. The differential chamber is separated from both the

acce]eratorvand the target chamber by straight-through valves.

Ay

,M’ ~

e S o B A AV B




el

Y e t..i!!x. N S ek
M . ~ .
- .

45

(A®Y O¢ -1)
304NOS NOI Q3SATUYNY SSVYW
T INIdWNd

(e
»

( _ 3gny
: . _ LHOIT4- 40-3NIL

NOY LIINNVHO "\

IVILN3N34410

-

S TTINN ISR ¢ e marme e o

"WAISAS | RjudWLABAXD ay3 4o Emt_mm.:u Jljewayoss :pcp by .

Y38NVHD L394vli AHN - ’

/T

\

-~

Y3ISATVYNVY
SVv9o

1394Vl

N330S NOISSINIJNS
NO¥L133713 ANVANODIS

3
“



46

The UHV target chamber has a.diémeter of 25 ¢cm and a height of
36 cm. A1l flanges and valves are metal sealed and bakeable to 200°C
(maximum-allowed for the detector)i Rough pumptng of the chamber is

done by a sorption. pump. UHV is.accomplished with 100 1/sec triode

ion pump and 2000 1/sec titanium sublimation pump (water cooled surface).

There is a quadrupole mass spectrometer for residua] gas analysis in

. the target chamber. V}1gure 4.5 is a typical residual gas ana1ys1s for

" the’ target chamber. "The total pressure after 24 -hours baking (at 200°C)
was 6 x 10—9 Torr and the main contam1nants are hydrogen and argon

'H1th the ion beam hitting the target the pressure in the target chamber

- rises to about BAx 107 -9 Torr. ‘ toe

’ -9
TOTAL | .PRESSURE 6XIO torr

MASS NUMBER

mf\
o
X 30 |
., ’
o ~
-~ I.
W
14
@
2 20 : .
: «» ;
a { .
_
<,
- w
z 1o zZy
a T i~ :
2 g
2=, > |
0 I\ _ ML '4Jl‘ AJ,L
(W] WO © : ©

Fig. 4,5: Iar@et chamber gas analysis. R
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As shown in figure 4. 4 at 45° from the incident beam there 1s
allo cm:Jong tube used for time of-flight measurements as will be seen.
There is also a 5'cm dianieter and 20 cm long tube, surrounding,the'target,.
,'acting as a ségndary electron suppression screen. The target 1tse]f
s mounted on 3 simple rotary feedthrough and is connected to a p1coam-

meter and a current integrator.
N\

}‘( . . 4 = . ‘\

4

4.4 Experimental Techn1que

>
——

Time- of-f11ght technique was used.to measure both neutrals and

AN M I eI A® whn AL ot~

ibns scattered from the target. = This was done by add1ng a deflection
beam pulsing system between the ana]yzﬁng’magnet and the UHV target
chamber. The backscattered particles travei along the ‘110 cm flight

* tube and are detected by a spiral channel electron mu]tjp]ier(channe]tron)

detector located at the end of .the tube. ‘Pulses from the beam_pu%siﬁg_, SN

system and the channeltron are fed to the time-tg~amp]itude'convefter- , g.

(TAC) which in turn subp]fbs.input pulses to a muttichannel pulse

height aﬂelyzem (PHA). Figure 4.6 shows a schematic drawing for the

4 4

. time-of-flight system used in these measurements.

4.4.1 Beam Pulsing System « ’
The beém pulsing system conswsts of a set of electrostatic

pu1s1ng p]ates 1ocated -in the differential pumping chamber The plates

* are 3 cm long and are spaced'4 mm apart. The distance between the T
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pulsing plates and the target is 65-cm. Initially the ion beam is
i chussed through the different apertures on to the target with both
plates at ground potential. The beam is then held off the target
vertically by applying -80 volts bias, using the DC power supply, ons
the pulsing p]ates Pulses of a duration of 30 180 nanoseconds and ’
- repetition rate of 5-80 kHz are then app11ed to the p1ates, this will

intermittently ground the plates and return the beam to the target

as a pulsed beam. A special pulse generator was developed. Its circuit -

diagram is‘shonn in Appendix C# It is canab]e of generating +80
volts puTse with a 3 nanoseconds rise time. The pulse width can be
changed with an adjustable 1ength coax1a1 cab1e
The low energy fons will take a 1onqer time to’ trave] through
" the pulsing plates. Thenefore, for a gdven jon energy there#1s a.
minimum pulse width required in order to allow ions to pass through
the plates befcre the deflecting field is reapp11ed.§ On the other hand,
-the.pulse width. should be as small as poss1b1e to obta1n a good time-

of-flight resolution as will be shown.

4.4.2 Detector and Detection. System

. The detector used in the present measurements is a Mulﬂard

7

-

channel electron mu1t1pljer w1cn’a(cfrcu1ar ‘cone located at the end of .

the time- ofvfllghg,tube fﬁé noltage difference across the channe]tron.
//,/'TS"2206J;;1tS which gives an electron gain of 108”(37). The channeltron

efficiency for detecting positive, negative and nelitral particles was

measured down to 500 eV (38539).

‘ .
. 1l .
T “M*'W/W:mﬂﬂc‘ﬂ“’m.wna -
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The detection system»was shpwn in figure 4.6. \When a pulse is
' aﬁp]ied to éhe\pulsing plates; another puise (-4 volts) frqﬁLthe same
pulsé generator is used as a START pulse to Fhe TAC. The backscatterea
éart;cles are'detecteq by the channeltron and the output signal goe§ :
through.a standard nuclear aata system components. H}E;konsists of

a preamplifier, linear amplifier and a cross-over-pick&ff: The signal
from the cross-over-pickoff goes to the TAC as a STOP sigq?]. The
iamp]i%ude of the output gigna1~from ihe TAC i§ proportiénai‘;o the time
difference betweén the §TARf and STOP signals. The TAC output signal
is fed to the PHA which records themtimé—of-flight spectrum of the
backscattered particles. The START:pu1se is usually delayed using a
delay amp1ifiér before .going to the TAé. This delay accounts for the

time which the, incident particle takes from the pulsing plates to the

target (66 cm) and also to the delay in-the electronic components.

4.4.3 TOF Resolution and PHA Calibration .

The TOF‘reso]ution is a measure of the .uncertainty in the energy
analysis introduced by the TOF spéctrometeﬁ. From the known re]étion
between energy and time,:

2 A .
ML - S C(a.)

[aY

where M1i§ the projectile mass, L is the length of the f1ight path and

4

t is the flight time. The uncertainty AE in measuring the energy E

for a pulse width At is given by,

L

w

e SR e -
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AE = M1L -§‘ ) (4.2)

“From equations (4.1) and (4.%), the TOF resolution is given by,

e
m

_ 2At, . ‘ N
- & : (4.3) .

Applying equation (4.3) to highest energies to be studied,

namely, 15 keV hydrogen and 15 keV helium, it can be found that:

For. hydrogen 3 0.26 At A and (4.4a)
ME . T :
for helium o 0.13 At % (4.4b) A

where At is in nanoseconds. _for Tower energies, t will be larger and
consequently, for the same'At, éﬁ will be smaller.

To prevent.any neutrals in the incident beam from hitting ‘the
target and act as a source of noise, the target,chamber is hé;hanica11y
misaligned and the x-plates in the differential chamber are used to

align the ions on the target. This improves the signal to noise ratio

v w»lm*—qu,éxv.,w CRELPAT gorf N Tl

significantly.
Before reccrding the TOF spectra, the PHA was qalibrated to . / ‘L
calculate the exaEt time per channel. An electronic circuit was built
to simulate the actual gcattering experiment. Figure 4.7 is a schematic
of the circuit used. ,A pulse was fed to the TAC as a START puise and
a.similar pulse goes to a delay amplifer (to givé the required delay
times as in the bé!kscattering experiment), 1iﬁear amplifier and a

cross-over-pickoff. The output.from the COP is the STOP signal to the

.’

— ————— — SAS Yt NP S At
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TAC. The output from the TAC is fed directly as an input to the PHA.

Figure 4.8 shows the calibration curves for two different TAC settings.

4.4.4 Final Remarks

\ The TOF téchnique has’ the fo]]éwigé advantages over the use of
the electrostatic aﬁalyzers: (1) Beam&pu1sing lowers the incident beam
intensity, a reduction of 1072 to 107 expected, and therefore. lower
doses will bombard the t;rget. This will create less damage which is
important in studies of composition and structure of outermost layers.
(2) In this energy range, neutralization of the backscattered particles

-

is substantiﬁT; Since both neutrals and ions are detected simultaneously,
the TOF tech;ique eliminates the special effect of neutra1iza%ion on

the shape of the backscattered spectra. (3) Along the time-of-flight
path there is a pair of 11 cm long deflecting plates. With both plates
grounded, all the backscattered particles (neuﬁra]s and ions) reach §he
detector and a TOF spectrum for the total particles is recorded.
Applying.a deflecting voltage to the plates, the ioh portion of the
backscattered particles is prohibited from reachin; the detector and

a TOF épectrum for the neutrals only js recorded. From these two ‘
spectra, the charged fractioq; of the backscattered particles can be

- calculated as will be shown in Chapter 7. Therefore, the TOF technique
provides ion fraction data which is useful in understanding the neutral-
ization mechanisms and in calibrating ESA. ‘

On the other hand, there are some disadvantages: (1) The system

is more complicated than the ESA technique, e.g. beam transportvto the
: L8

-."‘"‘8‘
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target is more difficult, and (2) detection™efficiency for ions and
§
neutrals may diffek at low energies (500 eV). This makes the technique

O“sef“] only for energies >500 t’eV.'
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CHAPTER 5
APPLICATION OF TIME-OF-FLIGHT TECHNIQUE TO SURFACE ANALYSIS

The analysis of solid surfaces by the scattering, or generally

the interactions,of energetic ion beams 1is a well established technique.

To test the time-of-flight (TOF) technique, it was applied to surface
analysis. A well controtled experiment is described in this chapter;
the resolution and sensitivify of the TOF technique is deduced from
this experiment.‘

First a brief desckiption of the use of ion scattering for
éurface analysis will be givenh. For the sake of completeness, the
different energy ranges will be &iscus§gd although the majn interest

in this thesis is the energy rahge of 5-20 keV as was mentioned in

Chapter 1. - -
- )
5.1 lon-Surface Scattering . ‘\:3
As was mentioned in Cha. 2, an energetic ion will lose

energy upon' interacting with solids in two different Qays, namely,
through elastic collisions with the target atoms and ine]astic.
collisions through excitation aﬁd ionization of target electrons.
These processes can be used for surface analysis (40-44). The main
topic of the present. work is the use oflthe elastically backscattered

particles (I*, 1°, 17) for the analysis of solid surfaces.

55~
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" Depending on the incident ion enérgy; jon sc;tfering is capable
of probing the outer surface of a solid (one or two atém Iayers) or a
region extend1ng 1 2 Hm deep (45). Ion scattering exper1ments have beq(*
performeg a;ﬁgnergwes ‘which can be classified loosely as h1gh (0.4-3 Mev)

medium (4-400 keV), and-Tow {0.1-4 keV).

5.1.1 General Pripcip]es ‘ .
The ion scattering technique consists basically of bombarding
a target with a monoenergetic co]]imqte& ion. beam and collecting an .
energy spectrum of the particles backscatiered through a certain
scattering angle @, which is usually 290°. This energy spectrum is
then analyzed to give information éboﬁt surface chemical coﬁpositisq,
(45-48) surface disorder (46,49,50) and surface topography on an atomic
scale (11,51,52,53,54). ) .
In all three energy ranges, the co]]isioﬁs‘are elastic, within
:the energy'resolutibn of most experimental systeﬁs. This pérﬁits simple
identification .of atoms at‘a surface by the energy spectrum of the back-

scattered particles through equation (2,9), which is based on conser-

vation of kinetic energy and moméntum.

dhl

‘ 1
!-:1 M2 [Hz ’2'
| 9 —;—:;—;Z [cos ¢ + —2-- sin w] ] {2.9)

- where E and E1 are the energles of the 1nc1dent and backscattered
part1c1es respectively. Thus, the energy scale becomes a mass sca]e

for target atoms at the surface with higher énergies indicating higher
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&

STLT AT bl

P




57

. A

masses. ’ -

+ . 4

o
.
5.1.2 High-Energf Scattering
high-energy‘éca%tering is the most quanti;ative ion scattering,
analytical technique at;the present time since, the physics of the
scattering and energy(lbss mechanisms are well known. In this case
the interatomic potentiél is the Coulomb potential and accordingly,
the scatter1ng cross sect1on is given accurately by the Rutherford
formula’ (55)
2 2
L=1.3x 100 (Zézz] [M::le T cn’/sr (5.1)
2 sin (8/2)

Q.

[a ¥

A typical application for high-energy scattering (known as
Rutherford backscatteringL RBS) will be given in section 5.2 for the
characterization of the prepared target.

The RBS teéhniquekis not so satisfactory for surface analysis

" when the impurijty is 1igﬁtpr than the host crys;a] or for thin film

analysis when two of thé c&nstituents are close in mass. The use of\
channe11ng technique with RBS overcomes these problems in the case of
s1ng]e crystal studies; th]s makes RBS a very powerful tool for study1ng
single crystals. This fie]d is covered in detail by the book of Mayer,
Erikson, and Davies (56)./

| High-energy ion iﬁatteringAbossesses the great advantage that
depth profiling is obtained nondéstructivelylwithout the need of '

sputtering lﬁisection{ng. 'Spdttering with MeV beams is negligible, and

———_—— .
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\

there is a little eviaence that helium beams produce any significant
dnmage an the surfaneﬁn This is because the energy 1055(15 main1y
_electronic in the high energy range.

- The detector used in high-energy scattering gxperiments is a
solid statexgetector capable of detecting both neutrals and ions and
therefore make§ it possible to compare experimental and ‘theoretical

calculations. . ———_

5.1.3 Medium-Energy Scattering

Medium-energy ion gcattering (46) has capabilities similar én
those of high-eneréy‘scatterinq,a1;hough the maximum depth is sma]]ern
0.05-0.2 um compared to~ 0.5 m for high-enerqy scattering. In-most

. scattering experiments hydrogen and helium ions are used as incident

beams. In this case when the incident energy is 2108 keV, the scatter-

ing yield of ions pluslneutra]s ave given for most cases by the
Rutherford formula (5.1). The scatteriné cross sections are‘1arger
for tne medium energies than for the h{gh energies becanse of the.
1/E2 dependence, therefore the yield wiil be higher in this;case.
This adnantage is offset by the pile-up problem (if two ions enter

- the detector within the resolving time of the eléntnonics, then a .
sum pulse wi11‘§esu1t) which requires a reduction in the incident beam

current when a solid state detéctor is used. Very godd depth reso--

lution can be obtained if an electrostatic analyzer (ESA) is used since -

the energy resolut1on is then a constant fract1on, e.g. 0.01-0.02 of

a rather small backscattered energy.

oy
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In this energy range, a solid state detector could be.u$ed
with its ability to detect both neutrals and ions backscattered from
the target. But these detectors cannot be used in the_low‘energy regime
because of the dead layer th1ckness ESA with a chanwel electron
multiplier at the end are used to overcome the prob]em of detect1ng
lower energy ions w]th the advantage of high energy resolution. Its
major disadvantage, however, is that it cannot detect neutral particles,
a problem whiéh becomes more severe as the energy becomes lower because
of the larger neutralization as will be discussed_ later.
5.1.4 Low-Energy_Scattering

Loe—energy ion scattering for surface analysis was first intre:
duced by Smith (4) . He studied scatter%ng of noble gas ions incident
at 0.5-3.0 keV on nickel and molybdenum surfaces. The surerising-
feature of his results wes the'resolutfon of peaks'for 1ight‘e1ements
on heavy substrates without'chanee1in§; e.g. with helium beams, peaks
of carbgn and oxygen_adsorbed on po]ycrystai]ine nickel were clear]x
resolved with very 1itt]e of the background‘due to helium scattering

x

from the n1cke1 substrate, which wou]d occur in high or med i um- energy
scatter1ng \

This technique is a.true surface techn1que the energy spectra
obtained with an electrostatic. ana]yzer represent predom1nant1y jons
wh1ch have penetrated only one or two atom layers before scattering.

This is comparable to the escape depth in Auger'e1ectron spectroscopy

(3).

i
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Two major problems-arise in the 1ow-energylion scattering for
surface analys1s, the first is that in this energy range, the inter-
action is not. between the bare nuclei of the target atoms but rather
with the screened nuc]ear charge Therefore, the Rutherford formula
does’ not apply here. thferent 1nt§ratpmic potentials are proposed to
rep}ace the Coulomb potential as wes‘shown in Chepter 2.. This problem
prevents the quantitative analysis of collected spectra without the
use of standard samples. The second problem concerns the neutralization
effects mhich arg\ far more pronounced here than in the/medium energy
range. The so]id'state detectors cannot be used because of the dead |

tayer thickness. The electrostatlc ana]yzer is on]y capable of analyzing

backscattered ions, which is a sma]] fraction of the total backscattered .

" particles as w111 be shown in Chapter 7. Therefore.xcorrect1ohs for
the energy spectragghould be introduced to deduce the exact spectra

On the other hand, th1s neutralization phenomenon makes.the Tow
energy scattering techn1que morel1nterest1ng. The more compiete
neutra]ization of noble gas ions'whjch penetrate beyond the first qne
or-two‘gtgmfléyers,fthereby reducing the"background yield from deeper
-Substrate atoms and permitting reso]ption of light-element peaks (a,1).
"The phenomenon of ion neutraf{iation fn solids will he discussed tn
detail in Chapter 7.. ‘ ' .
In low-energy scattering, composxtton depth profiles cannot be

g

der1ved from a‘'single spectrum but cou]d ‘be obtained only by successive

sputtering. and ion scattering.

- In this energy’renge\\surface damage to the ‘substrate is more
. . : ' : :
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" under high vacuum conditions (107

* Specifically, if material™(mass

L . - 6T

pronounced than in the high energy range. Surface damage by 1 keV argon ion

beams on a nickel siné]e crystal has been studied by ion scattering

and LEED (50). Both technidues detected damage after doses of 1015/

cm2 or greater. . ‘
" Finally, since 1owrene99y ioﬁ scattering is very sensitive to

surface conditions an UHV target éhamber should be gsed (bétfer‘than

1078 Torr) compared to 4078 Torr in the other energy ranges.

5.2 Target-Preparation and Characterization e ‘

'
Before recording the TOF and energy ‘spectra of the backscattered

. - parfic]es, which is the main purpose of this work, the experimental

system and the TOF technique were tested by using it for surface’
analysis. A controlled surface analysis experiment was done. First

the‘tafget was prepared by evaporating a silver film on a silicon

- substrate. The evaporation was made by electron beam bombardment

7 Térr). Before evaporatjon, the

si]iéon substrates were precleaned with aéefone, hydrofluoric acid
and distilled water. To determime thé thickness of the deposition

film,"a digital thickness monitor (Sfoan mode 1 200)_was used. This

thickhéss monitor uses a quartz crystal oscillator for thickness
.calibration. If an alternating electric field is applied, the crystal

vibrates; the amplitudé of vibratibn is a function of frequency and

exhibits a sharp peak (resonance) at a.frequency detegminéd by the

* mechanical properties of the Eryséal*(dimensions and elastic constants).

The %requency 6f operation will change if these properties are changed.

) is added to one of the vibrating crystal.
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faces, the frequéncy tends to decrease. The new crysta] frequency is
maintained very accurate1y, w1thout apprec1ab1e dr1ft so that 1t is
possible te detect and measure the resu]tant frequency change.” This
change is’ arfunct1on of the added mass. Know1ng the density of the
evaporated mater1el the. fxlm th]ckhess cou]d be estimated.

Due to the dlfference between the bulk dens1ty and the dep051ted
densi;y, which is substantial for thicknesses <1000 A, the prepared
film was calibrated aéain using the RBS technique’ Figure 5.1 shows
the energy spectrum of helium (incident energy = - 1.00 MeV) Te calcu-

1ate the film thickness from this spectrum, the fol]ow1ng relation is

used (3),
C N . 4 -
< - do] (dﬂ] i S (5.2)
C; [aﬁ.i aEs N;: . o

where C is' the number of counts in the silver peak C the number of -
counts in one channe] (1 e. a known energy 1nterva1) of the- eubstrate
spectrum, NS number of silicon atoms correspond1ng'to one channel and
N; is the number of'éilver-atoms in the filh.

Only a small errvor (n2%) is intrgHUCed'if the ratio of the.

cross sect1ons 1s s1mp1y taken to be Zi/Z (3). Therefore equation

a n

(5.2) bacomes,

= Ni- -

al
¢

B

‘ VINI\)I-“-\‘N .

3 . ¢ > i
.

Taking the stopping power.for helium in silicon along the ingoing and

+
{ . * .-

El

.
K
:
!
%
‘

' - 5.3)
N; L | S ( )-




NUMBER OF BACKSCATTERED- PARTICLES (XIO )

40

W
19,

W
o

N
Ui

n
O

(&)

o

63

- | MeV HELIUM ON (Aq/Si)
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qutgqing trajectories as 115.2 xq10'15 eV/atdmtand\knowﬁhg the energf
interval per channel (from the RES speﬁtrum), the film thickness was '
found to be about41$ mon51ayers (the oriéinal thickness using the
quartz oscillator wqé’about 12 monolayers).

fo check the film continuity, éﬁ Auger spectrum was t;keﬁ from
an arbitrar} point on the sample. Figuég 5.2a shows this spectrum for

the as received target. As can be seen from this figure, the silver

- signal is the main signal indicating that silver is covering the

analyzed spot (electron beam size 25 microns at 3 keV.). Using 5 keV

_argon sputter gun (dose'm10]6/cm2),~the silver film was sputtered and

the 'spectrum in figure 5.2b was obtained. Repeating these steps at

another-point on the surface gave-exactly the same shape for thé Auger

spectra. This experiment proved that the silver film could be, fairly .

accurately, considered continuous.

5.3 Sﬁ}face Analysis by TOF

" The time—of—f]iéht.technique (TOF) can be used in a manner
similar to Rutherford backscattering (RBS) or ion surface scatténing'

(1SS) to analyze the compos1t1on of so11d surfaces (57). It is similar

. to RBS in that a]] neutrals andi1ons are detected. Consequent]y,

——

much more data per unit dose 1s r°corded for the same detector solid

angle than with ISS. However, it should he noteq that.the neutral yield

1

.is not as sensitive to surface cond1t10ns as w1th ISS

TOF was used to ana]yze a target similar to that described in

. section 5.2. Hydrogen and.helium jons were used in the analysis. The

incident energy was 10 keV and the jon béqms'hit the target normally.
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The scattering angle.was fixed at 135°. In the case of hydrogen, the

time per channel was 31 nanoseconds. The he]ium'spectra were collected

using a 62.5 nano§econds per channel.

Figures 5.3a and 5.4a show the time-of-flight spectra for 10
keV hydrogen and helium backscattered from“Ag/Si target respgptive]y.
As can be. seen from'thqse spectra, each sths a sharp peak correspond-
ing to scattering from the silver film and background (or noise)

denotes scattering from the silicon substrate.

The time-of-flight spectra were transformed to energy spectra '

as will be discussed in the next chapter. Figure 5.3b and. 5.4b show

‘the deduced energy spectra for hydrogen and helium respectiv§1y. In

calculating the energy spectra, the peak channel was considered as a
single scatter1ng between: the 1nc1dent ion and a 51]ver atom at ]35°l
Using equation (2.9), the energy corresponding to the peak channe1 was
calculated and consequently the time-of-flight. This was used to
determine the zero time on the multichannel analyzer which is-very
1mportant in any TOF measurem%ht -

The peak due to scattering from silver 1s.much sharper 1in the
case of helium than hydrogen as shown in Figure 5.5. ‘The same figure
shows that the background is suppressed: in the helium case while it is
higher for hydrogen scattering fhis proves the better resolution 5f
he11um over hydrogen as is known in RBS. S ,
Compar1ng the energy spectra ;n f1gures 5. 3b and 5.4b, it is

clear that the helium spectrum shows a hump corresponding to scattering

from silver while the hydrogen spectrum shows no humps. This"shoqu
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be expected because in the helium case the:energy of the backscattered
helium particle (in a/sing]e collision) from silver is 8.8 keV and

from silicon is.6.1 keV, while for hydrogen the energies are 9.7 keV
and 8.9 keV respectively. Therefore, the hump is shadowed by the
scattering from the silicon sub;trate due to tbo*gﬁﬁﬂler difference in//
energies. In addition, the fact that hglium hg} a larger elastic |
cross section than hydrogen increases the probability of the helium

ion being scattered from the silver film more efficiently than does

the hydrogen. This is why helium has a better resolution than hydroggn.

5.4 Resolution and Sensitivity of TOF

Important considerations for any ion scattering technique are

energy resolution and sensitivity. For the TOF technique, the energy
resolution depends on the system time resolution (At) and the time-of-

flight (t): AE/E = 2At/t as was shown in Chapter 4. For a fixed At,

o~

the resolution varies {nvérsely with the time-of-flight tube length.
However, a long tube length reduces the solid angle (a0) for a detector
with a fixed diameter” (AS T/LZ). Thus high TOF resolution can be
attained only be reducing the dat§ accumulation rate. This is an
important 1imiting factor for high energy-resolution studies (58). As
was shown in Chapter 4, for 10 keV helium ions the TOF energy reso-
Tution is approximate1y(g%. Beside the TOF energy resolution, there

is the electronic stopping broadening of at least 5% (59). These

figures give an overall energy resolution of ~10% which is consistent

.

with the broadening of the silver peak in Figure 5.3b.

T
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The sensitivity of the TGFytechnique depends on three main
effects: (1) system resolution if the peak is near the mu1tiplé
collision time edge, as shdwn by the difference between helium and
hydrogén scattering in the previous section, (2) neutrals in the_
incident Beam, and (@) fast sputtered particles. The second noise
source, the presence of neutrals in the beam, was reduced by producing
a low vacuum (19_8 Torr) in the differential pumping section. In
addition, this sect%on {s misaligned mechanically to prevent the
neutrals from gbing directly to the scattering chamber, as was desc}ibed
iﬁ Chépter 4. The third noise source, the noise contribution from
fast sputtered partjc1es in the low energy (long time) part of the
scattered spectrum, can Be reduced by Ierﬁing'the pp1§e‘répetition
frequency. In ghis expgriment,'the rgpetitién frequency was 23 kHz.

In~order to estimate the‘sensitiéity of TOF technique fbr

i

surface analysis, the silver film was alternately sputtdped at f011

‘beam and then a TOF spectrum was recorded with the pulser] at a much

~ P
reduced (10’3) beam current. Figure 5.6a shows the TOF“spectrum for

10 keV helium ions incident on a new (30 A) target, while figure 5.6b

shows a typical spectrum after the target has been spﬁttered using

1.1 x°10]6 He+/cm2 (10 keV).and 2 x 10]4 W/cm2 (7:keV) successively.

By further sputtering and then extrapolatihg the detécted\sighal;

the sensitivity'ig postqlated to be better than 1/20 of a monolayer

for 10 keV helium scattered from the silver film. -

If should be noted that the TOF technique sﬁows a poor energy
. ' . h
resolution for surface analysis comggred to ISS; but one can use the

@
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TOF spectra itself, since it shows ve?y sharp peaks, to analyze surféces‘
In this case it is not necessary to obtain the energy spectra from the

_recdnded TOF spectra.

L]




CHAPTER 6
TIME-OF-FLIGHT AND ENERGY SPECTRA

6.1 Introductfonl‘

As was indicated in bhapéer 1, the energy distribution; angq]ér
distribution and charge state of backscattered light ions from solid
surfaces are of importance for the‘evaluation of tﬁe interaction of a
hot plasma with the surrounding walls. The energy range.ub to 20 keV
is of special interest since this corresponds to\the tempeﬁaturg in a
D-T fusion reactor. The energy distribution is also important for
surface anlaysis as was seen in %he previous chapter,

Most of-the work that has been done in this energy range uses
thg electrostatic an§1yzgrs (ESA). With the problems involved with

the use of ESA, concernfnb the neutralization of backscattered particles,

" a technique had to be developed to measure\both neutrals and ions

simultaneously. Chicherov (6) recorded neutral spectra for argon

(E0 =16 keV) scattered from polycrystalline gold by "stripping"vor
re-{onizinq the scattered argon neutrals in helium or hydrogen gas -
and then analyzing the resulting argon ions using an electrostatic
analyzer. Behriscﬁ et. al. (60), Meischner and Verbeek (61), Eck;tein
et. al. (62)‘and Verbeek (35) used the'stfippiqg technique to study
the sqattering of hydrogen from different targets.in the energy range

3-15 keV.' They used nitrogen gas.at a pressure of 2 x 10‘3 Torr in the

stripping cell to re-ionize the backscattered particles. The .

74
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«6.2 Target Characterization
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accurécy of éhis stripping technique depends mainly on the calibration
of the stripping cell. Extrapo1at1on‘of h1gher energy neutra11zat1on
data to lower energies 1} not accurate. The re]at1ve errors are
greatest at low eneréies, which make the largest contribution to the
backscattering intensity (35). ' | .
The second technique used to detect both neutrals and ions in
the low energy-rqnge is the time-of-f]ight technijue (TOF). Time-of-
flight methods have been prev1ous1y used for sputtered part1c1es (63).
‘Buck et. al. (5,58,64) used this technique to study the scatter1ng
of noble gases (He, Ne and Ar) from solids.
In this work, the t{me-of—flight technique (described in
Chapter 4) was applied to study the scattering of hydrogen and helium
1ons in the energy range 5 15 keV from s1licon. The TOF.and enehdy
sgectra are discussed in the following sections. In the. next chapter the
application of the time-of-flight techn1que to the measurements of the

charge fractions of the backscattered part1c]es wiTl be considered.

"Silicon targets were prepared- from polished wafers (p-type)

the surface of which was'a (111) plane. The target was* first cleaned with -

acetone,, etched with hydrefluoric acid and rinsed in distilled water.
Inside the target chamber, it was cleaned further by bombardment w1th a

5 keV neon béam (dose mlO /cm ) before each day's experiment.

-~

S A simj]ér target was analyzed using the "Auger Electron

Spectroscopy" (AES) technique. The Auger spectra of this tqrgetidre

e
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shown in figures 6.1 to 6.4. Fiéure 6.1 shows the spectrum for the
chemically cleaned té;bet; as can be.-seen the major contaminants are
carbon and:oxygen covering the si]icon surface. A 5 keV argon sputter
“ion gun was then used to cledn the surface (fluence ~5 x 1015/cm2)

and the sputter clean surface is shown 1in figure 6.2. It could be
easily noticed that carbon and oxygen are reduced to a great extent

and ?he silticon signal has increased. ‘Figure 6.3 shows the Auger
spectrum for tﬁe same térget‘after being left in the system for 18 hours;

the pressure was 2 X 1078

Torr. As can be seen froﬁ this spectrum,

* the carbon and oiygen signals started to appear again indicating the
depositjonvof theselconfam{zént§ on the surface. The surface was
cleaned again with argon (fluence m10]5/cm2) and the new spectrumAis
shown in figure 6.4. These carbon and oxygen layers do not affect

the backscattered spectra appréciab1y, but they drastically affeétnghe_

charge states of the backscattéred paﬁtic]es=as,wi11 be seen later.

6.3 .Time-of-Flight Spectra

A11 the TOF measurements were performed for normal incidence
and fixed scattering angle of 135°. The béam chopping pulse width
was chosen~at 30 naﬁoseconq, and pulse.amplitude of approxim&fe]y
65 volts. The pulse repetitjbn frequency was 25 kHz, therefore the -

actual beam hitting the target was approximately 0.8'x-10'3

of the full °
\ . :

beam from the ion source. Typically, the pulsed ion beams used ranged

from 0.05 to 0.15 nA." The TOF resolution using 30 nanosecond pulses

is about.7% and 4% for 15 keV-hydrogen and he1iﬁm jons respectively.

e
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A typical-TOF specfrum is shown in figure 6.5. This is for
é keV. hydrogen ions incident on the silicon target. The target was
aligned/near the <111> direction but no channeling effects wére noticed
in the aﬁ&]ysis; this was verified experimentally as will bé shown in
a later séction. In these measurements, the time per channel was 62.5
nanoseconds.j

The zero-timé channel was determined using the single scattering
peak ffom the silver/silicon targets (spectra shown in Chapter 5), i.e.
the time corresponding to peak channel is,kﬁown-from the collision
kinetics and using the 62.5 nanosecond per channel, the zero-time cBanne1
was determined. ‘ ‘

_ Ebr all cases studied, there were some backscattered particles
whigh took shorter times than those corresponding to single scattering
éveﬁts at the sprface. The lower the energy and the heavier the ion,
the larger. is the number of such high enérgy particles. These particles
had encountered double or triple scatterings at the surface leading
to a total gombined deflection equivalent to 135° scattering."Kine-
matically, they should have higher energies than those which encounter
a single 135° scattering. This is the reason that they took shorter
times to reach the detector. '

‘ In all these measurements, the ratio between the peak count
and the random backgrqund wag better than 100:1, and the background

was subtracted from ‘the TOF spectra before transforming them to

energy spectra. ‘ Ci”’i.

r
»

In case of heavier ions, such as neon, one would expect to
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have more scattering from the surface due to the higher scattering
cross sections.. This effect was not observed experimentally. TOF
spectra for 5 keV neoﬂ jons were recorded using 170.nanosecond pulses
(because of the transit time 1imitation across the pulsing plates)

at a repetition rate of only 7 kHz. Figures 6.6 and 6.7 show the TOF
spectra for a practical and cleaned target respectively. By examining

these spectra, the following factors could account for the shape

observed: a large number of sputtered particles and multiple scattering.

The fast sputtering is indicated‘b} the hump at the left of each

spectrum. These particles are believed to be mainly carbon and oxygen

as can‘be seen by comparing the two spectra. For the practical taraet,

the contribution is much larger than the case of a clean target. This
indicates that cleaning the target (by neon bombardment) removes the

carbon and oxygen (not completely in this case) and improves the TOF

spectra obtained. Also, since the incident ion will Tose about 96% Eo

for neon in a single scattering with a silicon atom at a scattering

angle 135°, a 5 keV particle which has experienced a single scattering

Lol

event will reach the detector with an energy of only 200 eV. Hence

high energy neon must be multiply scattered. |,

.
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6.4 Energy Spectra.

The energy distributions for the back%eattéred particles (neutrals
and ions) are calculated from the TOF spectra by transforming the time
scale into energy scale and the counts per time interval into counts
per energy interval. This is done as fo11ows:‘

The relation between time and energy is aiven by

] 2,2
£ = 7 M]L /t

where M1 is the projectile mass, L is the length of the time-of-flight

path and t vs the time'of flight. In the present experiment; L = 128 cm

and M = 1.66 x 10724 g for hydrogen and 4(1.66 x 10-24),9 for

\)

helium. Usi%g this equation, the average energy corresponding to each

channel is c%?cu]ated and consequently AE per channel is determined

- -

(885 = Eqq-3)-
The counts per time interval is transformed into counts per

keV using the following relation

!

.

NE1'= Nt At/AEi counts/keV |

where Ny is the counts per time interval At(62.5 usec), 4E; is the

energy interval in keV.

Applying the above relations to the time and counts in each

channel in the TOF spectra gives the required energy spectra (65).

The channeltron efficiency for detecting backscattered particles
is very low aﬁﬁlgy.energies. The{efore, the energy.spectra deducéq °
_from the recorded TOF spectra should be corrected to account for the

detector efficiency. Using the channeltron efficiency curves mentioned

e =

et
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in Chapter 4, the torrected spectra were determined using a special
computer prograh (Appendix D). The channeltron efficiency curves

include some uncertainty for energies Tower than 500 eV. That is the

reason ;he energy spectra were terminated at 500 eV. In these corrections,

it was assumed that the detection efficiencies were the same for both
charged and neutral particles for energies over 500 eV (kinetic ejection
regime).

The energy spectra for thejgackscattered particles, deduceé
from the recorded TOF spectra, are shown in figures 6.8 to 6.10 for
5, 10 and 15 keV hydrogen and the helium spectra are shown in B
figgres 6.11 to 6.13 for the same energies respectively. A1l these
spectra iﬁc1ude the correction for the channeltron efficiency. To
compare the experimental energy spectra with the computer simulation
spectra quantitatively, the latter were normé]ized to the same number
of incident particles detérmined from the TOF experiments.i Assuming

the energy spectra at 135° to be thie same as the total spectra, i.e. for

all scattering angles, which are determined by the Monte-Carlo code;

and considering the solid angle the detector makes (~4.3 x ]0-6 sr. ).
The computer simulation results are shown on the same énergy spectra
deduced from the TOF measurements. As can be seen from this com-
parison, good quanfitative agreement was found. In the case for 5 keV
hydrogen the experimental values were lower than the Monte-Carlo
calculations. This is believed to-be due to the uncertainty in the

- )

theoretical values of the elastic cross section. As can be seen from

o

these energy'spectra, no surface peaks were found. It was found that
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although the scattering cross section for this energy range is high,
most of the backscattered particles come™from atomic layers inside ”
the target through mu1t{p1e scattering ;::Lts. The helium sensitivity
for surface analysis could be seen from these spec??a. The regions
marked by arrows (in the 10 and 15 keV helium spectra) correspond to
scattering from oxygen and carbon atoms on the surface. This is not
pronounced in the 5 keV helium case (as~should be expected) because

the energy is low enough that the scattering from deeper layérs will
obscure the oxygen and carbon signals. This effect is not found in

the Hydrogen spectra. ‘

In all cases studied, the energy spectra show particles with
energies higher than the single scattering events; these correspond to
multiple scattering from the surface. This e?fecx Eas been shown in
the computer simulation in Chapter 3.

To check the repngﬂucibi]ity o% the TOF'te§u1ts, the same
experiments were repeated. Figure 6.14 shows the energy spectra for
two such runs for 10 keV helium ions. As can be seen from this figg?e
the experiment is fairly reproducib}e'to better than 10%.

To check the effect of the incidence angle on the backscattefgd
energy distributiop, the target was tilted at 30° and -15° between
the incident beam and the surface normal. The TOF spectra for 5 keV

hydrogen were recorded and transformed to energy spectra which are

shown 1n”figure 6.15. Two major effects could be concluded from this

s

experiment : the high energy portion for the three positions‘!re

almost the same while the low energy side differs markedly for the 30°

Q
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’

tfit indicating more contribution from tﬁe multiply scattered particles
to the backscattered_yie]d: Therefore it could be concluded .that the
single collision model cbu]d explain the high energy hortion of the
spectra while a multinle collision model should be used to interpret
the low energy side of the energy spectra. Also, comparing the

high energy backscattered particles for the three tilt angles, it
’ .

could be_seen'that there was no effect of particle channeling along

beam di

4
*
o

' EN
the <111?kpirection in the original experiments, i.e. the incident

$ﬁot penetrate the target along a channeling direction.

6.5 Conclusions .
To avoid the Lrob]ems involved with the use of the electro-
static analyzers or solid state detectors, the time-of—f}jght technique
was used to measure the energy distribution of the total backscattered
particles (neutrals and ions) for hydrogen and helium ions incident
on a silicon target in the energy Fange of 5-15 keV,
N The 30 nanosecond pulises used for beam chopping give a
rea dﬁggly good time resolution (7% and 4% for 15 keV hydrogen and
helium ions respectively). For lower energies the resolution will be
much better since it is prbportional to at/t, where At is the pulse
width and t is the flight time.
" The shape of the TOF can be explained using the multiple
scattering model. A‘backscattered particle with a certain energy (i.e.
‘certain flight time) will originate from different depths, or generally

]
after a certain length of the total range, inside the material dépending

o o=
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on the incident energy. If the incident particle has higher eﬁergy,
the total range of the scattered particles will be longer and conse-
quently this particle will have a greater probability of being scattered ,

-~

away from the direction of the detector. This explains why the TOF
//;pectrum is broader for lower incident\energy or heav{;r incident ion
or generally for smaller value of tHe ﬁeduced energy .

The energy spectra calculated from the recorded time-of-flight
spectra, after correcting for the channeltron efficiency, aré in good
quantitative agreement with the corresponding spectra calculated using
the computer simulation technique.

f%e energ;gspectra recorded in this work do not show any
maxima at Tow énergies. This same trend was also observed in the .

S

measurements of Sidenius aﬁd Lenskjae; (65). Eckstein et. al. (61), ..

on the other hand, recorded maxima in the energy distributions of the

backscattered particles between 1 and 3 keV, the positions of these

maxima dep?ndinq on the incident eneray. This discrepancy could be due

to some uriegrtainties in the calibration of the gas strippinqg cell,

especially for lower backscattered energies. - :
The main problem with using the time-of-flight technique is

the interference of the sputtered pdrticles with thes detected signal.

Generally the Tong time (or low energy) tail of the TiCF spectra is

due to sputtered particles. For heavier -ions, sputtering contributes

to the high energy side of the spectrum as well. To reduce this

effect, low repetition rate for beam chopping should be used; but this

will be at the expense of the magn}tude of the incident .beam and conse-

quently of the data acquisition time.



CHAPTER 7
CHARGE FRACTIONS MEASUREMENTS

7.1 Introduction ,
\ For the energy range of interest in this thésis (below 20 keV),
the available quantitative data on the charge fr;ct{ons of backscattered.
particles are rare. Theoretical investigations are even more scarce.
Behrisch et al. (67) have performed measurements on charge
fractions of hydrogen backscattered from solid targets of Be, V, Cu,
Nb, Mo and Ta in the energy range of 5-150 keV. Buck et al. (68,69)
measured charge states for 25-190 keV hydrogen and helium backscattered
from Cu, Si (69) and Au (68). They also investigated the effect of
surface cleaning by measuring charge fractions for particles back-
scattered from practical and cleaned surfaces (68).
Measurements of charge fractions for ion bombardment of Ehin
foils have been done at energies as low as 3 keV. Phillips (70)
reported charge equilibrium ratios for hydrogen after transmission
through different foils. His expgriment was performed under fairly
poor vacuum conditions (>5 x 10“6 Torr), and the results showed that "
the freshly coated foils (%J, Be, Ca, Ag, Au, Si0) exhibits a different
behavior than those for which -some time had elapsed after deposition.
Recently Buck et al. (5) measu;éd the charge fractions for
6-32 keV argon backscattered from a gold target using the time-of-flight

technique. Charge fractions for 1-5 keV hydrogen hackscattered from

o
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~ gold targets were reported by Eckstein and Matschke (71) using the

stripping technique. Using the same stripping technique, charge
fractioné of helium and neon backscattered from nickel in the energy
range of 1.5-15 keV were measured by Eckstein et. al (72).

At present there is no theory which explains the medium and
low energy neutralization behavior in detail. One important feature
of several theoreticel treatments (73-75) is that neutralization occurs
outside\thevsurface as the ion leaves. The theories assume that Debye-
type screening by the electron gas prevents bound states while the ion

is inside. As the ion leaves the surface, neutralization occurs either
L]

"by recombination (73)-wj;h electron in the surface distribution or by

.

tunneling (74) from thé solid. Another neutralization mechanism occurs
by an Auger process (76). Figures 7.1 and 7.2 show schematic diagram
for tunneling, and Auger neutralization processes.

Very recently Erickson and Smith (77) developed a new model for
neutralization at low energies. They observed oscillations in the ISS
yié]d as a function of'?ﬁe primary energy for helium scattered from Ga,
Ge, In, Sn, Sb, Pb and Bi. These oscillations were not found in the

case of Al, Si, Ag, Cd, Cu and As. This phenomena 1is explained

‘qualitatively as foFlows: the incident ion and the surface atom

are considered to form a quasimolecular state while in close proximity.

16

At sufficiently high velocity the interaction time is very short (~107'° sec),

so that an electron from the solid has just time to jump to the ion and

~

neutralize it. At lower energies several transfers between the two atoms

can occur leading to maxima and minima in the neutralization probability.
. 4

o i s -
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Fig. 7.1: Schematic diagram illustrating
) tunneling mechanism.
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Et(e ) is its kinetic energy
observed outside the metal.

Fig. 7.2: Schematic diagram illustration
Auger neutralization.

If the excited electron escapes,
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Generally, no single theoretical model is capable of explaining
the neutralization process. Therefore combination of these models, or
together with other unkﬁbwn 6echanisms, could explain what actually
happens as the incident ion penetrates the solid and then scatters

back.

7.2 Experimental Results

A11 charge fraction measurements were performed for normal
incidence and a fixed scattering angle of 135°. The time-of-flight
technique was used to measure spectra for neutrals only and neutrals
plus ions backscattered from a silicon target. F{rst a zero bias was
applied to the deflecting plates in the TOF tube. In this case all
backscattered particles (neutrals and ions) cou!d reach the detector
and a TOF spectrum for the total yield could be recorded. Applying
a bias to the deflecting plates, the ion portion of the backscattered
particles will be deflected away from the detector and therefore a
TOF spectrum for the neutral yield only could be recorded. Comparing
these two spectra, the charge fractions of the backscattered particles
were determined as a function of the backscattered energy.

The silicon target was cleaned in the same way described in
the previous chapter. Before running the TOF experiment,-the target
was further cleaned by bombarding with 5 keV neon at a dose of approxi-
‘mately 10]6/cm2 under high vacuum condit%ons. .

" Figure 7.3 shows the TOF spectra for the total and neutrals

for 10 keV hydrogen backscattered from the silicon target. The two



spectra start to coincidg at lower energies (higher channel number or

time-of-flight)..

The charged fraction, C.F:, is defined as follows:

where Nt and Ng are the number of counts per time interval (62 nano-
seconds) for the total and neutral spectra respectively.

Transforming the time scale to energy scale, the charge
fractions are plotted as a function of the backscattered’energy-as
shown in figu}e 7.4. {n @his figure charge fractions for incident
energy of 5 keV H+ and 5 keV H; are recorded as well. It can be seen
that for hydrogen backscattered from silicon thgre is no surface peak
for the charge fractions even at lower incidept energies.

A similar experiment was done using helium ions as incident
particles. The TOF spectra for 10 keV helium is shown in figure 7.5.
From these spectra i£ is noticed that complete neutralization of the
backscattered particies occurs at a much smalker depth (i.e. higher
energy) as comparéd to the hydrogen case.

Again, the charge fractjons were caiculated as a function o%
the backscattered energy and this is shown in figure 7.6. As shown
in this figure, the charge fractions have a pronounced surface peak
in contrast with hydrogen; this indicates a completely different
neutralization mechanism. In the same figure the charge fractions

for 6 keV helium is shown and again a sharp surface peak was found.
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Fig. 7.3: Time-of-flight spectra for total and neutral partic,les for

10 keV HY/Si.
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7.3 Effect of Surface Cleaning ’(

lSTnce the charge state is/ngérmined mainly by the outermost
few monolayers of the su;fdée/{7ﬁ), therefore the surface condition
should be of prime iﬁportance in determining the charge fractions.

To examine the effect of surface cleanliness, the TOF technique
was used again\to measure the charge fractions of 10 keV hydrogen
backscattered from a practical and a clean silicon target.

The spectra from a practical target were obtained by scattering
from a chemically cleaned si]icoﬁgtarget; these are shown in figure
7.7a. Using 5 keV neon bombardment, adsorbed gases and hydrocarbon
contaminants wefé removed from the surface and the clean scattering
experiments were done quickly after bombardment. The clean spectra are
shown in figure 7.7b. Comparing the practical andqclean spectra, it |
could Se seen that an improvement of a factor of ~2 in the charge

,

‘ fraction was achieved by cleaning the silicon surface. ‘1_‘“

The target was then left in the scattering chamber for two |
days at a pressure of approximately 2 x 10’8 Torr, and the same experi-~
ments were repeated. Figureg 7.8a and 7.8b sho; fhe spectra without
further cleaning and after 5 keV neon c]eéning respectively. As seen
from these sepctra, the surface conditions returned to thg practical
case within two days in the target chamber. Neon cleaning gave the
same trend o@tained before with a fresh clean target.

’

7.4 Discussion and Conclusions

The charge fractions data obtained in these experiments show

»
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different mechanisms of ion neutralization for hydrogen and helium.
The following is conciuded from the experimental data.

1. For the case‘of hydrogen scattering there is no evidence
of penetration dependence. The fact the charge fractions of 10 keV
hydrogen and 5 keV molecular hydrogen lie on the same curve, figure 7.4,
show that the neutralization occurs outside the surface. This supports
the theoretical models given by Yavlinskii et. al. (73) and by Brandt
and Sizmann (75). In the same figure extrapolation of charge fractions
data given by Brandt and Sizmann is shown; this is taken from reference
number (69). The agreement is relatively good.

2. For heliun scﬁttering, on the other hand, the previous
model of neutralization outside the surface is not sufficient to describe
the data obtained. As can be %ean from fiqure 7.6, complete neutrali-
zation of ions penetrating. the surface takes place. Also doubly
scattered particles are neutralized more efficiently than singly
scattered ones. This results in surface peaks for charge fractions.
This trend was observed by Buck et. al. (5) for argon scattered from
gold and by Eckstein et. al. (72) for neon and helium scattered from
nickel. The charge state dependence on penetration depth could be
explained by the fact that the electron capture cross section o
is much higher than the electron loss cross section o, for helium,
Once a helium ion is neutralized it is very unlikely to lose its electron
again and therefore bound states are created inside the target,
oppo;ite to the Brandt and Sizmann model for hydrogen. The neutral

fractions inside the target could be found from the relation (78)

‘
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N o -
- {] + 5‘} which is very large

-

3. Neon bombardment cleaning of the silicon target increases
the charae fractions of hydroaen by a factor of 2 as shown in fiaures 7.7(a,b)
and 7.8(a,b). The experiment shown in figure 7.7a was done on a target
similar to that characterized by Ahgor Electron Spectroscopy (AES)
in figure 6.1. The carbon and oxygen contaminants on the surface
cause the reduction in the charge fractions. After neon cleaning
(doses of approximately 1016/cm2), the surface will be similar to that
in figure 6.2 and the charge fractions increase. I[f the neutralization
process for hydrogen occurs outside the surface by a tunneling mechanism
(73), therefore an oxide liyer will inhibit this process and increase

\.
the charge fractions. Contrary to this effect, when the target was

left under vacuum (2 x 10"8

Torr) for two days the charged fractions
decreased again to approximately the same values as for the practical
target. The AES was used ;gain to analyze the sample in similar
circumstance;,the spectra being shown in figures 6.3 and 6.4. Ffrom
this it could be :%sily seen that the carbon increases more than the
oxygen (by comparing figures 6.2 and 6.3 ). The carbon layer masks
the surface and the decrease in the charge fractions could be mainly
due to this carbon layer. Neon sputtering will remove this layer and
the charge fractions increase again as shown in figures 7.8b. This

surface cleaning effect emphasizes the idea that neutrelization occurs

outside the surface and is mainly affected by the last few monolayers.

* under similar vacuum conditions as the experiment.

*
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CHAPTER 8

SUMMARY

This thesis presents a theoretical and an experimen£a1 study
of the {nte;action of low and medium energy hyd;ogen and helium ions
with solids. [n the energy range studied in this work (below 20 keV),
the interaction process is complicated by two factors, namely, the
interatomic potential governing the collision evénts i< not precisely
known; and the neutralization effects of the backscattered particles
which goes as high'as 95%. In the following surmary, the main
results obtained in this work are reviewed.

1. In this study a Monte-Carlo technigue was applied to deter-
mine the energy distribution of backscattered particles. A Thomas-
Fermi interatomic potential was used and consequently scattering
cross sections developed by Lindhard et. al. (7) were apﬁlied. Both
electronic (inelastic) and nuclear (elastic) energy losses were con-
sidered. To determine the interaction parameters, three random
numbers were used and the histories of S,QOO to 10,000 particles were.
followed. From the energy spectra obtained it was noticed that there
is a depletion in surface scattering, i.e. most backscattered particle;
undergo more th;n one nuclear collision. N> peaks in the energy
spectra were found and some of the backscattered partic1es'have energies
higher than those corresponding to single;surface collision which

indicate double scattering from the’surface. This was also found

110
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experimentally. The same program determined the angular distribution
of the backscattered pahtic1eé which could be approximated by a cosine
distribution. )

2. An experimental analysié system was -developed using the N
time-of-flight technique. Both neutral and charged backscattered
particles were analyzed. The analysis system and technique was first
applied to surface analysis where very thin films of silver (20-40 Z)
were deposited on silicon substrates. Hydrogen and helium ions were

used to analyze these targets. The sensitivity of the technique was

"found to be better than 1/20 of a monolayer of silver on silicon; and

the resolution was in agreement with the TOF resoTution and electronic
energy loss broadening. In the TOF experiments precautions were made
to improve the signal to noise ratio; ratios of 100:1 were achieved

in these measurements. Another alternative for surface analysis was
found by using the TOF spectra only instead of the ord}nari1y used
ensrgy spectra. The TOF spectra have much sharper peaks that could be
used directly t3 identify the surface constituents easily.

3. The TOF techniqué was used to measure the backscattered
energy spectra for hydrogen and helium scattered from a silicon
target. The spectra were corrected for the channe]t;;n efficiency and
therefore a cut-off energy (500 eV) was dked becayse of the detector:
calibration. The energy spectra deduced from the TOF ngctra are in
good qualitative and quantitative agreement with those determined from
the computer simulation technidue: ‘

-

4. The charged ‘fractions experiments indicate that neutralization

© i AL Bl s S e S Kot g e 3
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is mainly affected by the outermost atomic layers of the solid.

For hydrogen the neutralization takes place outside the surface; no

penetration effects take place. This is in agreement with the mechanism

which assumes that hydrogen moves as ions inside the solid (75).
On the other hand, helium ions experience preferential neutralization
inside the solid which gives surface peaks in the charged fraction.
These peaks were not observed in the case of hydrogen.

Surface cleaning has an important effect on the charged
fractions. Removing the carbon layer from the silicon sur<ace by
neon bombardment improves the chargéd fraction by a factor of two.

If the target is left in the scattering chamber (18 hours at 2 x 10"8

Torr) “the surface regains the practical target conditions and further

cleaning is required to remove the carbon contamigétion.
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APPENDIX A’ 13
TOTAL SCATTERING CROSS SECTION AS A FUNCTION OF THE REDUCED
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APPENDIX 8

MONTE-CARLO COMPUTER CODE FOR ION-SCATTERING STUDIES
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APPENDIX D

COMPUTER PROGRAM FOR THE~ANALYSIS OF THE EXPERIMENTAL RESULTS
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