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Abstract

Pel
3

The growth of.a metastable binary allo} film by a low energy
sequential ion beam‘has been formulated-using a modified
atomic m1x1ng theory A conventlonal electron impact ion
source has been ‘modified to be used as an ion source for
b;naryyalloys by adding a second furnace. A new operating
mode of electron'impact ion source: constant dlscharge
current and voltage has been realized with the aid of
computef control of ion source operation "This new mode w1th
feedback control .provides higher ion extraction and better
stabll;ty{when compared with conventional modes. A-.
microprOCessor-based data acquisition &nd control system
u51ng a master- slave conflguratlon has been de51gned and
bu1lt to handle the sequentlal déposzt1on of two elemental
ion beams. A host computer is 1nterfaced w1th the slave
system:as a control console for the ion beam system An o
eperatlng system for the slave system has been wr1tten to ';

execute multzchannel data acqu1s1t10n and control of

sequential 1on beam dep051tlon. For the host computer

”operation' two separate softwares have been wrltten° one for"

r/‘

1on source outga551ng and another for sequent1al ion beam

-

dep051t10n and data handllng Blnary alloy th1n films of Pb

and Mg have been produced ny sequentlal ion beam dep051t1on

and analyzed with Rutherford backscatterlng, scann1ng

electron m1croscopy and transm1SS1on electron microscopy
‘\

The results of ana1y31s show that metastable b1nary alloys

N, -

can be produced by thlS new_techn1que_w1th excellent‘control'-
I‘ . ;:‘3 ‘ . ",»_' o - ‘ H V
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I. Introduction _ "

The demand for the applications of ion beama to
material modification and material growth has;increased in
parallel with the industrial demand for new materials havrng
.improved characteristics for adverse environments. »
Especlally in the rapidly advancing microelectronics device
technology, the use of ion’beams in tﬁe device'manufacturing
prccess has become an essential technology. As.well as in
microelectronics device applicatious, ion beam technology is
used in other industrial applications. T;ey are: optical
.coating, wear resistant tool dr machine compopenfsh
metallized films, metallized blastics or téﬁciles, coated;
window glass or iron sheec“and so‘on. .-

In recent years, high energy ion beams have been used
to produce metastable alloys which exceed the convent!gnal
solubility . 11m1ts(*1—6) Multiple target sputtering
depos1t1on(*7 8, 9) h1gh/dose ion implantation(x10) and ion
‘beam mixing(*1- 6 11-13) have béen the generally accepted
technlques used to date\to make metastable alloys.

- The low energy ion beam dep051t10n technlque 1s known
to have an 1nherent superlor controllab111ty of its beam
energy, beam purlty and r su% 1ng thlckness in the growing
f11m(*14—26) The advantages of the Tow energy ion beam

dep051t10n technlque over conventlonal techniques such as -

thermal evaporatlon (which 1ncludes molecular beam ep1taxy)
§
and sputterlng in metastable alioy f1lm dep051tlon, can be

.
0
-
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', conversion 'started with the preliminéry study ‘of two

summarized as follows : , o
.é. high particle energy (50 eV) : controllable and hiéh
energy contributes 'to good §ilm‘aapesion to
suﬁstféte, allowing intermixing of alloy elq&ents:

b. high beam purity : ion beam mass filtering angd dltra
~high vacuum envirofhent cbntributes to the high

b .

purity of each alloy element. -
- I

€. beam directionality': focusfng and-séénning‘of beam

contributes to good film thiéde;; distribqtibn.

d. the precise monitoring of ;Hé quantity of‘@epositgd
ions to control the composition of the alloy and the
film thickness is made possible through the
specification of ion dose and beam dens;ty.

’It‘was_conceivéd that a ﬁeiastablé alloy could be

formed if an ion beam of\multiple elements could be

deposited onto a common substrate simultaneously or

sequentially. The alloy composition ratio could be -

' controlled by the deposition dosage of each different ion

beam. A binary alloy system haé been implemented he}e‘ﬁainiy

to investigate the feasibility of the technique but also to

hreduce*the complexity of the system.

The present work describes a deposition system for .-

growing films of binary allo&s set up by cohverfing a’

conventional low energy ion beam deposition system which was

designed by P. Bryce(*1§) in 1970. ?laﬁhing for the

différent modes 6f'51nary deposition system ; a

N ‘ | 4

e
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co-depositien mode and a sequential deposition mode. The
seqmential deposition mode\has been’seletted because of tﬂe
lower cost for, system set-up. fhe co-deposition mode has
simpler system oper;tion and higher deposition efficiency
when compared with the sequential mode; but the former
requires two identical iom beam lines which:are aligned onto
a common substrate.vThe cost'of suth an ion beam system then
becomes almost twice that of a sequential system,.
The conversion involved f%ur major design procedures ;
~a. dnta acquisition and control system hardware design.
b. séztware development for slave and host computer '
operation,
c¢. modification of the ion source to produce ion bééms
of two different species
d. modification of' conventional power supplies to be
4 interfaced with cempUter controls. ~
Data acqu151tlon and control protocol for the sequent1al .ion
beam deposition system is essentlal to execute the | |
sequentlal operatlon which 1nvolves switching a number of
ion ﬁggm controls from one set to another in a short perlod
'The requirement of high voltage 1solat10n of 7. 5 kV on
A/D and D/A urits became a crucial factor .in determlnégg
whether to buy off-the shelf multichannel data acqu151t10n
‘and control systems or to de51gn one to meet the
N .
‘requ1rements of the existing system. At the t1me of thls
conszderatzpn(1981), no cqmmerc1al‘multichannel data . d/
"acquisition and contr6}.5ystems‘with such a highmyq%tage.

4
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isolation rating were available. Therefore, an 8-bit «

microprocessor-based systemswith 7.5 kV isolation rated o
4

components was designed and built to handle the reguirements,

of the sequential ion beam deposition system.
In Chapter 11, the interactions between a stationary

target and a prOJectlle having kinetic ,energy equ1valent to

-

the, 1on beam dep051tlon.ener€z are descrlbed in detail to

&
v1suallze the amount of energy transferred and the low

-

p0551b111ty of lattice atom r moval at such a.- Iow 1nc1dent

energy. - AN s A S

e »

In Chapter 111, a.new concept of atom1c mixing theory
appllcable to the film growth by low energy ion beam
deposition is described. A computer simulation based on this

theory is presented using binary alloy deposition by

s

sequential ion beams.

Optimum operation of an ion source is an important
factor in determining ion beam system efficiency; To helpl
understand the effects of ion source parameters pn the
operatlon of an ion source, aﬁfanaly51s .of the p;rameters of

‘the ion sougce with the physacal dimensions and operat1ng

conditions used in this work is given.in Chapter IV.
The application of real time computer control facilitates
the conception'and implementation of a new mode of ion

source operatxon : that of constant discharge current

'”together wrth a constant d1scharge v%ltage mode. The new

mode perm1ts the extract1on'of h1gher~1on beam currenfs

compared with the twe conventional modes : constant

N



"discharge voltage mode or constant discharge current mode. A
detailed implementation with results of ion beam extraction
Aunder the new mode are discussed in Chapter 1IV.

In Chapter V; the hardware features of the sequentzal
7
ion beam deposition system are descrlbed: First, "the ion
beam system characteristics are discussed, emphasising a new

Cm

g%ometry of decelerator electrodes at the target(film

deposition) end which was designed by computer simulation.
Second, the microprocessor-based data acqu151t1on ~and

-

control system is described.

~ - ”

In Chapter VI, a software protocol for the

ki

microprocessor—based system (slave computer) to handle’ front

end units of-A/D, D/A_and AC load controllers, and one for

IBM PC (host computer) to behave as a control console for
the sequential ipn beam deposition systemlare described.

In Chapter VII, the alloy film production and analysis
, )3 C :

‘are covered. In the first section, system‘”berational

I
-

parameters used during filh productiea are 'iscussed- The
main elements used in this experlment are Pb'and Mg. The
result1ng alloys have .been 1nvestlgated w1th Rutherford
backscatter1n¢, scanning electron m1croscopy
transm1551on electroa m1croscopy In the later section, the

‘appllcatzon of RBS techn1que to the ana1y51s of \alloy fllms

1s dlscussed and the results of film analy51s arelalso

.wdescr1bed in this chapter. Also, results by SEM and TEM

technyques are descrlbed

\

[

-
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Chapter VIII discusses the limitations of the present
system and recommendations for future improvements.,

Chapter IX summarizes the significance of.the present

work. 1 )

s

The current state of the cemputer control proé?%ms are

reproduced in the appendices. . &5




I1. The Low Energy Ion Beam Deposition ?eghnique

The interaction of an energetic ion-wrth a sofﬁd

involves a number of different processes. Dependjing on the .
ene{gy‘ofvthe incident ion, the interaction between the ion
andithe substrate can be'aivided into three categories; 1)
the ion can penetrate into the ‘substrate and rest deep in
the sgbstrate. 2) the intident ion can sputter a number of
Asurface,atoms before it comes to rest near the surface
region) 3) it can reside on the surface with a very low
probability of ejecting surface atoms.

In each of the. above three categories, the‘ion
transfers its kinetic and potential energy to the substrate
lattice atoms. The ejection of atoms, ions, electrons and
photons, and the dlsplacements of atoms are the major
processes occurrlng durlng the energy transfer process. Many
of these processes are utilized in materiaIS'soience to
develop or 1mprove material character1st1cs, or to analyze -
an.unknown mater1a1 by monitoring the interaction between

the known incident zon and the target These process w111 be

dlscussed in more deta11 1n the next sectlons.

"A. Two-body collision kinematics |
When an energetio atom coliides with a stationary aton,’
'one can. expect\the change of kinetic energy of both atoms,
or the exc1tatlon and ionization of the 1nc1dent or target

atom. When the energy spent on;the=1atter two processes is
N : o

7
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negligible compared with the kinetic energy change of the
target atom, the col}isioniis considered elastic- The
inelastic collision process becomes significant only when
the incideng’atom enérgy is in the range of A,; KeV , where
A, 1s the atomic number of’the incident atom(x1). The model
within the energy range of 10 - 300 eV of low energy 1ion
béam dgposition is therefore considered as an elastic ‘
collision process. When an incident ion beam of mass M, and
energy E, collides with a stationary atom of mags M., then ‘

the energy T, transferred to the stationary—atom 1s given

by(Figure 2-1),

T=4M M, (M,+M;) % E, COS?f ——-—=——~~—=—=—mmz (2-1)
where
P , : =

.6 1s the target atom scattering angle. -
It is obvious that in the head-on collision where 6 =0°, "the
maximum energy transfer occurs. The maximum-energy transfer
is given by,

T=4MM; (M;+M;) 2 Eg =-—=-—-=—-mommooe (2-2)
The minimum energy trénsfer occurs at theﬂgrazinga%nglefdf
6=90°. The deflection angle of projectile y, is given
by(*1), .

: ' k oy
¢=‘ta‘n“‘[Mzsin29/ (M1’M2C0529)] ______ - (2‘3)



M1 : PROJECTILE MASS -
M2 : TARGET ATOM MASS | |
 EO : PROJECTILE ENERGY BEFORE COLLISION
T+ TARGET ATOM ENERGY AFTER COLLISION
'+ TARGET ATOM SCATTERING ANGLE .

¢ ¢ PROJECTILE DEFLECTION ANGLE

-

A

. Figure 2-1. Two-body collision model -

-



" the form of .a d1fferent1al cross sectlon with respect to

10

B. Collision probability

”

It i1s necessary here to_introduce the scattering cross ,

.
g

section to.deseribe the probability of an atomié collision.
When an energetic incident ion moves towards a target, it
may be considered that the incident ion sees the target eshav
collection of maﬁy solid "balls" seattered around, - with
spaces between each ball.‘If.the ball diameter is large'and
the space between balls is smell, then the probablliti‘of
'collision will be high. The ball "size" seen by the incident
particlée may be considered to'veryias the incident particlez
energy changes. k\

Generally. the higher the 1ncrdent energy, ‘the smaller

/

yd
is ‘the effective ball size resu;tlng in a lower coll1s1on

probab111ty Because the cre/; ‘section is a function of .
incident- partlcle energy, it is convenient to express it in
-
energy The ball 51ze is’ determlned by the interatomic
forces when the 1qp1dent particle‘moves'closer-to a‘target
atom, | | ‘ | n |

| Early studies'aboﬁt the lnteratomic forces were based.
on the Coulomb potentiEl;which is iﬁversely proportional ‘to
'thevinterafemie~dletance r. The screeniﬁg,effect of the
orbitelrelectrons"hasxbeen‘introduced into the Bohr,
Borﬁ—ﬁaye:\%nd‘Thomes-Fermi interatomic potential models;
.Lindhardg Scharff andlsehibtt have refined4tﬁe cross section

\



L
o

[ - _ .
theory u81ng the'Thomas Ferm1 %odel (x2). Among different’

1nteratom1c potent1a1 models the Thomas-Fermi potential 'ﬁh
ﬂ

1..'
.,,1

A wqth a well defzned power approﬂ1mat1on has been .used most
- . 9
R comqgnly nowadq}s to derlve the scattering cross section.

!
i

Tbe q;gss;sectxon~o with power parameter m is given by(x*3),

) ‘ 4
¥ - . ! PRI ’ L ! .
™, e ¢ S i M (2-4)
1 . S ‘ . - Wt : .
L .'n,l et e o o v ,
AR ;, power pa;gmetef
T ,3';' -\ ) .’
‘ Q‘The power parameter has to be %elec;ed accordlng to the
Lot PR o
. qanc1dent partxcle energy Erom Slgmund s work(*3) the power
v.parameter m" for the energy range of l@w _energy ion beam
‘ . e
;depos1txon xsrassﬂmed "o 'be zero. Then the resulting cross
" - '
;sectlgn~equat;5n-{gf=the low energy particle is given by,
‘ f\}m do/dT ~-Cq/T Pt (%’5)
,where P o - &
e co-o 5 7 )\oaz - e :
- 04- .
‘ij A0724 }3 | .
2; .,a 0. 8€5a0(2 2/3+Z 2/3)-1/2 . S )
T '.7 : h" ‘
i The crosé sectlon for a low. energy colllslon partner with Pb

l

"



f=cos  "(K' " Y) "% e (2-7)
: »

where '

K=4M,M;E, (M,+M;)'2

Y : target atom scattering probability
Frcm eguation 2-6 acd Fig. 2-1 the maximum scattering angle
of target atom occurs at v=0°, 1.e. at the minimum possible
glancing angle collision.
Thc projectile will have minimum deflectioc angle after
minimum glancing anfle colligion &ith the target atom.‘From

equations 2-1 and 2-6, the proposed "prohibited angle" of

projectile deflection becomes,

Ymin=tan  "{(1+A) [4AE, (1+A) 2-1)'/2 (2E,-A-1)"'} ----(2-8)
wherc
A=M, /M, \

Computer simulation of the collision process aids the
visualization of energy and direction of both particles
éfter‘thc proje%tile ion cf 50eV energy collides with the
target atom. From equations 2-3 and 2-7, the target atom.
scatterlng angle 6 and projectile deflectlon angle ¢ are
calculated as scatterlng probab111ty y. is 1ncremented 1n
steps of 1 %. New target atom and projectile energies after
collision afe-also calculated. The piCtofial,pfcseﬁtétion is
for the line length as enérgy and the line spacing as
scattering probability(1.0%). Figures 2-2a -.2d show the
péfticle hass’depehdéhcé onlenergy‘ahd‘the scattering

/ .
angular density of target and projectile deflection after
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collision.

The prohibited angle of projectile deflection after
coliision becomes larger as the mass ratio of target and
projectile increases and/or the projectile energy is
lowered. Especially this relation is strong when the
‘projectile is lighter than the ‘target atom. The projectile
deflection with the highest probability is right above the
.prohibited angle, as indicated by the closely—épaced'lines
of scattefjng probability. The density of lines‘describing
probability distribution increases as the mass ratio of
target and projectile decreases and/or the projectile
initial energy increases.

The energy transfer to the target after collision
" becomes smaller when the mass ratio of heavy atom and light
atom becpmes lérger regardless of which is target or
projectile: When a heavy projectjlelcollides with a light
target atom, the Frajectory of the projectile is hardly
affected. Forvthe reverse case of target and’projectile, the

light prbjecti?e is deflected with a wide distribution of
,probability backwerés as-well as forwarde. "

Tﬁe displacement probability of the tafgetuetom is

: deScfibed by the minimum-displacemeqt energy Eymin where
probability is.zero and full displacement energy

E, (=2, 6E.,,,,.n ) where probab111ty is one‘and the dlsplacement
‘probablllty varies llnearly between Eamin’ and E, (%4). The

small semi- c1rc1e in Flgure 2-2a - 24 is for m1n1mum

dlsplacement energy, Egmin and the large semi-circle is for

A. - ”
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full displacement energy, E,(*5). The collision between a
prdjectile and a target atom with‘ﬁdentical m#ss shows that
a considefable fraction of taréet atoms receive more than E,
and the majority of the projectiles retain a large portion .
of their initial energy after collision.

When considering alloy deposition using a low energy
ion peam and a‘large mass ratio betweeﬁ projectile and
target, the majof mixing mechanism relies én the projected
range,distributign bf the incoming particles. The ballistic
mixing mechanism involving-target lattice disruption is
minor. With equal or similar mass alloy constituents, the‘
portion of target lattice atoms displaced by the collision
is large. Ballistic mixing then becomes as significant as

the projectile projected range distribution in determining

the spatial disposition of the alloy constituents.

C. The penetrationland damage region

The incident ion transfers its potential and kinetic
energy to -the lattice atom; through,successive'collisions;;
béfofe it rests, and the depth range where it finally rests
can be'described‘by a certain‘distributibn‘funétion. Thefe
is a wide range of data:availabietfpy aqg?mber of different
: incident atoms and various target -atoms o&érwa.wide.range of
.energiég, buf_thé data are légking_for extreme low energies
of .less than 300 eV. ‘However, the mean tgnge of 500 eV Xe”
in W was reboﬁted to be approximately 5 A°(x6). A report of

comgufér'simulétion résults with 50 eV Ag* onto Si(111)
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shows the most probable penetration is about 5 A° (%7). The
same computer simulation report with 50 eV Ge- onto Si(11le,
50 eV Ag® onto Ag(111), 50 eV Ge' onto Ge(111), 50 eV Ge"
onto Ge poly, shows the penetration depth distribution stays
below 10 A°. With 125 eV Ge® onto Si(111) and 125 eV Ge‘§
onto Ge poly shows the highest probable penetration deptﬁ-
about 8.A° and the upper bound of distpibution reaches to
about 12 A°(*7). Generally speaking, the penetration and
substrate damage by low eV energy ions is limited to one to
two atomic layers below the surface.

¢

D. Ejection of particles from the substrate

The major ejection mechanlsm from a substrate by
eolllslons between incident ions and substrate atoms 1is
called sputtefing. The sputtering yield is a function of
incident ion energy, incident ion mass,-target atom mass end
“incident angle. Many ingenious methods have been developed
to measure the sputtering threshold energy(*8). One of the
results shows that the threshold energy ‘'varies as a functlon
of the heat og subli@ation of the target ‘material for He’
and Ar* bombardment(#9). :

‘Near the‘thresholdtenergy region, ghe sputtering yield
measufements>show two different siopes(¥10 11): -one with low‘
slope whxch starts at the threshold energy and stretches
over about 50 eV/energy and another withfsteep slope which
starts at the end of‘low elope and incfeases_rapidly as

eqergy is'increased;_HenSChke(*12) has proposed that the low



18

" slope near the threshold region describes a “minimum—band;
threshold where small energy is required to release an atom
which is isolated and lies above a full plane of-target
atoms. The steep slope at the end of the "minimum-band"
threshold can be described as the "full-plane" threshold
where larger energy is required to eject an atom from a
complete crystal plane(Figure 2-3,2-4).

According to Henschke's two different threshold energy
proposal, it is very likely that the self-sputtering yield
+1n the process of film growth by a low energy ion beam would
be’higher than the one wiﬁh a bulk meterial target with the
Same energy ion beam, because there would be hore isolated
atoms on the growing film than on the bulk material. By
reduc1ng the energy of the ion beam below the "minimum—band"
threshold the self—sputter1ng can be minimized but the ion
loss due to the space charge expansion inereases ragidly at
‘the extreme low ion energy. Therefore the optimum ion energy
has td be selected by’considering’borh the self-sputtering
and the space charge expansibg. The proposed ion deposieion

rate f(f) at %ion energy'E becomes,

E(E) = 1(E) [1 - y(E)] -m-mrmmmmmm (2-9)

where ‘
'I(E)l; ion current measured at target(ion arrival rate)
y(E); self-sputterlng coefficient
1-y(E) ; loﬁ sticking coefficient v}l

There are eVailable data of theiself—sputterihg coefficient

¢
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on various elements bﬁt most reports do not include the
éxtreme low energy region of interest for low energy ion
Beam deposition(#*13,14,15). When an alloy target is used:
the sputtering can cause a surface composition change due to
the differing sputtering coefficients of alloy elements.
Therefore iﬁ the process of alloy deposition using ibn
beams, fyrther céution has!ﬁo be taken to keep target
séuttering to a minimum even at the costAof Qgpdsition
efficiency.

The i1mportance of secondary. electron emission in the
ion beam experiment is that the ion turgent measurement
accuracy i1s greatly dependent on the contirol of the
secondary electron emission. In the low enérgy ion,béam
" deposition system, the secondary/electron e?}SGQﬂﬁ/is not
affectiﬁg ion current measurement on the takget because the
geomét;y of the ion deceleration system in ‘he target

chamber acts as a secondary electron supressor with an

equivalent high suppressor potential.




II1. Metastable Binary Alloy Thin Film Deposition using a

AN

Sequential Ion Beam Technique

A. Introduction

Chapter II discussed the kinematics of ~
projectile-target collision processes and introduced the .
concept of energy exchange between a single incoming
progectlle as it slowed down within a solid target comprlsed

of individual atoms. Of course,\any film dep051t10n method

uses a flux comprising a large number of incoming particles.

Chapter I1II therefore is concerned with the mechanism of

(

film growth using such a collective beam of low energy -
3,

particles. Recent theoretlcal work has to be extended and
modifjed here to accommodate extremely low energy incident

particles in a film growth mechanism.

Initially, however, a brief re?iew of'established ion

beam techniques is presented in order to stress the
essential differences between these and the low energy

1

concepts comprising this thesis. .

. , .
Recent developments_of interestyin'the formation of;
metastable materials.have.been enhanced‘with the application
of high énergy 1on beams. Sputterlng of multlple targets
onto a common substrate is an example of metastable materlal
formation which has .been reported in ear11er works(*1 2,3).
Moreover, 1rrad1at1ng layered f11ms of dlfferent materlal

with a hlgh energy ion beam causes m1x1ng of layered

materlal into each other. The 1pn beam mixing technigues
N ,
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B

have been investigated by many researchers in recent
years(*4,5,6,7l. Also a metastable alloy has been reported
from an eguilibrium alloy after the surfaces are bombarded
with energetic ions(*8). The high fluence ion‘implantation
under carefully controlled conditions can produce localized
metastable alloys.

. The aforementiohed techniques in producing metastable
alloys lack the prec1se control over alloy composltlon A
conventional technigue of controlling the alloy comp051t10n
ratio u51ng multiple sputtering targets(co- sputtering)
'ma1nly relies on the target area ratio and sputtering:
coefficients of target elements. Moreover,-adéﬁng a high
energy ion beam mixing process_introduces more- variables,

. . >
The composition profile of the alloy after the mixing
process is dependent on a number of different parameters:
ion beam energy, prOJectlle ion mass, ion fluence, substrate
temperature, the mass of atom to be relocated and the mass

of the host lattice. Unfortunately, sputterlng adds a

i

further comp11cat10n espec1ally when .a hlgh fTuence ion beam
is’ app11ed : the desired material actually erodes. Due to
the l1m1tat10n in the pro;ected range of energetlc ions, ’the
depth of any ion beam mixing process is restrlcted Because
a thlrd spec1es 1s usually used as the prOJect1le ion in ion
beam m1x1ng, the processed alldy also contains considerable
port1ons of the injected ion specxes. |

A metastable alloy formed by ion bombardment of an

equ111br1um alloy 1s dependent on preferent1a1 sputtering
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and displacement mixing, and these are effective only at the
near surface regiona The’dopant profile‘of low fluence ion
implantation approximates a Gaussian distribution; at t\e
high dose and high dose rates which are commonly used to
produce metastabie alloys,~the dopant profile becomes
non-Gaussian(*9) and it becomes difficult to predict the
effect of such bombardments. The control of the composition
ratio of a binary alloy using high dosage ion implantation
is limited to a very local range. Therefore, this technique
is not adequate for producing an alloy with a uniform
compositional ratio over a useful thickness.
Inlcertain»applicationsi the ion beam techniques have
been recognized as an alternative method of growing thin and
thick filﬁs. Depending on how the ion beam is involved in
the film growth process, the technigue can be considered to
be subdivided into ion beam sputtering, ienized cluster beam
deposition ana ion beam deposition.,The‘ion\beam'sputtering
techn1que(*10 11,12) employs a high energy 1on beam wh1ch 1s'
dlrected to the target° a substrate is situated close to the
target so that the sputtered target material condenses on 1t
eff1c1ent1y The substrate is usually malntalned 1n high
Qacuum while the f11m is be1ng grown and the risk of |
contamlnatlon is relatlvely low. This technique has an.
advantage of no restrlctlon in the selection of f£ilm
materlal to be deposzted Compllcatlons arise when the

~d1£ferent sputterlng coeff1c1ents have to be con51dered w1th.

dxfferent comblnat1ons of: target element, 1oA beam species,

‘»
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lon energy and ion incident angle. The energy of a sputtered
particle ranges from a few tenths to a few tens eV. The-fifm
growth rate is high especially when a high current ion
source 1s used but this technique lacks the precise control
of film stoichiometr} because it is difficult to control the
directiop and'density.of sputtered particles.

The ionized cluster ion beam techniqne(*1§,14) employs
a nozzle source from which a jet stream of multiatemic
clusters is formed by the adiab;iic expansion of vapor
through the nozzle. Electron bombardment onto the jet stream
causes partial‘ionization of the atomic@clusters. Because of -
the small ratio of charge to nnmber of atoms in a cluster,
the average energ& of individhal atoms in the cluster is;in
the range of a few eV and it is dependent on the ch;}ge
ratlo and aceeleratlon energy This . technlque has the
advantage of h1gher dep051tlog rate compared w1th ion beam

14

~deposlt10n. There are difficulties in ma1nta1n1ng a constant

.

ratlo o(’charge to cluster size and in controlllng the

| amgunt of mater1al dep031ted in a prec1se manner.

e

The direct deposition of a low energy ion'beam onto a
‘substrate has .some d1st1nct1ve features. namely the prec1se '
control of partlcle energy and of dep051t10n

N

den51ty(*15 19). Because of the 1on mass" selectlon process,»

‘the ion beam depos1ted materlal mainkains: 1ts h1gh pur1ty
regardless of the impurity conteht in the ‘'source materlal
The d1sadvantages of this techn1que t\present are a low

_f1lm growth rate and a 11m1tat1on' n the selectlon Qf fllm '
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meterféls which have to be ionized. To igcrease film growth
rateha hlgh current ion source 1s requlred but at high ion
currents ion optical aberratlons and space charge expansion
problems arise due to the low deposition energy.
T produce .an alloy with a.particular composition
.ratio, the most important'consideratign will be to-control
“_ thepiqtroduction.of each eomponent of the alloy. The next
;mpbrtébt consideration uill‘beuto mix homogeneously over
'the{uheleVVolume. Tbe;eontrollabillty offered by the low

energy“len beam deposition technique meets these alloy

B

substrate .can be counted and when the desired ion dose is
. <

o dellvered the supply can be turned off instantly. Compared
w1th sputtered partlcles or ionized clustered particles, the

P .-

hlghec energy .af ions is a favorable feature in the mixing

p%ocess and the un1forml”well—controlled ené%é?épf ions aids

.,

. AeprOQUCthn requirements. The number of ions delivered to the:

o the un;formlty of mixfng. If a number of low energy ion beam.
s ' - . 4
;}, sources w1th dlﬁferent 1on species can be aligned to deposit

"
o .,.,:
T e

ngthexr rons with - log gnergy onto a common substrate, a new
e ¥ R
} %, algoy can be formeg in ‘much the same fashlon as in molecular

; beam epltaxy.‘The compos1t10n then, is directly related to

Rl,‘f .

'ﬂthe dese(bt duty cycle) of each dep051€1on spec1es..

S
e,,

ﬂib;‘ p thls wb;k b1nary alloy fllm dep051t16n using a-

sk ";\',:‘é ‘-->

"sequentxaleysggm w1th a 51ngle ion sourcg'w1ll be proposed

'"[ésfan dlte%Patlve to u51ng a more expen51ve conf1gurat10n of

-

)



| 26

ratio has beén.produced by such a §equential system. In this
process, the sequence‘consists of depositing a very thin
layer(é few tens of A) of one element.onto tha@oof
another(Figure 3-1),
The unit layer thickness is determined by the composition
ratio of the desired alloy and the mixing range at the given
ion beam energy. Usually the deposition energy }S‘Selected
so that unfty sticking coefficient is obtainea with the
selected energy (typically 50 eV). Under these cﬁnditions L
the composition ratio then bécomes identical with the
deposition dosage ratio of the differeht materials.
;-
B. AtomiC'mixing with low energy sequential ion beams
‘The atomic m1x1ng processes under the bombardment of

hagh energy 1oﬁ§ are well understood and investigatetl by
many researchers(*21-25). Initially the undesirable effects
of atomic mixing were reported. For example; in the case of 
implantation doping, tye broadening and shift of an existing
‘ dopént concentration profile is further modified if depth
profiling 'is measured by a sputter;etching technique
-,(*25,26,25f. Later the advantageous side’of atomic mixing
‘was discussed and‘applied to produce metastable alloys usihg”w
layered thin films andva high energy. ion beam (*2-8 28-32).

| The atomlc m1x1ng process can be described by Slgmund s

“transport equation(%23,33) :

-
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The block diagram ?f/sequential ion beam .
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(x)/0¢=von(x)/3x +J{F'n(x-z)-F n(x)}dz

+J° 7 3/0x{D3n(x)/3x}+F,(x) --- (3-1)

N n(x) : atomic concentration at x

v o surface erosion velocity by sputtering.per unit 1on
current density

F=F(x,z): relocation function, relocating from x to x+z
F'=F(x-z,z), relocating from x-z to x

z : relocation distance in the direction of x.

J : ion current density
D : diffusion coefficient
F,{(x): normal&zed'range distribution funtion

¢ :'ion fluence

The firsg term on the éHS of Sigmund's transport equation is.
for the %putterlng effect, the second term for the
atomlc(balllstlc) m1x1ng, the third term for thermal
dlffusxon_aad £he fourth term,}or the prlma;y injected
particle restlng after energy ﬁransfer.

~ Later, Cgrter and Collins proposed a dlffu51onv
approxlmatlon o the atomIc m1x1ng process using a diffusion
coeff1c1ent and a drqft velocity of the 1mplanted and/or
" host specxes 1nstead of Slgmund s relocatlon functxon. The
Carter and COllIQSadlfoSIOn approxlmatlgn formyla for

low-dose irradiati'on conditions can be described

by (#34,35,36),
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on{x)/d¢=v J° ! an(x)/bx—a/ax{Vn(x)/J}+a’/ax’{Dn(x)/J}——(3-2f
where

V : drift velocity of diffusion of injected species
Witﬁ a high fluence of injected atoms in a local area, the
local atomic concentration ris€s to saturation and any'
further injection of atoms to the area causes an outflow of
excess atoms to an unsaturated region(#*27,37). This 6utflow
of atoms has been termed " collective current " by Collins.
The diffusion approximation formula with coiléctive current

is given by (*27),

\
J an(x)/?¢=v dn(x)/0x-0/3x(J,~-J*)+JF, (x) —~-=-~4----= (3-3)
w?ere \
| .
Jy, = -8/0x{D n(x)} + V n(x) : injected current

J* : collective current

~

F,(x) : normalized range distribution
. 3

new éppiication_of étomic mixifAg using low enérgy
seqgue tial.ion beams‘is propésed here in/producing
metastable alloy films. In the prgsent considerations, a low
energy\lon beam of 50 eV energy/has a very short raﬁge which
ess than,1b A(x17) i to-a.solid‘target; the‘ |

]
yield also is verf small. The target surface then

" extends
sputfefiq
'grows as the ions are deli ereé to the target surface. The

iQns also pe‘étraie undey the surface c%using atomic mixing

SN\ , )
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while the sur%ace is growing. The Collins's collective
current concept can be applied to this atomic mixing process
caused by these short rénged low energy ions. A new term for
surfaée‘?rowth now has to replace the surface erosion term

in equation (3-3),.

The average surface growth velocity, vo 1s given by,

n : alloy atomic concentration ( cm-?)
The number of atomic displacements per incident ion with

energy E is given by(%25),

N(E)=0.25E/Eym . ——=-~==——-=—===—=----- (3-5)
where |
Edmin ¢ minimum displaceméét energy

n(E) :‘number of displacement )

E : initial ion énergy
For Mg and Pb, the number‘of displacements by a 50 evlipn is
about 1,25. Here E;m.n,(Mg)=10eV,‘and Edmjn:(Pb)'.
=10.5eV(%25). Because of the low number of displacements per
iﬁﬁident ion, the second term on the RHS of Sigmund's
tranSport'equation(Eq.3?1) becdmes negligible everywhere
e*cept wvhere an abrupt atomic'épnéentratioﬁ‘change;is'
. located. In other words, when considering the gfowth of an»:
alloy film by tﬁe depbsifion of 50‘eV ions, the major
contribution to atomic mixiné is from the locétion'of

S
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incident ions embedded under the surface and collisional
mixing processes can be neglected. The eguation for the low

energy ion beam deposition then can be given by,

an(x)/at=—§oan(i)/b3+JF,(x)+aJ‘/ax ——————— (3-6)
where

vo::aQerage film érowth speed

F,(x) : normalized range distribution )
J* : "collective éurrent" due to the atomic
concentration saturation ' .

The atomic concentration of a binary alloy, n(a,) is given

by (%38},

n(a,5=ﬁz/(14ﬁa,) i == (3-7)
where
N, : pure atomic concentration of sbecies 2
N, : pure atomic concengrétion’of species 1
a, : composition ratio of species 1
B=N,/N, -1
Other Qnits used in the foilo&ing‘eqhations are :
n(x,t) : alloj atomic concentration at depth x and time
& 5 :
a; : species i composition ratio in an alloy.
@} : new composition ratio of sbécies i after the
introduction of an ion'doée of Jat.
n;, : species i atomic cqncentrétiOn in an‘al;oy.

Jy ¢ species i injected current density
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«

Ji o ;pecies 1 collective current density

An,, : species i atomic concentration increase.

An, . : species i atomic concentration decrease.

An, : total atomic concentration increase.

An_. : total atomic concentration decrease.

Ax sl§b thicknes§
Figure 3-2 shows Pb/Mg binary alloffatomic concentration
n(a,) according to equatioﬁ (3—7)..

Even though the process has béen modelled
theoretically, the derivation of correct numerical valueé
for the parameters in atomic mixing is not a simple matter
at all. Sometimes a numerical method is convenient for
solving such a.process. .‘

To derive the alléy composition from equations (3-6) and
(3-7) numerically, it is desirable to rewrite equation (3-6)
into a different format which can be machine implemented
with ease. While ions are beingﬁdeposited into the film
‘surface, the alloy composition and‘atomic concenération at‘
ﬁeﬁth x below the surface is a function of time, t ( when x
is less thén the maximum range of incident ions) if we
assume'negligible-coilisionél mixing with 50 eV ions. Beyond
the‘depth of the maximum range of 50 eV ions from‘the
surface, the‘alloy composition is assumed not to change any
further by the*action of injected ions. - -

[For modelling purposeé; the alloy.film is assumed to:be'

a collection of thin slabs with slab thickness of Ax. It is
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’

also assumed that each slab is saturated except for the
incomplete surface slab and furthermore, that thedglloy

\ :
composition is homogeneous in each slab. Due to the discrete

—

increment of film thickness used in ghe calculation, film
thickness x is considered independent of time t while a new
surface slab is being grown.

Then equaﬁion (3-6) withbﬁt the surface growﬁh term 1is vaiid

between new surface completions and it becomes,

n(x,t1)-n(x,t2)=JF, (x)At+At 83 /ox ~-mmmmmoe (3-8)
where ' .
At=t2-t1 < t,‘
t,.: time required to complete a new surface slab
At has to be chosen to be less than the surfaée increment

time t, so that the t'ime independence of depth x is -

.maintained. for a number of ion ihjection cycles. The first

term in the RHS. of equation (3-8) can be éasily implemented

. using published ion range distribution function data F,(x)

and ion.beam current'density J. - {ﬁ

[

The second term for the Colllns "collective current" due to

“a

‘alloy conc&ntration saturation is glven by(*27) : .
Ji=yn,[(1+8)J,+J,] [Y,n,(1+B)+yznz]" —-===- (3-9)
where ‘ ‘

v. : mobility of species i

With the assumption of identical mobility of species 1 and 2.

-in the collective current, then from eqpqtion:(3—7)'and~

A
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(3-9), the collectdve current with new composition a) after
injection of J, and J, becomes}’
B
‘ =%
J::a"(NzJ',"‘Nng)u»'[r[G;Nz*(1“0;)N4]:‘
and
J3=(N,;J,+N,J,)(1-a}) [aiNz+(1-a})N,]} "

The total collective current is,

=[N,J,+N.J,] faiN;+(1-a})N,]" " ~=—-——- (3-10)
The étomi; (éhcentration ;ncrease An, aue to the injected
current iq/the m th slab with slab thicknesé of Ax is,
An.=4An,,+4n,,
=(J,+32)BLF, (M) /AKX ~==--=—mm=mmmmm (3-11)
The concentration decrease An. due to the collective current

is,

Bn_=(J4+33)At Fy(m) /AKX =mmmmmmmmmmmmee (3-12)

From equation>(3-10) and (3-12), equation (3712f becomes,

An-=(N|Anz4fN2An1.) [a;(Nz_Nj)"'N]]-‘ ------- (3—13)
The ‘new alloy atomic concentration n(a}) after injecti&%‘is,f

L3

n{aj)=n(a,)+An,-An. -~=-t----=- (3-14) ,
After incorporating equations (3-7), (3-12) and (3-13) ‘into
(3-14), new composition of'species 1, a} becomes,

4
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ai={a,N,N,+An, . [a,(N,-N,)+N,]} {(An,.+

Bn;. ) Lay (Ng=N ) J#N Ny}~ ) —mmmmmmmoo (3-15)
Equatlon§ (3-12),(3-13) and (3-15) are now readily
implemehlable. The concentration increase due lo th;
injecte@ current 1s calculated from equatidn (3-12) us kng
the known ion beam current density and published ion range
distributiop data. A new composition after injection which
1s followed by an outflow of excess atoms is given by
eqguation (3-15).
Because fhe excess atoms removed from one slab become the -
" injected atoms to the next slab, a newucompoéition
calculation continues until the excess atoms sink ihE%\{E
un§atUrated surface slab. The ion range distribution
function data F,(m) used in this computer simulation is
téken|from the ranée data of 50 eV Ge® into a
polycrystalline Ge target reported by Thomas et. al(%x17)
usiné computer simulation with the MARLOWE model (Figure
3-3). h 5 ‘
;All of the Pb/Mg allby'dgposition simulations»depicted
~in Figusf.3-4(a—d) started with a 10 A thick Mg film as a |
substraée. The results demonstrate fhe possibility of being
able to control the alloy composition fatio without
restriction over thér;hickness of the film because the film.
grows as the material is deposited and mixed . The\most
sensitive parameter governing the homogenie;y of ‘alloy
-composition with this‘technique'ls the selection of an ion

t .
gl

flux for each ion beam in the'sequential\siiifﬁtion batch. h,
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For example, an ion fluence of about 6 x 10'? (cm~?) or less
. .

gives excellent homogeniety while 3 x 10‘? (cm~?) gives

fluctuation of composition ratio between gequences.(Figure
\,
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IV. Hot Cathode Electron Impact lon Source
!
A. Introduction . ) -,
The ion source is the most important single element in
the l1on beam system. The basic capabilities and limitations

of an ion beam system are mainly dependent on the capability

of the ion source itself. The characteristics of the ion
source determine the film quality as well as production
yield. The ion source used in this experiment was originally
designed by Colutron and it was modified to accomodate
higher tempefature source material by Amano(#x1). It has been
modified further in the present work to handle two different
. o .
materials simultaneously. It is equipped with two separate
furnates connected in series. The furnace next to the
discharge chamber is for hign melting temperature elements
and the rear end one is for lower melting temperature
elements(Figure 4-1).

The ionization of gas or vapor molecules by eneréetic
electrons is one of the~most common techniques used to
produce ion beams of various elements. Prlmary electrons
emltted from a thermionic cathode 1n1t1ate the 1onlzatlon by

/nellldlng with gas molecules in the discherge chamber. The |
‘secondary eleetrons produced by the collisions between the
primaries and the'gas molecules have kinetic energy
equ1valent to the difference between the prlmary electron

energy and the 1on1zat10n energy of molecules. A fract1on of

.the secondary electrons have enough energy to ionize more»'e

© .
)
4 .
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molecules. The ions_produced in this process are accelerated
towards the catﬁqge by the electric field existing between
cathode and anode. More electrons are emitted from the
cathode by these bombarding ions. This electron ’
multiplication proéess continues until equilibrium is
reached, i.e. the space charge limited electron current from
the cathode produces ions equivalent to the sum of the ion

loss caused by ion flow to the cathode, to recombination

along the sourc?/ﬁgII and to ion extraction through the ion

beam system. —~ -
A brief|review of the physical operation of a typical

gas discharge\iop/ source is presented here. A study of t

_effect of the source parameters is undertaken with a vie
aptimising thg operétion of the source used in this work.

The symbol ‘ ed in equations in this Chapter are
summar;;éd as; |

J* : ion. current density

, 97 electron current density )
’ I* ion.currgnt '
I : electron gurrent
I, : source discharge current(=1"+I-)
Iy @ ion'éurrent extracted from ion source
p* : ion .space charge density
pf : electron space éhargé der. ity
pi : thermal ion space'chargé denéity'

Py therﬁal electron space charge density
'm : electron mass |

—
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M : ion mass
N* : ion density

N : electron density

<
a

lon source discharge potential(anode potential)
V, : cathode sheath potentiaI.

V, : source wall potential

Vi : potential of thermal~ions(=kT"/e)

potential of th;?%al electrons(=kT /e)

<

ion velocity

<

<

electron velocity
vi : ‘thermal ion velocity

vi : thermal electron velocity

<
a

electron diffusion velocity

ion temperature

—3.

T~ : electron temperature
e : electronic charge

Boltzman's constant

=

source discharge pressure -\

o]

plasma 1ehgth

S; : electron ionization coefficient
B. Ion source operational parameters analysis
_ i N > @l
- The electron impact ion source used in the. ion beam
'deposition system has been.analyéed in terms of actual
operating parameters such as‘discharge'current,.dischargeu

voltage and source pressure. The analysis of the cathode

" sheath region in an arc discharge has been reborted by’

~.
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Langmuir(*2), Crawford and Cannara(*3), and Prewett and
Allen(*4). In the next sections, these earlMr Studies will
be applied to electron impact ion source analysis. An
electron impact ion source can be divided into two basic
regions inside the ion source when the dischafge 1s turned
on. They are the cathode sheath region and the plasma‘
region(Figure 4;2TT‘The cathode sheath region is formed in
front. of the cathode with a space charge limitéd flow mainly
of electrons. In the cathode sheath region the electric
field is maximum near the center of the sheath(#7). The
plasma region forms between the ﬁzthode‘sheath and the

anode. The total charge in the plasma region is considered

zero and thus the field is negligi?le. Therefore almost all

of the discharge potential‘drop is applied across the

cathode sheath.
C. The effeét of ion source operational parameters on the
cathode sheath thxckness

The th1ckness of the cathode sheath changes the. length
of the plasma in the ion source espec1ally when the sheath
thlckness is comparable w1bh the cathode to anode gap. The
longer the cathode sheath is, the shorter the plasma length
becomes. Before deriving. the plasma density in an ion
songce, the cathode sheath'thickness'has to'be defined. For

'ﬁbimplicity.of the'analysis, the following assumptions

are)_adé.

A se of parallel plate anode and cathode.

...............

.
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- . The potential drop across the cathode sheath~is
equivalene to the discharge potgential. (no field in the
plasma, and a negligible potential drop-acress tne anode
sheath) ‘ A .

- The energy of thermal electrons from the plasma is
negligible compared-with the discharée potential. None
of these electrons reaches the cathode. |

- The thermal electron energy distribution is considered

to follow Boltzman's law

"~ ' There ar€ no collisions between icns and electroas in

the cathode sheath region.
~.  The electron flow from the cathode is space charge .
limited.
Figure 4-3 shows the charge flow between cathode and anode
in the ion soufce. The electron space charge densjty p- 1in

!
)

the cathode sheath with potential V,, is given by,

., . '
p- = J° /v =3"[m/(2eV,)]"/? ——mmmmmmeeee (4-1)

' The veldéity of ions v mov1ng into the cathode she th v;th

an equ1va1ent thermal potential of V; is given By,

| v~e;{ze<v,+v;—v,)/u}‘/=' —mm-mmmmdeiooeo (4-2)

The ion space charge density, p* in the cathode sheath is

~

—-—

‘—J /v =J° {M/[2e(V.,+V‘-V YIFUI2 e (8-3)

The space charge den51ty, p; of thermal electrons mov1ng

- N
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v, v- : velocity, ion, electron ( m/sec)

J*, J° : current density, ion, electron ( amp./m?)
M , m : mass, ioni electron (Kg)

N? ,N- : ion, electron density ( m~?)

vi ¢ ion thermal velocity (m/sec)

vi : electron thermal velocity (m/sec)
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Figure 4-3: Charge flov between cathode and anode.
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into the cathode sheath region with an egt:valent thermal

potential of V; 1s given by,

p;=eN'exp{—(Vd-V,)/V; b - (4-4)

The total cﬁarge density in the cathode sheath,p is given by

According to the Poisson's equation,
d*v/dx? = -p/ey ————=—=————-- t---- (4-6)
Using equation 4-1,4-3, 4-4 and 4-5 , equation 4-6 can be

re-written as, ' I
d.’V/dx’= eo  "{I [m/(2ev,) ]/ 2-0"{M/[2e(Va+V;-V, )]}/ 2+

After integrating equation 4-7 and applying boﬁndary
- conditions: dv/dx=0, at V,=0 and V,=V,, i.e. no field exists
at the cathode surface and the.cathode sheath boundary, the

LN

‘electron and ion current density is given by,

J= J’(M/m)"z{(1+V;/V,)‘.’z-A(‘rV:/V.,\)'”z.}-'
0.5eN'V;[2e/(de)]”z{i—exp(*V¢/V;)}- ----- (4;8)
The ion source discharge»currenﬁ, f; honitored with a
‘ current meter is the total combined'sum~of electron current
1-, and ion ¢utrent I'. The thermal é;ectron flow initiated‘_
© from the:plasma towafds the cathode‘is_hot.inciﬁded in the

monitored discharge current because the thermal eleetron

. 4
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23

energy is not high‘enough to overcome;the discharge
potential across the cathode sheath and it is reflected back
to thedplasma after spending all its kinetic energy in the
retarding field of the cathode sheath region. Using the
monitored total discharge current density J, equation 4-8
can be re-defined to the ratio of electron and ion current

density.

J7/3'= A/B mmmmmmm e (4-9)
where
A={I(M/m) "2 (14V V) TR (Vi Y, ) T 2 -
. eN‘V;[e/(2de)]‘/i[1—exp(-V¢/VI]} |
B={J+eN~v;[e/(2.mv,)“][ 1-exp(-V4/Vi)1 } )
If vi=0 and V:=0, i.e. the initial energy of both.thermal

electrons and ions is negligible, then the ratio of electron

and ion current is given by,

; /1° = (M/m)”2 ————————————— === (4—\0)
Equatlon 4-10 is the absolute upper ‘limit of the electron
and ion current ratio 1n the ‘cathode sheath: neglon. Us1ng
‘equatlon 4-7 and the boundary condltlon of no field at =
ﬂcathode and sheath boundary, a flrst order dlfferentlal!
‘equat1on is given by,
av/dx=0.5¢"/? {3-[mv, /(2e) 1"/ 2+3" [M/(2e) T/ [ (V,+V3-

Vi) U= (Vv )"2]+0 SeN- V,exp(l v, /v.,)}'”z --(4-11)

Before the ion source plasma dens1ty is calculated, the'.

Q
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cathodevsheath thickness change caused by operational
parameters has to be estimated because the- thicker the
sheath is, the less -the plasma volume becomes. In reality,
most’ of the ion source operational parameters ate»related.to
each other and hardly any single parameter Jds completely
independent. It is instructive to have a view of the effect °
on the c‘athodg sheath thickness,-over a single parameter .
clhan'ge ynder the assgmption ’of independence of each of the
operational parame‘ The following physical dimensions
and operat@hg parametets have been used.in the next
pumeéerical calcu'lations’.u-
a. 'cathode area(a2~: 1 cm? -

“Sb. dischange potential(Vy) : 100 volts

R 7"

c. «ghscharge current(I,) : 600 ma

‘“0 N

Lite, i’gm 1n1t1a1 energy(V}) : 0.3 ev .

o . -

s §g. root ‘ratio (M/m)’ 12 160

Bz 4
The cathode sheath thic; ess is given as the function of the
‘ @ e, - R I ! : :
' follow1ng“:~';3a=ramete55’-'~ e oo,
| ' ’ - 5 s

'O//Gﬁ mm, 150 volt : 0-.9

4 ."-'.: %
: B e @,
0.66 mm, 1000 gla 31 mm
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2 eV : 0.66 mm, 3 eV : 0.66 mm

- - Ion initial energies(Vy)
0.1 e‘lz 0.66 mm, 0.3‘eV : Q.66 mm, O.i@ev : 0.66 mm

- é Ion species(M)

\ 2(14) : 0.66 mm, Mg (24) : 0.65 mm, Ti (48) : 0.64 mm,

Ag (107) : 0.63 mm, Pb\(208)_: 0.63 mm

Plasma density{(N*'(m~?))

1 x 10'* : 0.66 mm, 1 x 10°* : 0.66 mm, 1 x 10" : 0.67.
: »

mm, 5 x 10'" 0,69‘mm; 1. x 10'* "¢ 0.74 mm

The most sensitive parameter on the cathode &sheath
thickness is discharge current._The sheath thickness change
ii'less than g'ﬁ_of_tpé-distance between anode and cathode
with the extreme change of the most *sensitive parameter.
Therefore the plasma voiume'used in the next section will be
tteated as a constant under normal operating conditions. The
ratlo of electron and ion current in the cathode sheath
reglon rema;ns about 90 - 95 % of the upper limit,i.e. the
square rpot of the\mass.ratlo of ion and electron. This
ratiq;sta:ts falling draetically when plasma density is
iﬁcreased over 1 x 10"(m 3) When the plasma can supply a
cohparatlve quantlty of ions, the electrbnlflow fromithe

o .
cathode becomes reduced in prop?rtlon to the ion flow from

R - |
the plasma. o - /,, ' ‘

S~
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D. The maintenance of high plasma density

Ah ion source with high plasma density in the discharge
chamber can supply high density ion current through an
extractor. Because oﬁ the fluid-like behavior of the plasma
surface(where .ions are extracted) a high density plasma can
supply higher ion current while maintaining the
space-charge-limited current which equals the ion supply
from the plasma. In this section we will look into
conditions which give the maximum plasma‘density in’the
discharge chamber. Whenlthe plasma,in”tne”ion source is
stapilized, thewiansprpductibn‘and loss are considered
balanced. Whenever this balance is ﬁroken for any reason, a
new balancing point is attempted and will be established

unless the ion production rate is less than the critical

level. The ion,proddction rate, dn,*/dt is given by(x5),

,1/dt = B 7‘ /e (ion pairs/sec) ------ (4-12)

where‘ . |

p=S, p 1 (ion pairs/electron) : electron ionization

factcr -l{ o
Ion loss is caused by (a) the ion current flow to the
‘cathode from the plasma, (b) extracted ion current through
. the ion extractlon electrode, and (c) the ion loss due to
recomb1nat1on along the source wall. |
‘When..I- andrf’ are defined as‘electron and ion current

between cathode and plasma, and I; as tbe extracted 1on

current 1nto the ion beam system from the ion source, then’
%
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-

the ion loss rate, dn, /dt due to the ion current flow to

the caﬁhode is given by,

dn,"/dt = 1"/e (ions/sec) -~----- (4-13)
and the ion lossf{ rate, dn,"'/dt due to the ion extraction is

given by,

\//\\J?n;‘/dt = I;/e S (4~14)
The electrons and ions recombine at the insulated source’
walf which is regarded as aﬁlinsuléted ion prQbe‘ﬁn the o
plasma wﬁere both partiéLe current densities are/equal in -
magnitvdé. The electron diffusion curreg% in the plasma is
cdnsiderébly larger than the ion diffusion current density
because tﬁe electroﬁ temperature 1s larger than the ion
temperature in the §lasma. At the surrounding insulated
source wall surface, the electron and ion current density"
-must have equal magnitudevto achieve equilibrium. To meet
this condition, the wall becomes negatively charged
developing a potential V,. The ion loss rate, dn,;° due to
the source wali recomb{nation 1s given -by(*6),
; v ,
dn;*/dt = N‘v;wexp[—ev;/(kT‘)j ~==-=--- (4-15)
. . : . . ‘
Ve 3 eTEEtron‘gigzgii?n velocity(=[kT - /(2mm)]'’ ?)
V, : wall potential(=(kT-/e)ln[8M/(zm)] ' 2)
w : source wall area “

This loss becoimes very significant when the ion source is

PR



1

57

operating at high plasma density. Therefore the discharge
chamber has to be shaped to minimize the source wall area to
reduce ion loss along the wall. This condition contradicts

the anode and cathode electrode geometry which must have a

certain surface area to meet the discharge current

requirements. If the discharge current requirements can be
satisfied with a minimum surface area of cathode, anode and
source walls then it follows that the ion loss due to
recombination along the source wall will be a minimum. If we
balance ion production and ion.loss; then from .

4-12,4-13,4-14 and 4-15

f {

. P

B1-/e=(1"+1;)/e + N'w v, expl-eV,/(kT")] ~Z---c-=(4-16)
b
N"=(BI~ - I' - I;) {ewvf‘exp[—evy/(kT‘)J}" ---- (4417)
From eq. 4-9 and 4-17, the plasma den;ity N is given éiJ
: N
N*'= A/B —---——-m———mmmmmm e (4-18)
where . ) ] .
A=1, {B(M/m)"2[(1+v V)= (v /v )”2)]-1}-
I {1+(M/m) "/ 2[ (14 /V‘.)”z (V /Ve) ' 2]}
B= =CLI+(M/m) " 214V /Vy) " 2-(V3/V, )”z]}+
"aV.e[e/(ZmV, ]"’[1 exp(~-V,/V; )](1+B)
C= ewV,exp[ eV /(kT )]
.a ; cathode area - o
If we approxlmate equatlon 4- 18€tus 'V: << V4 , V; << Vyq4

and 1 << (M/m)'/%, then eq. 4-18 becomes,

- e o
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D=I,[B(M/m) '/ 2-1]-1:[1+(M/m)'’?]
E=C[1+(M/m) '’ ?]}+aViele/(2mV,) ] '/ 2(1+8)

Differentiating equation 4-19 with B,

The electron ionization factor, B is determined by(jt;//

plasma length 1, electron ionization ceffici#nt $, and
source pressure p(Equation 4-12). The plasma length is
considered constant when the physical gap between anode and
cathode 1s much larger than cathode sheath thickness. The
electren ionization coefficient, S, is dependent on electron
enerdgy. The electroﬁ energy in an ion source discharge is
dependent on discharge pressure when the ion soufcemis
operated under constant discharge current mode. Therefore
under constant discharge current mode operation, the source
pressure is the only input parameter which,cdhtrqls the_
ionization facter B. The maxim&zation of 8 cah'be achieved
by adjustlng the source pressure. From equatlon 4-19 ituis
necessary to- ma1nta1n B at max1mum to keep the plasma'
denszty N* at a maximum. , ‘

The electron 1on1zat10n coeff1t1ent S, peaks when anode
potentlal Ve is between 80 and 120 eV for the major1ty of
gases with the exceptlon of‘the alka11 vapors which peak av‘
between 15 and 30 eV(*5)(Flgure 4-4). If ‘the characteristic

curve of dlscharge potent1al vs. d1scharge pressure under
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constant discharge current is known, then we can draw a new
characteristic curve of.ﬂ vs. discharge pressure. The beak \
of B will be obtained at or near the discharge pressure
where the discharge potential has the maximum S,. The
discharge pressure with peak B becomes the optimum pressure
and under tﬂese coﬁditions the highest plasma density—in the
ion source is obtained under the conditions of a constant
discharge current. The optimum pressure can be.determined
experimentally by monitoring ion current as sou;pé pressure
is slowly varied. The optimum pressure also differs when ion

species, source geometry or discharge current is changed.

Lo
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E. lon source operation with constant discharge current and

potential

Introduction

The electron impact ion source used in this experiment
_was originally designed by Colutron Inc., later modified by
Amano(x1) and has been used in the low energy’ ion beam A
deposition system for many years; The main operational
problem w@th thisktype of ion source isban unstable
discharge condition which results in an unstable extracted
ion beam currentr Generally,'the lon source discharge power
supply can be set in two d1fferent modes: a constamnt voltage'
mode or a constant current mode. Each mode tends to
stablllze the t1tleq parameter by destabilizing i?e-other
parameter. The major disadvantage of the constant\yoltage
mode is that the resultlng fluctuatlng dlscharge current can
force a premature shut‘down-of the arc w1th only a small’
drop of source pressure.‘The constant current mode can be

.

1mplemented with a slow Shut down of the arc when the
1ncreased dlscharge potentLal-can keep the(arc. The '
necessary 1ncrease of dlscharge potentlal in this mode can
keep the arc on if a small drop of source pressure occurs :
but ‘this fluctuation of d1scharge potentlal produces a -
corresponding fluctuation of;1onvbeam current.

"To iaprove tﬁe characteristics‘of Bqth modes of
operatlon, a thlrd mode- constant voltage w1th constant

current is 1mp1emented 1n th1s experlment. The dlscharge
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power supply is set in the constant current mode and the

optimum discharge potential is maintained by controlling the

-source pressure. This design of ion source incorporates two

separate filamentsé/one for a furnace to evaporate a solid

charge and the other in the discharge chamber to act asvan
electron emitter immediately in front of the furnace. This

second filament also provides some extra furnace heating and

this behaves as a fine control while the furnace heater acts.fA;—
as coarse control of the furnace temperature. The electron

source fllament temperature must be kept well above the

point where the space charge saturated electron current can

be emitted under the given,ion source operationai\ .

conditions. Therefore ‘the lower limit of elpctron source

. . - k
filament current should be set and maintained ‘above this

: 11m1t at all times. The furnace and source filament power

"controllable parameter5° the, dlscharge

supplles are operated under constant current mode. As the
f1lament wears out the supplled fllament power increases .
because of the constant filament current.'A§ the furnace or

source filament power-isfincreased ‘the source pressure is

'1ncreased and the. dyschar4‘ potent1a1 tends to decrease.
‘9

The ion source now can be operatedawlﬁh three

dlsgharge poteﬂtlal and the dlscharge p essure. When any two

parameters are set the th1rd is determ1ned by the flrst

o TS ).
: two,,In thls ase of a l1d charge with the electron 1mpact

¥

”‘jlon source. fﬂe constant dlscharge pofght1al and current 1s»'

maantalned by controllxng the source fxlament wh11e the .

L4
- : R . <~
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furnace filament'power controls the vapor pressure of the

solid charge.

Ionization efficiency and discharge potential
- With a given set of ion source parameters : source
pressure, charge material and phjsical dimensien of the
source, the electron ionizetion efficiency ,S, , is a

function of the electron energy(#*3). The number of ion pairs

produced along a unit distance( 1 cm ) is given by,

dn/dt = S, p.1- / e ~————--——m——mmm——o (4-21)

The discharge current comprises an electron current and an

ion current. The rat1o of the two currents is 1nversely
prqportlonal to the square root of their mass. In the case
of a metallic ion species, the electron current is over 99% .
_or the discharge current. Usually the electron supply from
the cathode is limited by the.power supply‘capability; the
geometry of the ion source and the cé%ljng capacity -.
Normeily the diécharge;current 1- is set at e certain safe
Vaiue considerihg the abové limitations. The next’ parameter
+to be set is the source pressure. As the pressure is set,
the dlschargq potent1a1 is determlned by dlscharge current
and pressure. The detalled relatlonshlp between dlscharge
potentlal current and dlscharge éressure is not well
_def1ned because it varies along the geometry of the source.

Other facéors such as the ~discharge power supply

characterlstics and the charge materlal also would have to

- - —
. © -
- «
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g

be considered if the relationship were to be analyzed.

The experimental results show that under constant'’
discharge current conditiqps, the discharge potentiél
.decréases as furnace or source filament power‘iﬁ increased,
i.e as the source pregsure 1s increased (Figure 4-5 ). The
-optimum soyrce pressure and discharge potential which yield

. the maximum ion beam current can be determined
experimentally. Once the optimum discharge potential is

. .found, then a microproéeSSOr controlled ’

PID(proportional,integral and derivative) control system

<
maintains this discharge potential by controlling the

-furnace .and source filament power.

PID control of ion source . . .

)

A conventional feedback control system using three
modes(PiD) is giQen by, | |
: . . ‘ .
M(t)=Kc{e(;‘.)+1/r.I’o‘e(t)dt+'r_,ae(t)/dt}*M. +-(4-22) ;
vhere- '
M(t) ; cqntroller'outpuf | : .
Ke ; propértional gain .x |
e(t) ; error:
T, i integral'time\ . , S ' i ‘ -

- . ] . i
; derivative time :

; steady state‘contrbller output that drives_the

. s

.error to zero

- The digital equivalent of equation (4-22).is given by(*4),

f . .
. . , = ,

&
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o M, ’-‘_'KCJ'{ e, *+ T/r, Ze, *+ (e,~ e,.,)74/T} My -~(4-23)

i

where 3 .z ' ) - ‘

", by aéd1gxtal computer(*4)

[} ) ‘ N )
g . . . )

M. ; tontroller output at nth sampling instant a{

-

- e, "} error(set point - measurement ) at the nth shmg@%ng
AN

, instant C, S oo,

..« es., ; error at the n-1 th sampl;pg instant

‘Mo ; "steady state controllér output that drives the

\
.

, érﬁoi to zero : ’ : o -
The equathn (4~ 23) is transformed 1nto the veloc1ty rorm of
s

° "~

equaprn (4 24) whlch ts a convenient form to be implemented

‘ b} o . ) . o
Ca * b A
, M“:.)Mn-“l*'xc{%'n‘_en—l+e&T/Tl+.(enf-’2en—}+en-2)7d/T} A
"..--.”.‘.9_....__,..‘__._‘_:___ (\4_24)# . L LR
T e . - [
The control algor1thm of equatlon (4- 24l 1s 1mplemented
j

: fand the é%n source operatlon has been tested u51ng A/D and

D/A channels. Figure 4-€ sh0ws the block dlagraﬂ of the 1on

source control ‘The controlled parameter is. the dlscharge

.potentzal and the manlpulated varlableols the~furnace

fllament(the pressune)

. .

Aparameters have been trled 1n,attempts to tune the‘

conhqoller. F1gures‘4 7a,b c show the effect of the

{

d1fferent proportlonal galns, 1ntegral tlme and derlvatlve
,tlme on the 1on sourde dlscharge potentral ‘A hlgh

-f'jproportlénal gazn caused an osc1llat10n of dlscharge

i.x N

90tent1al(F1gpre.4 7a) A large 1ntegr§l tlme»settlng»‘

v



ylelded a lack of response'to a shift of the controlled’
ohtput(Figure 4-7b). A large derivative time caused an
unnecessarily large reaction to a sharp noise pulse that
might be in the discharge potential. The control parameters

which gave a reasopable response were proportional gain,

13

Kc(x 10°2) ;j)3 to 5, integral ‘time,r, of ~5T (where T is

sampling in erval, 0.5 sec ) and derivative time, 7, of 0 T

ra

to 0.2 T.

\
’

Results and discussion
1 . N .'
The extracted Pb® ion current was measured with a
Faraday cup. The extraction field strength at ion source

anode is 2 kV/cm and the ion-source control parameters are
- o : ,

proportional gain, Kc=3 x 10" ?, integral tfgne, 7,=5 ‘,_

derivative time 74=0.T and the sampllng interval, T=0.5

- S

sec. The manual control result in Flgure 4 8 shows that the
‘ion current tends to decrease as t1me ;ncreases and the

abrupt jumps ‘every 15 or 20 m1nutes are caused by manual

adjustments of . f1lament power to restore the 1on beam
current The 1on beam current w1th PID cohtrol in actxon
. ' v &

(Flg.‘4 9) 1S'much steadier. The constant voltage and

current operatlon of the source glves a stable, hlgh 1on

vcurrent output When a gas is, used in. the ion source,ta hlgh

A

. “47'prec151on gas flow cont oller whlch can be 1nterfaced w1th

N

-the computer would produce a comparable operation to the

a ('results presented herefwlth a solid charge. 3§§f_
5 o L . : - L . - v . o f r“—_.. ,..l
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V. System Hardware Specification and Design

4 N

A. lntroduction
The low.energy.iOn beam system was initially designed
-~ Fy
and built by P. Bryce, J. Amano and R.P.W. Lawson in 1972
for'low energy ion beam deposition studies. A major
‘;7 wmodification has been. carried out in this work in order to

‘handle sequential deposition of binary elements from the
N 3
sfngle ion source. The modi?ication includes the design and

1mplementat1on of a microprocessor controlled data

acquisition and control system, a new ion sgurce with two

v e ’

different temperature furnaces and a new target chamber

decelerating lens within the substrate chamber. The ion

-

" source with two separate furnaces is able to produce two
:Adifferent.ion species simultaneously“and the microprocessor
. based control system selects one ion species at a time.

: . In binary alloy deposition~ alternating thin slices of _
.b .' R4 . > . ..
; two dlfferent elements are sequentlally la1d
vy o *
durlng the film growth process The comp051tlon ratio is -

; controlled by the dosage rat1o of each th;n layer. The th;n B

layer ranges from a few atom;c layers to a few tens of

1nterd1ffu51on between the th1n layers when a homogeneous

alloy fllm 1s des1red'

WY :-,.vr'f" o ,‘ ) .". . o s
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This chapter is divided into two major sections. In the

first section, the ion beam system is described with an
A3 .

emphasis on the newly designed decelerator electrodes. In

the Subsequent section, the microprocessér-based data
, ’ \
acquisition -and control system is described.

Ay

B. Ion beam system ‘ , . ee .
‘The ion beam system comprises three major sections.

They "are an ion source chamber, an ion beam. transport
: ) : L 3

chamber and a target chamber. Each chamber is differentially

© )
—

pumped to maintain ultra high ‘'vacuum in the ion peam
transport chamber and the target chamber while the 1on
source is Tin the pressure range of an arc’ dlscharge. A hot f

cathode electron impact 1on source w1th dual furnace is
‘t ’ B .
housed in a water cooled Jacket In the 1on sourceechamber.

. -
-

4§When two dlfferent te perature materlals are fuelled

-~

» t
into - a s1ngle furnace, the partlal vapor pressure of the e

hlgh melt1ng temperature materlal w1ll be extremely low at a

‘ftemperature Whlch produces the requ1red dlscharge chamberc.;
‘ pressure of the lower meltlng temperature materlal If the
A ‘30
rfurnace temperature is ralsed to 1ncrease "e vapor pressure,‘“

;Pof the hlgh temperature mater1a1 the total pressure 1n the

. -

| ldlscharge chamber becomes too hlgh to be eff1c1ent w1th

and the vapor pressure rat1o of the two

v[electron ioniza

. materlals wouI

r, o

d.not be“rmproved unless f%e vaporlzatlon of f&"

the low temperature mater1a1 is suppressed




Ed

of the vapor pressure ratlo.

e

ce

L'/mmnnum loss and del1ver maxlmum 1on currént onto ‘the - .

“afmass ratlo u51ng an electr1c f1e1d whiéh ;s normal to both

_.LorenUz force on a charged part1cle w1th a. g1ven charge to

4

To remedy this problem, a two-furnace concept is

introduced. Even with twed separate furnaces there are some
operational difficulti¢ds because of the commor discharge

. N . . , .

he different ionization efficiency of

-and the alloy composition ratio, the

chamber. .Considering
T w
the two materials jse

-

optimum vapor -pressufe ratio ag well as the total pressure

of two materials have o be set and maintained to maximize

deposition etficiency. When the ionﬁsource‘discﬁarge current
and,potential'are set constant, the‘totalivapor pressure has
to remainrconstanhf The change inﬁthe vapor pressure‘ratio

results in a change of the ion current ratio of the two

"Qifferent ion species 'as well as the total curreft. Another

drfficulty with a dual furnace ion“source”is the \level of -

thermal isolation between*the two furnaces.‘lf they are not

s

well’isolated from each'other the furnace w1th higher e

tqmperature w111 aﬁfect the other, resultlng-rn poor control ’

. . N
-

¢ . ]

"_- The dion beam transport chamber hoéses an Elnzelflens,

an'E x B, veloc1ty filter and“a pa1r of vert1cal def\gctlon =

_electrodes. Ions are extracted from the source through a 60ug-?

m11 anode hole at an extractlon f1eld of 243 kv/ém. The

'

three—element cyllndrlcal electrdstat1c ﬁlnzel lens focuses<§“

the ions so that they pass through the next stages WIth( . },

htargeta The E X B veloc1ty f11ﬁer counter balances the,;vﬂfiiwf

-,
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‘the magnetic field and ion trajectory. With a' balanced

.condition, the selectedllon species w1th a given charge to
C

mass ratio w1ll pass stra1ght through whlle ions with

dlffejpnt charge to mass ratios will be deflected. The h -
electric field in the-E x+B velocity tilter requires
- corre@tion because the field near the end of'the .
electrostatic plate is not~straight Usually & number of ‘

paxrs of guard rlngs are used to correct the Qlectrlc f1eld
1n the E x B, velocity filter. Theﬁe gyard rings pre also

. s - . . ) A :
‘used to form the ion beam fnto 'various cross-sectional

/ 1
shapes as necessary. A pa1r of verb1cal deflectlon plates

-

, g
are located at the ex1t of the E ,X B velocity f1lter to

- ——

dlrect the ion beam trajectory vert1cally to deliver max1mum

~

Ehrget current.,

The target chamber encloses a palr of horlzontal

.,n'deflectlon electrodes, a decelerator lens assembly and a

-ffoverall 1on beam system. The folloW1ng llSt nges the

S

'. target holder. Flgure 5 1 shows the block dlagram of the
\! .

‘ -

'hbc1f1cat10ns of the 10n beam depos1tlon—system(*f 2)
'a;filon source chargev: gas,Asolld as de51red
‘leb;;ﬁlon beam current 5 a: few uA = a few tens of . uA
'2;dependzng on. the charge materlal used th - 'fi )

uverall mass f11ter1ng resolutlon M/AM=4 \

3

=i

l”:ldgf,maximum acceleratlon energy 6 kv

| yplcal operatlng vacuum level :
J;Ion source £ 0: 1 j 0 01 torr -

Ion beam transport chamber 1 x 10*’ torrf7
. - : i ._a,_'..v _ *
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» A2
Vo, ll'g b o ! )
5'Ion-sou‘rce' | ‘ Beam transport‘ Target(s,ubstrate)
4-<—_chamber - . - chamber _ chamber
* accelerotion —_— ExB ‘
ba-. “and A o velocity
i .focusing : fiter L |-
F'E%?‘]‘
R
€Ee ] f
1 e ,
a E‘ .
z | |
B =
- Y |
Ea:qun source rurnace fllament power - supply(léV/16A) R
- Eb: Ion source fllament power- supply(f6V/20A) T E g;;;
‘_gci‘Ion source dlschargé power SUpply(JOOV/lA) L
}y@d:'Acoeleratzon power supply(6KV/20ma) ﬂ T ' fi o

gééiFocu51ng leéns power supply(SKM/lma)
Ef: Vertlcal\deflectlon power supply(BOOV/b‘iA)
“Eg: Maéﬁet power supply(162/16A) .
"Eh:i Veloedty fllter E-field power supply(}jOV/O 1A)
Ei: Horizontal. deflectlon power supply(BSOV/b IA) : L
Ej: Ion beam ene%gy power supply(bOOV/lOma) - f[

LX)

}V*A%ighfé 5=1. The block:diagfam of ion beam syS;gm.\F /} _
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Target chamber\§ 1 x 10°* torr
f.. Film growth rate : about 1000 A/hour (depending on

. ® ‘ ) - . ,
lon beam current, deposition material and energy)

g. - Ion beam‘energy spread Ejs 30'26 {Pb" beam
accelerated to 4 keV and-decelefrted'to.SO \V)
Figure 5-2 shows the target chamber electrOQe confignratﬁon.
Ions entering the target chamber aré deflected about 6°
horzzontally to prevent energetlc neS&rals from reaching the
~target. The deglected ions enter the deceleratlon field ‘
isolator which' is designed to proyide a symmetric‘
decelerating field?hetween decelerator and isclator;
féf . ‘ -
ODecelerator;design L L . y
The mainxobject cf-the deceleratcrllens design is to
‘réduce the ion beam?energy to a few“tens cf eV from the
initial energy of a few keV w1thout 1051ng a large fraction
.of 'the ion ‘beam current‘and w1thout spreading the 1nc1dent

T beam-overttgp large a surface area. A number of dlfferent -

~&

geometrles of . 1on beam deceleratlng lens ha%e been’*_.-‘
. reported(*1 *3 6). Theﬁlfflculty of deSLgnlng a R

deceleratlng lens system in .the low energy reglme arzses

from the space charge expans1on of the ion beam 1n thef

process of rétardatlen. In the deceleratlon regzon the space

" ;charge expans1on becom s 51gn1f1cant due\to the extremely

herefore a compensét1ng focu51ng

'

force is cons1dered necessary tq’cancel out. the space charge

~—

o low veloc1ty ‘of ionss

expansion force. To determlne the opt1mum strength of
. , r

4

. i'v'
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focusiig and the location of the focal point under a given

.

. o .
tncoming beam“condltlon (the ~degree of converggnce or

divergence, the level of offset from main'beam axis),
.computer program has been written to solve the field in the
decelerating regfon in order to sinulatevcharged particle;
trajectories. To verify fhe computer sfmulation results,

electrodes wereiconstructed and--ion beam current and

deposition patterns were monltored. In solving for the fleld
pattern, the effegt of the charge of the 1ntroduced

partlcles to/the exlst1ng field is not con51dered In the

___parf\cle trajectory\calculatlons only a 51ng}e partdcle is

1ntr6duced at a time 1n the field and therefore no s:ace S

charge‘effect is included.‘Therefore the real trajectoryf
I T , _ I
would be less convergent than the simulation resulbs.

~ The basic idea of the new geometry of the decelerator
electrode ﬁas_given by the well known Pierce electrode

system(*7) which normally has been used for‘electron or ion

gun de51gn. A charged part1cle gun and a charged partlcle
‘decelerator w1th a partlcle collector are 51mllar in terms~
of part1cle trajectorles- if we replace a charged partzcle
»whlch is belng accelerated in front of the gun, w1th an:

1dent1cal partlcle at the same p051t10n with an opp051te

; veloc1ty vector wlth the same magnltude, then the replaced

.

part1cle travels the same . ;;’jectory wh1ch the or191na1

"accelerated part1cle made; whlle be1ng decelerated mov1ng

-

o towards the -gun,- Therefore an extractlon and accelerat;on

. N .
,v-geometry wh1ch can produce a well focused charged partzclev,

. . -
\ L : ) i N

| SR RV



'beam can also make a goed decelerator. n
The target in the cyllndrical target holder is'moveaﬁle

to set an appropriate ion beam deposition aréa. The

Py

decelerator and target-holder assembly is rotatable to

optimize the offset position of the decelerator. The ion
Seam current collected by tﬂ; deceleratér target holder and
target can be ﬁon1tored separately to 1dent1fy ion beam
loss. From Flgure 5-3 and 5-4, the outside rectangular
boundary is at ground potentlgl (target chamber stainless
steel wall) and the electrodes in the mxddle are at 3950

)
volts. Each equ1potent1al line represents an 1ncrease of 100

‘ volts startlng from the boundary and moving towards the
decelerator and target electrodes in the middle. The 1n1t1al
energy of 1nc1dent partlcles 1s 4.0 keV and the. partlcle
eneérgy falls to 50 eV while the partzcles are decelerated
and collected by ‘either the decelerator or the target.

Flgure 5-3 shows 20 partlcle trajectorxes whose incident

converging angle 6. is g1ven as, f=tan?'0. 005 and the

dzstance between 11nes at the inlet is 0.5 mm. The inltlally -

iconverglng beam 1ntroduced into a cyllndrlcal decelerat1ng
.lens shows a well malntalned beam onto a small area w1thout

'a strong d1vergence after retardatlon. But the 1n1t1a11y

=d1vergent beam 1nto the samé lens S| ows strong focu51ng
‘“'act1on and becomes a strong dlverge 'jbeam when 1t.reaches'f o
vuthe target(Fzgnre 5 5d) The coglcal .: .‘ type o
‘:fdeceleratlng lens seems more prom1s1ng than a cylzndr1cal'

”'filens 1n produczng a hlgh densxty de9051txon onto a

~
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. Figure 5-¢. Ion trajectories and-equipotential lines with a

1500 ~conical decelerator.( the ‘incident diverging angle/line L
q.tm_-gv;o.oo-s,; initial 'o{fset'_-.-jo-.{zsmm/,liqe,j) SR
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relat1vely small area. Flgure 5-4 and 5- 5a,-5b -5c show the

lens effect og’the conical electrode with dlfferent ‘cone

y angles. ‘With a large cone angle, the focusing effect is too
A . - —w : .

. weak (Figure 5-14, cone angle of 150°) and a considerable
poreaon of beam is lost by h1tt1ng the decelerator

electrode, A too small cone angle produced a 51m1lar result .

Co ‘ - 4
e with the cyllnﬂrlcal elgbtrode; a too strong.focu51ng C

effect( Figure 5-5a, 5c, «one angle of_60°). .
) . LT
A cone angle, of 90° was selected after performing thase -

51mulatxons and analysing actual ion beam current 4 T
. measurements. W1th this new geometrxf the ion beam den51ty

‘increased by a factor of 5 compared with a conventxonal - o
. = P .
¢ diaphragm decelerating lens system. S B

A7

—
R

Ion beam energy spread measurement
Generally the 1on beam energy spread of a hot caghode

electron 1mpact ion source is 1 - 10 eV(%8). When the same

ion source is. used 1n .an 1on beam system. and the extracted

W

beam/is transported a cons1derable dlstance, the 1on beam

"rgy spectrum changes resultlng in more low energy 1ons !

2

‘and low energy ta111ng enhances as chamber pressure 1s
-1ncreased(*9) Flgure 5~ 6 shows the 1on Current change
verses the retardlng potentaal change and Flgure 5 7. shows}

'_the 1on energy spectrum whlch 1s obtalned from Flgure 57 6

ez

'ifand .5-8 by d1fferent1at1ng the ion current w1th 1on energy.-

']Ion beam energy spread 1s measured w1th a Pb’ 1on beam, at
varlous dlscharge currents and potentlals at an accelerat1on

.‘f:.r. B ,',°' X ,'.-.v v
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o

potential of 4'kV. Ions produced from the ion source with.

low dlscharge potentlal show that about 99.5% of avallable

~-ians in the target chamber are collected dt.the ‘target when\

the deposition beam energy is set at'50 eVv. The overall

\
energy spread with a 4 KeV beam in th1s ion beam system is

about 30 eV. It varles with ion source operatlng cond1t1ons,_

--the chamber pressure, the distances travelled by the 1ions

,and ion optical conditions. The ion extraction

rl

characteristics have been measured with a Faraday cup with a

“

secondary electron suppressor. While maintaining the ion

source discharge conditions constant, the extraction

potential is varied while monitoring the ion current at}the ,

‘Faraday cup (Flgure 5-8). At extremeiy low potent1al(<200

V), it shows the space-charge-limited current curve whlch i

features the proportionality of current to V2’2, As the
extraction field:ishincfeased gradually, the curve moves
towards an emission limited moée;'Unlike;the electron
e&traction characteristics, the transitibn region between

space- charge 11m1ted and em1ss1onll1m1ted 1s w1de, because

_the f1u1d l1ke ‘ion em1tt1ng surface %f plasma adapts itself

to. the extract1on fleld to ma1nta1n space-charge 11m1ted
o
current untll the extractlon f1e1d cannot penetrate any

_further 13&9 the dlscharge chamber.

N . R N . . L. AN ~ A . ‘
Z A B S R . : TN, S C s
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C. Data acquisition and-control system

The ion beam depositrod sysfem was originglly designedw
for singie—element andvsiegle—enerqu‘pposicﬁin, For binary
element deposition, a few different system configurations
have been considerea. The s;ﬁplest-but most costly
. configuration is one with twofidentical ion beam lines which
are d;rected onco a common carget in avtarget chamber. This
configurqtion has tﬁe adyantage of co-deposition which »
enables two different elemeﬁts to be "deposited and mixed
51mu1taneously but has the disadvantage of hlgh_sgszem cost.
As anoalternate méthod, sequent1al @eposxtlon of two
‘different elements was/considered. Sequential deposition is

more economical because only one beam line is required but
. has the aiséévantages of—a complex control hardware and the
" limitations of one ion source usino»binary element charges.

The computer .controlled data acquisition and control
system was de51gned and 1mplemented here to change the
rsingle elemeht depositron'system into a‘binary'element
sequent1al deposition system(*10) Thé data acquisition and
coptrol system hardware comprlses five major functzonal

L

bl%tﬁst 1) an 1BM PC as a master computer,\z) a‘MC6809

-~

mlcroprocessor based system as a slave computer, 3) 32

channel A/D and a multbplexer, 4) 24 channels D/A 5) 16

?

channel 'AC load. con%ileers and a multlplexér(Fagure 5- 9).
‘e, the target and the decelerator are

Because the ion sour
" located at a. hxgh posxtlve voltage, the power supp11es

'srelated to these must be fldated at the h1gh vqltage.



IBM PC
& 2
cPu , |,
COMMUNICATION 6809 MEMORY
Ihe J
A/D ’

MUX a/0|

1t

AC load 0/A AY0
Control i ' - Le
MUX —
O/A A/D

2 3

SW D/A 5

i ] 3 :
W :

| LA g

y SwW : ’ 3
o : 3
{sw] /A A/D

o:; |

~ Figure 5-9. The block diagrahm of the

control system.

"

Y

?

.
-
1
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.data écquisi;ion and

N
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'*_specxflcatlons are as follows 1 "'bﬁﬁ

PP

bdﬁfdd;w}_f=~Commun1cat10n 1nter%ace to IBM PC Rs-zf& 20 mA

S

-

’ . ' . 94

Z

- Therefore the data acguisition and control lines entering

" these power supplies must have isolation hxgher than the

f}oat1ng potentxal Each of the A/D and D/A units are
1solated from each other by 7.5 kV. As a result the A/D and
D/A units canfbe located at.any potent1a1 up to the rated
iaolation and the-output lines can be eonnected to the slave

computer communication interface without any danger of

~ damaging the ‘slave gomputer. o .

[ . -
[
]

@ ‘ ; C d k8

1) -Slave microcomputer

The slave mi&rocomputerrwas designed with the Motorola

li'MC6809 mlmroprocessor famlly to handle the front end A/D,

D/A and AC load control channels. It was bu1lt in three

.sepanafe plug in cards, the CPU board ,» memory board and

vcommunlcatlon boardé>The CPU board has the CPU bus puffers,

N,

bus dr1ver and t1mer modules. The mem fysboard contains 16 K
74 . .

bytes of RAM and 4’ K bytes of" EPROM (fh: communication board'f

vcontalns four sebarate communlcatlon 1nterfaces(A/D D/A AC‘

%,

’-fload control and IBM PC)‘ Faguve 5 10 shows the block

d1agram of the slave m1grocomputer system.-The ba51c de51gn

«

= cru' s medaos
i;”; c%ock frequency 4 o MHZ"'

Mé’mory 16 K bytes Statlc RRM,‘& 4 K bytes EPROM

total 30 K bytes

'-4 -‘_ . é\\ o

.\




) \/
MICROPROCESSOR
. AC LOAD
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ADDRESS J l l -
" | paTA
PTH #1 PTV. #2 PIA
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»

currently set at 5400 baud, Optically i1solated
communication lines

_ Communication intertace to A/D multiplexer :
Asynchronous serial communication, Baud rate : 3555

baud
- Communication interface to D/A : Asynchronous.serial
~communicatdon, Baud rate : 3555 baud |
- Communication interface to AC load control

multiplexer : Asynchronous serial communication,

P a - X
i . .
. - r

Baud rate : ‘3555 baud
- .Clock modules : two MC6840 programmable timer

modules whlch run 6 separate clocks.

/
&

I \ e

2) Analog to digital conversion unit | . -

‘Multichannel A/D units can be configured in different

_ways. In order to specify the reguirements we must consider
the siénal source ffequency, the required resolution and
accuracy, the nimber of channels to be monitored sampling

rate, éignal env1ronment and thevcost - Some of the

oonfigutetions age ;|
- Direct COhversion,
.- 'Preampllflcat1on and conver51on,
- Sample- hold and conver51on,

e-. Preamplexcat1on. sample hold and conver51on.

Tm——— _—

¥

_Dependlng on ‘the location of’ the multxplexer, the system -

confzgurat1ons are ;'t
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; - Multiplexing~thp‘output of a singie channel
converter, .
- Multiplexing the output of a sample-hold,
- Multiplexing'the inéut of a sample-held.
First we have to characterize the analog signal to be
monitored in the i1on beam deposition system in order to
determine the most suitable édnfiguration for the A/D units.
All expected analog signals are mainly from various DC power 5
supplies and a few ionization gauge controller'outputé whiqﬁ‘
are also DC. ANy high frequency compqnenes;in the signal are
coneidered to be‘noise and must Se elimineked with a lcw
pass filter. When the signal source is:DC, a simple A/D
eonfig;ration.of preampiifjcation,Lgiltering and conversion
will be adequate. When determining the location of |
multiplexer, ‘the 1solat10n requ1rements of the A/D convertee’
‘;nputs became a major factor. The multzplexer had to be
ated after the A/D converszon and: mu1t1plex digital

,_outbut,.beCause each A/D unit was at a,dlfferent-fgoatlng.

potent1al ‘
‘ " “The. overall conflguratlon of the A/D un{} is if the

- seqeence of; analog 51gnal'—"preamplelcatlon--wlow pass ?()
"fllterzng - A/D convers1on'; mult1plex1ng = mxcrecomputer'
_‘1nxerface (Figure 5- 11) An. U b1t _successive approximatlon..
v'A¢D converter w1th ser1al I/O ADC 831 ‘was used wlth each

A/D channel The serial I/O feature of’ the A/D converter haS’
~the-advantage of redue1ng'the'number of 1solated ports aDd
'eliowing thejunii £o be‘loceted‘£a; awaj fromgtheleomputer.e”



98

L\
ch | — ~ : -
2— | ' '
. MC .
P s ’ -
a 8 .
loft & - A/D ch
9‘_:'_‘ ] decoder . Y { select
T s
: 19051 HH | - '
. MC MC
‘&_;___J 14556 14469 status /dato
d ™ N report
17— _\\K
[ mc [t ax
P 14051 = 1PN 28.44 kHz
SR osc / PUTTIVIA
247 ) 455kHz (-2)|2275 \K A/D ACIA
. : - hH2 - cloch
25— me | | mc
14069] |14024/(-16)
: mc [ i ‘ J{" CS.J_L
. . 1405¢ I .
: /0 - . e
* 32
. - status /dote
. feport
R s
T are ensz’ ., o . 1l
¥ , : . cs |
- cs & 1< Ju
IS P v b4 d R !
*analoq in ASDSC' . — : . _ : 4 I
| e 00 . ok dota out- } [ o
v B - o
:I Ctsolofed : o l
g R B¢ 1o ﬁ/o unit | 3555wz
I : h l clock
:“:’\_. ) s
Figure 5-11. The block diagram of A/D unit and multiplexer.
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~isolated with a serial I/G\ALD unit.

Multlplexer unit

%

. Only two lines, one data and one control, have to be

e .
The requ1red power to run each A/D unlt has been

prgv1ded through an isolated pulse transformer whxch-19 run
wlth a 3555 HZ clock pulse. The pulse transformer’pfo§1§;s
the clock pulses‘as well as power to run thg.A/D converter.
%he A/D ﬁyltiplexer conéists of a remoteapééreésable
transm1tter/rece1ver and four eight channel aﬁéi&é.
sw1tches. The remote addressable transmitter/reteiver s
llnked to an asynchronous commun1cat1on 1nterface ' ®
adapter(ACIA) of the mlcrocomputer system One of thé{32
analog switches is turned 6n according fo a two byte command

. Sx
givenvpy the microcomputer. The basic specifications of the
A/D units are as foilows:-

- “A/D coqvertef—} ADC 831, B bit successive

approximation donverter

i

Conversion time : 2.25 msec{ at conversion‘glock of

3.555KkHZ)

lter- time constant : 0.1 sec ..
Yo i

. RC low pass f3}

“~Analog input frange : 0 - 2.5 Volt

t

A/D-cOnverte‘ feferénce ¥ Zehef diodevreference,

LM385 2 5(2 5 volt)

Electrxcal 1solat1oﬁ’between analog 1nput and
- dlgxtal ou put 7.5 kV | ~-U v'f

FER A/D conve'Sion,clock= 3 555 kHZ

- Max1mum number of channels :f3§'chgnhelsf”

-
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- Electrical isolationloetween I/O : 7.5 kV o

- Communicatioh data rate : 3555 baud

- Data response time(time from A/D- data reqyest‘to the
end of digitalidata transmission) : 13.5 msec

- sampling interval : 0.5 sec.

3) Digital to analog conversxon
' An 8 bit D/A converter(an AD558) was used for the D/A
units Each D/A unit has & remote addressable asynchronous
Hrece1ver/transm1tter which can be,addressed directly from
the m1croeomputer w1thout gozng through a mult1plexer. Thus
the access time is shorter than that_of the A/b units which

" . ° . . '
do have a multiplexer. The D/A converter and the remote

Y

addre$sable feceiver/tranSmitter‘float at.various different
controiler potentials, hence'the(analog and digitai sighaiv
1{@95 op each D/A‘pnit were optically-d§oiated with a 7.5 kv
raiing; Like the A/D units, the reouired.isolated power was’
provxded through an’ 1solated ‘pulse traésformers. F1gure 5-12

shows the block d1agram of the D/A un1t. The mxcrocomputeﬁ

'v;sends out a two byte command correspondlng to a partxcular -

eunzt numbet and déﬁéa then the cg}respondxng un1t responds

‘with 1tsuun1t number and new output value. If no response is -

..recexved at the expected tlme the: addressed un1t is

Qfdconsadered to elther not exlst or. be malfunctzonzng« The ~

'~'ft1me tequ1red to set a new analog s1gnal for a rece1v1ng D/A

: 'unxt 1s 5 6 msec, th:s 1s con51derably shorter than the A/D

~ 7

Sia
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unit response time of 13.5 msec. The communication rate
between the D/A unit and microcomputer is 3555 baud.

Most of the power supply,controls produced satisfactory'
control resolution with an 8 bit D/A controller except the
ion source filament power supply control and the Einzel lens
power supply control. These two power supplies(requ§re a
higher control resolution to set the system at‘optimum
focusing‘and discharge potentia}. Using two 8—bit D!A\units
in series, the controller resolution wag increased to 11
bits. The digital input to both D/A units wereii',p
softwaré-controlled so that 8-bit base converter(#ﬁ D/A from
Figure 5-13) produced the multiples of (1/2° x fullscale)

"output while the second converter (#2 D/A from Figure 5-13)

, S
produces the remaining part of..the output with a resolution

of (fullscale x 1/2* x 1/2°). Even though the response time

for these series controllers was increased by a factor of

.

-~

two, the higher control resolution while maintaining the-
high control dynam1c range, produced satlsfactory results to

E1nze1 lens focu51ng and ion source filament power contrdl

.

4) AC load control units

The 1on beam depos1t10n system uses a number of AC

[

-

?'motors wh1ch are. attached to equ1pment such as rotary vacuuma

T

pumps, a water pump, ‘a heat exchahger, solenoid valves, and

-da number of power suppl;es and heatlng elements for

A, ,\
'd1ffus1on vacuum pumps. The safe operatlon of the total
4

A

'”‘_system requ1red a strxct on off sequence. under Cel’talri
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circumstances both the decision and action to operate a
valve or to switch a power supply must be rapid to avoid
damage. A number of AC load controllers, each using a triac

and a load current transformer are accessed through an AC
r e

RV

load control multiplexer from the slave microprocessor.
(Figure 5414).'The slave sends one byte of multiplexer
address and another’ byte of command whose lower 4 bits
reoresents the ungt'number while the upper<4 bits represents
the switch control commands. The switch control commands
are: l1-read switch status only and do not alter switch
status, 2-read current status and turn on switch if it is
not on, 3-read current status and turn off switch if it is
not off. The load switching capabil?ty is lS A at 115 V 60
HZ. The status.for each controller is sensed by a current
sensor. Three different ranges of current‘sensors were made
to handle'different—sizes of'loaércurrqht;,a heavy load
sensorlfor 3-15 Amp; range , a ldght load sehsor(for45:0:075y‘.

Amp range and a very light load sensor for less than 100 mA ’
;Urange. The former ‘two range sensors are made in a* ‘similar
‘fash1on»to a toroidal current transformer 0. 5-1nch dxameter\
;and 0. 25 1nch h1gh The thlrd sensor is made u51ng the

forward voltage drop across a diode when the dxode is

_forward b1ased The current sensors ‘were fiot des1gned to
-produce a correct current read1ngs but are 1ntended to be

.s

~used’t0'1dent1fy.whether the loadvxsrturned-on or off or ‘a

E

fuse is blown. The sensor output 1s compared w1th a certa1n o

B threshold reference to produce b1nary 1nformatlon data on

" S O ‘ ) ‘ ' \“wv'o_
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the load status. The binary information is compared with a

\

control command and produces an error signal whea the
[N .

control command and status information are not compatible.
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V1. Software Levelopment for Sequential lon Beam Deposition

The scoftware for the ion beam deposition system ism
divided into three separate ma jor programs- (1) the ..
mtcroprocessor system operating program (2) the system.

. startquapd outgassing program and (3) the master operating.
_orogram. Phe microprocessor program was nrit{en in 6809
'Assembler while/tne latter two, for the IBMfPC’nost computer
vere wrltten in BASIC The mlcroprocessor unit is run by i.‘

1nterrupts after 1Q1t;allzatlon to ensure real t1me
execution of any routlne wh1ch is requested by the front end
units. Flgure 6-1. shows -the flow d1agram of the ~ C
mrcroprocessor;operatlng routlnes whlle Flgure 6-2 shows

. the task‘altocatxon in: real tlme operat1on

A. The microprocessor operating routine = -’

P4

When power 1s turned on, the m1croprocessor goes into a

v

'self memory test r0ut1ne and ensures that. enough RAM area is
S

-;gaVallable, whereupon 1t sets up communlcatlon buffers, data
f73storage area ' stack area ’ varlable locatlons,

&Jcommun1cat10n formats and t1mer modes. Once 1n1t1allzat1on_

rﬂgls completed and the ‘memory test result 1s sent back to the:
i<d§sh05t computer 1t enters the 1nterrupt dr1ven mode. The “,'\\g\j
:1nterrupt sources are-the A/D ser1a1 communlcat1on rece1ver
'and transm1ttef reg1ster,_the D/A ser1a1 commun1catlon
transmatter reg1ster, the AC load control ser1a1

L .-

commun1cat1on rece1ver and transmlxter regxster, the host
N
B K 3
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computer interface serial communication receiver and
transmitter registersﬂ and the timer modules, The
communication speed between host computer and slave computer
is set at 2400 baud and ali ;ther serial communication is
‘set at 3555 baud. The odd baud number of 3555.(455 K/128). is
due to the use of an inexpensive 455 kHZ ceramic resonétor
as a clock oscillator for the front end units. The access
timé of the A/D unit is 15.5 msec. per channel and one full
scan-of 32 A/D channeIS\Qakes 0.496 sec. A/D channels are
continously and sequgngally scanned and}data is- updated.

The D/A access time is 6.2 msec./and the D/A is accessed
only when the host computegysends out a new D/A setting
value. AC.ldgd control access time pef channel.is 12.4 msec.
and one full scan of 16 channels takes 0 1984 sec. AC loadv
control ﬁnits‘are continuously scanned and the‘load statﬁs
is monftored and/or chanéed on_instruction from the host

_ computer. The AC load Eontrolrcéﬁmaqd-is nOrmallyvread
status only, but when a turn oﬁ/off instruction»is given bj

e

the .host computer‘fhe cémmand is'read‘status and turn
.on/off. Thgwstatds report inélﬁdgs unit‘qumber,'load On/ofé
and:egror bit‘on/off. The ion Seam energy change and béam .”
v§witcﬁﬁhg:is‘éafried(dut by this‘gou;iﬂe onéé thé‘hOStw
"computér-haé suppliedfthé beam‘switching timing séﬁedﬁié.l
fFlgure 6= 3 shows the flow d1agram of the beam switching and

-"energy changlng routine. -
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.dxfferent A/D and D/A data dxsplays in- color for two

B. Start-up/Shut qowm and outgassing routine

The ion beam deposition system startup and shut down
operation requires a series of strict sequenrial operations
for pumps, valves and ionization gauges. For:example, the
forelgme rotary pump must e;aEuate the chamber to a
sufficiently low pressure before the diffusion pump heater
can be switched on, to prevent oﬁidatio& of the diffusion‘
pump oil. Such rules in the vacuum lines are supervised in -
this routine by mZnitoring'pressures at several positions.‘
When a new filament is installed in the ion source it has to
be outgassed‘before being used as an elegtron source. The
basic ruie in outgassing this filament -is that neither the
filament nor ion souree eam be tmermally shocked and
pressures omer 1 x 10" % torr should be avoided during the
entire outgassing period. This rule- is achiéved by

“ - 1
increasing the filament current Slowly while monitoring the

.chamber pressure, taking about 12 hours with'a new filament -

_( start at 5 Amp., finish at 15 Amp., withAOQZ Amp./15 min,

current, increasing-only when'resulting pressure is below 1
X 10" torr) When the system outgassing is finished, the

master operating program is loaded ‘and started.

»

-~ C. Master operat1ng program

N _ L
L The master operat1ng program provzdes an extensave

:1nformat10n d1splay whlle handllng data’ storage flles..It'

‘has 10 dlfferent screen dzsplays wh1ch 1nclude (1)tup
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different ion species, ¢(2)pumps and valves status display in
-color, (3)ion source data graphic display, (4)one 9 hour 1ion
beam current vs. time graphic digplay and 6 different tim%
region 1.5 hour ion beam vs. time graphic displays. e
selection of these screens are via function keys on the
keyboard. The program also provides D/A control set points,
beam switching time schedule and AC load control éommands
(Figure'6-4). It §ends out A/D data request commands at
every sampling interval‘which is normally set at 0.5 sec.

-

The slave computer is running as it is set when no host
computer command is issued. Therefore the hosg computer can
be isolated temporarily from the system while the siave is
running. The system operational parameters are .collected
whenever ion beam cuernfiééta‘collectidn is initialized.
The collected data is stored temporarily in RAM while the
master routine is ruhningAaqd is then dumped into a diskétte
when the master .routine is terminated. For further analysis

the data may be transferred from the IBM PC to the

|University of Alberta main frame computer, an Amdahl 5860.
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VII. Binary Alloy Thin Film Production-and Analysis

A. Introduction

Before starting the ion beam deposition of binery alloy
films, a -proper combinetion of material has to be selected
and the ion souroe (previously loaded with.charge elements)
has to be outgassed to ensure efficient and lasting ion beam
deposition. The outgass{;Q has been carried out by the same
computer system osed for sequential ion beam deposition
under a different software routine described in the previous
chapfter. Chapter VII covers the ion source preparation,
source charge material selection, mass selectivity and
system operational parameters used for Pb/Mg binary alloy
deposition. o |

The major analytical technigue used in this experiment
is Rutherford3beékscattering'sﬂectroscopy (RBS) to analyzeJ
the composition of.alioy filhs; A brief review of this
teChnigoe is given in section F, followed by a detailed
analysis ©of its applicetioo to thjs experiment; As a‘ _
complement to RBS, scenniﬁg electron ﬁicroscopy (SEM) and
htransmlss1on electron m1croscopy (TEQ) are used to evaluate
the surface topography and the crystal structure of f1lms._ .
The results of RBS SEM and TEM analysxs are also covered by

Cow

thh1s chapter.
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B. lon source preparation

A reliable, uninterrupted period of operation of the
ion source is a key factor in a reliable ion beam system.
The most common cause of failure with a hot cathode electron
impact type ion source operating with a’solid charge is the
deterioration of the filament: in this case either the

furnace filament and/or the source filament. The main cause

of premature failure of either filament is a high discharge

_pressure in the ion source and/or excessive applied filament

3

power. To maximize filament life time, a slow outgassing of
both fllamints before striking a plasma 1n the dlscharge
chamber is considered essentlal The outga551ng process also
reduces the partial preesure of undesired,impurity elements
and increases the portion of the desired element oartial
pressure in the discharge chamber.‘Thenhigher the portion of
the partial pressure of the desired spec1es in the dlscharge
chamberpvthe more 1on1zat10n of that,spec1es becomes
poss1b1e under qonstant d1scharge pressure, potential and
current.- <J |

The material of the ion source housing is boron

nltrlde. Although th1s is a machlnable ceramlc w1th an

J‘; excellent hlgh temperature tlgldlty, 1ts re51st1v1ty’falls

as temperature r1ses._Th1s res1st1v1ty change can bé

¢

exacerbated by the presence of absorbed mo1sture w1th the
result that some of the electrlcal current used to beat the

fxlament is, directed through the boron n1trzde. As much of

the absorbed mo1sture as poss1ble therefore must be removed

£y
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by careful outgassing in the vacuum. A rapid degassing
schedule can cause disastrous swelling of the boron nitride
if the absorbed moisture undergoes a phase change to the
vapour state'when it is still trapped within the interstices
of the ceramic.

In most cases during the present work, the source
fllament has falled before the furnace filament. A well
outgassed ion source filament has lasted for 100 hours of
normal operation, depending on the charge element and the
ion source operational parameters. ‘

| Figures. 7-1 and 7-2 show the ion source chamber .
pressure change as a function of two different rates of rise e
of filament current during the outgassing process. Neither
of these rates of rise caused excessive pressure build up in
the source chamber, under the programmed constraint that the
source chamber vachum level must be maintained below 1§1o~5
torr dur1ng the. outga551ng period. Wlth proper outgassxng
and a low dxscharge pressure, the gradual deterioration of
the source filament is,mainiy caused by.ion bombardment.
bIons leav1ng the plasmf reglon in the ion source flow
towards the source filament. The k1net1c energy of these
"bombardlng ions is almost equxvalent t0'the dlscharge_
potent1a1 applled betw;en anode and source f1lament.

It has been notlced here that the 11fet1me of a source
: fllament Varles dependlng on how the source f1lament dc

power,supply 1s connected to the source f1lament. Flgure 7-3

shows the source fllament the d1scharge power supply

“
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b

Table 7-1 Ion Source Filament Specifications

discharge fil. furnace fil.(#1,#2)
material . 0.02" dia. W wire 0.02" dia. W wire
length . 7.0 inches 5.0 inches
operating current 18‘Amp. g 20, 15 Amp.
temperature(*1) 2500 °K 2600, 2200 °K

electron emission 1050 mA (150mA/in).
+ Filament temperature and saturated electron emission did

not include the effect of ion bombardment.

connection and the filament burn out point in each
connection. The connection mode of Fig. 7-3a yields almost
double the filament lifetime of that shown in Fig. 7-3b.

' Ions h1tt1ng the negative end of the filament would have a .
hlgher energy than those h1tt1ng the p051t1ve end of the
f11ament, it woduld appear logical then that the negat;ve ‘end
of the filament must be_ placed furthetAaway from the plasma,
to minimize a hjgher erosion rate‘fromlpositive ion

bombardment . -

C. lon source charge material selection
Due to the operating. temperature 11m1t of the 1on
source furnaces, the proper comb1nat1on of . mater1als has to

: be seleqted w1th,regard to thelrvvapor pressure andv

s
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.ionization characteristics The furnace temperature can be

ty,

maintalned up tb 1800 °K without rapid deterioration of .
/furnace filaments. Figure 7-4 shows the vapor pressure
characteristics of prospective source materials. When two
elements-with different vapor pressure are charged in the
ion source furnaces, maintaining optimum total pressure witn,
equal ﬁartial pressure of each element in the discharge
chamber is eSSential to keep the .ionization of both spec1es
, hl%h Therefore two separate furnaces with separate
filaments are usedvto maintain adequate vapor pressure of
4eachle1ement A lower Japor pressure element (high
' itemperature element) 1s usually stored in the front furnace
‘ because it was found d:fficult to maintain the front furnace :
temperature below a certain level even with the furnace
t?filament turned off after the plasma 1s turned on. In the
case of Pb ‘and Mg binary operatlon, Pb is charged 1né2he &'
”vfront and Mg is . charged in the rear furnace Other succesful .
. blnary combinations observed are Al and Zn, Mg and. Zn, al
randbe and Mg and Sn.,‘ | .
'D Ioﬁmass selection and focusmg(Colutron E X B ‘mass
Figure 7 5 shows the magnet current selectionvébart .1;

i.f;with different E field power supply settings. In a binary

"ﬁMMQualloy depos1tzon experlment, the E fleld power supply has

t“to 150 vOlts. Wlth this sattlng of E fleld a.

'f;reaso_ab1y7high mass element such as Pb 1s accommodated well

e
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Figure 7-4. Vapor pressure characteristics of prospective

~ source material(s2). = - .
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MAGNET CURRENT ( Amperes )

Figure 7-5. Velocity filter magnet curren(Vvs. mass.
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>

below the magnet current limit of 10 Amperes. The mass

" resolution of this system is given by(=3),

M/OM =alE(4VD) ' ------ (7-1)
where ~ )
a :‘the length of magnet ‘a

1 E;drift distance(from the center of magﬁet to target)
.E : E field (V/m)
V : acceleration potential ' B
D : the dispersion between mass M and M-AM
Applfing a=15 cm, 1=25 cm, E=8.3x10°V/m, D=5 mm,Jand v=4 kV,
the mass resolution of tﬁis;b}ngry alloy geposition system

is given by, |

&

By increasing the(drift distance 1, the mass resolution can
be incfeased but thé\spase charge expansidn“in the long .
drift section reduces\the intensity of féns arriving at the
target. Appiying the'&aximum allowable Eifield'of 12500 V/m
can 1mprove the mass resolut1on, but the’maximum mass range:
drops to near 120 AMU. \Yhen the 1nvolved element masses are
below 120 AMU -use of thp maximum E. f1eld results in’ an

 1ncrease in mass resolutkin by a factor of 1. 5 ‘from ‘that

'gxyen by equatlon 7-2.

e
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E. Pb/Mg binary alloy deposition parameters

The following parameter settings are typical for Pb/Mg

binary alloy deposition,

1.

parameters common -.to both elements.

a.

b.

eiéqtrically.isolated. h S

N

discharge cﬁrrent : 600 mA
discharge poéenfial : 100 Volts
source filament power : 18 Amp. x 12 Volt

acceleration potential : 4 kV

vertical deflection : 100 Volt

"horizontal deflection : 150 Volt

E field power supply : 150 Volt

target chamberlpressure : 1x10‘° Torr

beam transpoﬁt chamber pressure : 1x10°’ Torr

ion source PID control : K=0.002,Ti=5T,Td=0.2T;
T=0.5 sec.

ion beam deposition.ene:gyfﬁ,so eV

decelerator lens system : 80" conical decelerator,
‘ - ‘

1.0 inch high, 0.25 inch diameter hole on the target

’
.
s

side.
target mask : a stainless steel mask with 3/16 inch
diameter ho1e;‘target,and target mask are

+

target : vitreous carbon, 5/8 inch diameter, 1/8

inch thick for RBS and SEM.specimen. -

target for TEM specimén :'NaCl‘£dvetednby‘thin‘

" »

“'carbon film, . . e

AR Y
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~

2. non-common parameters(Pb/Mg)
a. magnet current : 7.9 / 2.4 Amperes
b. furnace filament powers : 13 Amp x 8 Volt/10 Amp x 5
Volt > |
c.Akghim controls(Volt) : balance 98/137, middle 0/76,
'R1 53/45, R2 32/25, R3 63/37, L1 85/89, L2 108/112,
L3 126/140 | | |

43

d. focusing : 3.25 7 3.30 kv
e. 1on beam current : 5/8 uA
" f. deposition switching batch dosage : 1000 uC/1000 uC
(in case of 50/50 % deposition) '
g. 1ion beam high/low energy switching : energy range O
- 300 eV, switching batch doéage variable.
h. 1ion bombafdment time : 4 keV beam; bombafding t ime
(Qariable
i. 1ion beam blockiné time between beam switching ;
normally 1 - 2 sec., variable
F. Pb/Mg alloy thin film analysis by RBS
When an energetic particle beam irradiates a target, af
'f;actibn:oﬁ the»incident'particleélis's§attered backlfrom
the ta;get~by Coﬁiqmb repulsion of the atomic nuclei
(Rutherford scéttering). The application'oflRuéhefford'
‘backséattering to thin film analysis'wés begunuin‘fhe early
1970 s by Chu et. al(*4 5,6, 7) One outstandlng ‘feature of
hls technlque is the capablllty of depth resolutzon as well

as mass, dens1ty and compos1t1on resolutlon. The mass -
: BN ’ ' ‘ ] _ L
e ywhz=‘d;" T
o : . 0



128

resolution arises througn the energy loss incurred by the
small fraction of incident ions which are backscattered
elastically by the Coulomb repulsion of atomic.nuclei. The
energy of the incident ion after backscattering is smaller
than its initial energy E, hy an amount which depends‘héth"*
on the scattering angle andmthe mass of the incident ion and
a target atom. When the backscattering angle; 6 and the
incident ,ion energy; Eo, and mass, m are givemr, an unfhown

mass M of target atom can be identified by measuring the

backscattered particlé energy E (equation 7-3, Figure 7-6).

where

the kinematic recoil factor K, is given by :

Km={[m cosf + (M*-m?sinz8)'/2]1/(m+M)}?
Most of the incident -particles undergo small—angle
deflections, penetrating deeper ;ithin‘the target. In the
process of penetration the incident partlcles lose energy
The backscattered energy of those particles that re-emerde
dfrom underneath the surface after underg01ng a large angle
coll1s1on is smaller than the energy from those partlclesiy
| backscattered’from the surgace, because of thelr small- angle
: 1nteract1ons thh target atoms. The energy loss d1fference
AE between the partlcles backscattered from the target ‘
‘-surface and from depth t under the surface is g1ven

_by(*9 10)
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detector of

backscattered
o particles
Ei=KmnEo
E;=Bs*AE, . ¢
’ E3=KME;_
E.‘E;‘AE: ) )
2o
: 4 BN
AE|‘¢|Nt . :

- AEz=¢ (Nt /cosf

’

Fxgure 7-6. Schematzc representation of the backscactered
partxcle energy- from a thxn slab of target.

Fd

'
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where
[S]=Km dE/dx) ,+1/cosé dE/dn)? -
[S] : backscattering energy loss factor
dE/dx), : target atom stopping pqyer at the energy of an
inbouhd particle .
dE/dx), : target. atom stopping power at the energy of an

™

outbound particle after a wide angle collision at depth.-
|\
t. o A

Equation 7-4 can be rewritten using the stopping crpss

section €(%*9,10).

AE=[ €Nt ——----mm---~ (7-5)

wheré

[e)=Kme, + €./cos@ : stopping cross section factor

€, : € at inbound particle energ{r T

€, : ¢ at outbound particle energy

N : atomic density of .target
Data of stopplng crossusect1ons from varlous elements are .
available for a wide range of ,He" energy(*B 9). From
.equation 7-5, with given energy loss parameter data of
target atoms, the thickness of a homogenequs f1lm can be

E determlned by measurzng AE the energy d1fference between

bﬁ"jrt1cles bacscattered from the surface and the one

¢xgbackscattered from the other end of the fllm.

When a number “of 1nc1dent he11um partlcles 1rrad1ate a

terget, only a small fraction of them are backscattered. The

g - . Lo . ) [PUFERR
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possibility of an ' incident particle being backscattered when
passing through the target material depends on the atomic
density of the target and the scatter;ng cross section of -
the target atom. The bacﬁscattering yield A is given

by (9, 10), . ' - ' oo ot

{
A= (90N/cos6) [§ 0(E) dx ——-=--=---=-=-(7-6) =
wherk - ‘ ’ e

Q : solid angle of detector
Q : §article irradiation dosage
"o(E) : scattering cross section at energy E

t : film thickness
An unknown target atomic density can be derived from
equation 7-6 by integrating the backscattered%partic}e
‘counts when other parameters are given. The detector solid
angle 9 and the backscattered angle 6 can be obtained'by
measuring detector and target geometry and the position:
where the incident beam hits the target. The irradiation
dosage Q is mgasured by integrating target current.

From equation 7-6, if the geometry of the Rﬁthe:ford,
backscatterlng target cham§gr£1s not changed and the same
amount of probing beam dosage is used, the backscattered
' partlcle count at the detector is directly proport1ona1 to
_the number of atoms 1n the target and the scattering E?oss
.sectlon.IWhen the backscatter1ng angle ) 15 close to 180°

N
and m<<M, then avspeczal caSe,ofiscatterlng cross sectlon is

..

given by{*9,10),

TN
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do/d9=[2,2, e*/(4E)])* ----------- (7-7)
where A
Z,,2, : atomic number of incident beam and targer
E : incident beam energy _
e : electronic charge i,

From.equation 7-6 and 7-7, the backscaﬁgerxng yield ratio.

7%

"from a homogeneous thin composite targe% becomes(*9 10),

-

.

Ai/By=Ny Ny~ ' (2,/2,)% ~=-=--mmmoooomeo - (7-8)
where .
subscrlpt 4lﬂf:;element ,2 in composite target. )

In real1t§€ﬂ§Lbackscattered helium particle strikes a
silicon surface barrier detector whose resistivity changes
by an amount that 1is reléted to the energy of the particle.
The résistivity change is translated into a~§article count
as a function of energy. This cumulative data is stored in
bins of a multichannel analyzer system as particle counts

per bin(channel). Because the ehergy width of each. -~

_ bin(chanfiel) i$ identical+ the height of the channel can be

‘used in similar way as the total area of an energy spectrum

\

is used in defining the composition ratio of a homogeneous
S »

comgosite target.
From the definition of the stopping cross section

factor, the'engrgy ﬁfdth‘w,, W, from the spectrum of element
iS5t S _ ) - ? B

1 and 2 of composite target is givén_by,

>
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W,={e] Nt

Wy=[e],Nt —r-------- (7-9)- -
When the channel energy width AE 1is specified, the numbesr of
channels for each spectrum, n, and n, is-given by,

,=W,/BE={e],Nt/AE

n,=W,/0E=[e];Nt/BE --=--- (7-10)
The spectrum width rat;o is given by the ratio of stopgihg
cross section factor. The height of spectruln can be defined
from total area and the number of channels the spectrum

occupies.

The spectrum height is given by,

Hm1=A.,[n4=A.AE/([€]1Nt)
Hmz=Az/n2=A2AE/([€]2Nt) ------ (7—11)
From equation 7-8 and 7-11, the spectrum height ratio 1s

given by,

By /Hnz =N /N2 (21/22) % (Le /L) mmmmmmmmmmmmne (7-12)
From equation 7-12, the compesition ratio can be solved by
comparing the height.of'two spectr%ﬁftom the same depth .
within the»target, provided that the target stopping‘ctoss
section factor and target etomic numbers are known. The
stopp1ng Cross sectlon factor f{e), is a functlon of
comp051t1on ratio and the energy of the 1nc1dent partlcle.
vTherefore if the compos1t10n rat1o is not known, the correct

[el, is not available. An iterative method~can be used in a  ‘



134

machine calculatlon 3% solve eguation 7-12, by making an

-~

inrtial assumptxon of a common stopping cross section factor

for all elements 1in the.qomposite. The error of this iritial

assumtion is usually less than (Km1-Km1)/( 14Ky, ) when K., >>

“Kmz. In case of a Pb and Mg composite material, the initial
error is 27% at worst and decreases with continued

- iterations.

The depth profile of a composite material can be

- . e
obtained by implementing equation 7-12 with a computer. But

the backscattering experiment inésrumentation has a finite
energy resolution, which is dependént on\fhe resolution of
the Si surface detector and of the sﬁgnal amplifiers and
data acquisition system. Because of tﬁe statistical nature
oé?the energy loss of the incident probfng paréﬁcle, the

- energy of backscattered particles has. a Gau551an \

‘distribution :(energy straggllng) wh1ch is a\functﬁon of the
P \

target atomic number as well as the backscattered energy;
Y

the deeper they travel before being backscattered in the
)
A}

" target, the larger is tne energy straggling, The\poise

present in the electronics system also contributes to tHe
~

. poor signal to noise ratﬂJ in the low yield.of the

\
-

backscattered energy spectrum. Wheﬁgthe target conta1ns two

s1m11ar mass elements or a film that is- too thick, thex«
resultlng spectra overlap in yleld Separatlon of the i

gpgctra becomes necessary before d01ng any quantltatzve

Pl %

analy51s W1thout g1v1ng proper con51deratlon to the above:

PE. N

added effects, quant1tat1ve depth prof1l1ng would not

4

S T

-z,

Fom FL
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produce a real picture of a target profgig

As an alternative method in 1dent1fyfng a composite
target which 1s assumed homogeneous, a comparison method has
been develocoped here. First, a number of spectra of given
composites are synthesized and then the spectrum from
experimemt was compared with the synthesized ones.

When synthesizing spectra from composite targets,
correct data for the stopping crose sections.end atomic
densitiee for the composite have to be provided. For the

calculation of composite stopping cross section, Bragg's

rule is applied(*115 $

€,2=K,€e ke, ————--—---- -- (7-13)
where

€,, : composite stopping cross section

k,,ka compésition ratio, k,+k,=1

The atomic density of a composite N' is given by(x12),

N'=1/(k,/N, + gz/Nz) —————— (7-14)
where

N,,N., : atomic éensity of element 14end 2 respectively.
‘1f a 51gn1f1cant chemical react1on is likely between/éTEEEht‘
1 and 2 when they produce a composite, equatlon 7- 14\9ecomes

1nVEIle The™ above equat1onﬁls der1ved from the initial

assumption of an'unchanged'unit' tomic volume of each
element even after they are m[;::\tggeth;ﬁ\to make a.

‘,composzte..In calculat1ng the atom1c ‘density of the

e
/‘-AJ L



136

composite of Pb,Mg and O, the density of MgO is used for Mg
and O'because‘it is known that pure Mg turns to MgO whenever
Mg is placed in an oxygen enuironment..Table 7-2 shows the
ratios of spectrum height, width and area forﬂdifferent
,composition ratios which have been considered in alloy film
production. -

Figure 7-7 showS»the instrumentation layouf used for

RBS data collectlon in this thesis. A backscatterlng angle

of - 170° is employed w1th an ORTEC Si surface barrier .
'detector The detector solid angle is measured as 2.8 x 107 2%’

~

rSr and detector b1as of 120 Volt is applled From Si
detector parameter nomograph(*13) the detector produces_
’abOQt‘1OQym"thick depletion layer4at this bias potential and
'Z.OTneV a partitles are eompletely blocKed in this layer.
n‘a) Pb/Mg 25/75% deposxt1on‘

| Flgure 7-8 shows the RBS spectrum from a thin f£ilm

dep081ted by 50 eV Pb* and Mg beam, sw1tched sequentlally'

'EfW1th a: sw1tch1ng batch dosage of 200uC and 600uC

"”»f;frespectlvely. The 1n1t1al 1on beam current of 3 3uA of-Pb"‘

ﬂfiand 7 3uA of Mg were obtalned and the total deposqted
_f‘dosages ate 0. 01c and 0.03C each S

]

"ff7Tﬁe area, helght and wﬁdth ratlos were measured from the-

%Jspectra and compared w1th}ihe theoret1cal values obta1ned

The comparlsdns are gzven‘
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The area, height and width ratio of synthesized RBS spéctra

of different composites of

COUNTS

A

composite
(Pb:Mg:0)

13150

PS/Hg/O.

Pb

bare |y
3

area
A,:Az:A,
46.7:1:0
46.7:1:0.44
140:1:0
140:1:0;44
15.6:1:0

15.6:1:0.44

23.3:1:0.44
93.4:1:0.44

ENERGY

height

H, :H;:H;

40.1:1:0

40.9:1:0.48
119.3:1:0
120.1:1:0.91

13.6:1:0

13.8:1:0.48
 204531:0 -
20¢5£1:6.48
80.5:1:0.48

width
WyiW,: W,
1.16:1:0
1.1&:1:0.92
1.17:1:0 _
1.16:1:0.91

1.15:1:0.93f

1513:1:0.93

1.16:1:0

1.13:1:0.92

1.16:1:0.91
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2.0 MeV yHe'

Si surface barrier
detector -

Preamplifier
ORTEC 109A

Y

Main amplifier
ORTEC 450 ' . -

magne%ic A/D converter
, tape 3 Tennelec TC 01‘
. g
video ' : Computer .
monitor —a————1 Honeywell
" | opp 516 -

.
,

) Fxgute 7- 7 The block dzagram of:RBS’data»colleCtion

' j‘xnstrumentatxon.
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#-ratio sequence : Pb : Mg :
* theoretical values from g/:omposite of 1:3:3(§b:Mg:O) in
parenthesis

- area ratio 15.6:1:0.5 (15.6:1:0.44)

- height ratio 13.6:1:0.57 (13.8:1:0.48)

- width ratio 1:1:0.8 (1.13:1:0.93)

x film thickness : 3200 A

-
-

e
‘.

The film deposited with igf beam dosage ratio of 1:3(Pb:Mg)
showséthe RBS spectrum equivalent to a composite with _
1:3:3(Pb:Mg:0). The oxygen is considered to be introduced to
the magnesium after deposifion. The probable periods of the
oxygen introduction to the film are during the target
removal from ion beam deposition system, the transpo;t>te

RBS laboratory and mounting the film onto RBS target holder. .

b) Pb/Mg 50/50 % deposition.

Figures 7-9 and 7-11 show the spectra from thin films
'produced by 50 eV Pb- /Mg ion beam depesition with»beam |
etswztchlng batch dosage of 400uC/400uC (Fzg 7-10) and
-‘1000uC/1000uC (F:g T-11). The total depos:t1on dosages are -
0.Q2C/0.02C(F1g. 7-10) and 0.025C/0.025C(Fig. 7 -11). The
compariseé of spectfuﬁ data Qifh’theoretical values are.;
*rat1o sequence ;'Pb'Mg :0 ’ - i‘.
*Flgure 7~ 9 data g1ven flrst followed by Fig. 7 -4f3data.‘fhe

theoretxcal values from a compos1te of 1:1: I(Pb Mg o) in

3
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parenthesié.
- area ratio 48.9:1:0.48, 47.7:1:0.49 (46.7:1:0.44)

- height ratio 37.5:1:0.56, ;37.9:1:0.47 (40.9:1:0.48)

an

- “width ratio 1.131:0.9, 1.14:1:1 (1.14:1:0.92)

/

- A .
As before, the spectrum shows that the quantity of oxygen 1is

\
identical with that of magnesium.

c) Pb/ﬁg¢75/25 % deposition,

Figure 7-1} shows the RBS épectrum frdm a thin film
which was produced by 50eV Pb*/Mg’ ion beam deposiﬁi&n with
beam switching deposition batch dosagé of 600uC/200uC. No
viﬁible sign of Mg nor O peak is obsérved from the spectra.
As describéd in the ‘backscattering yield ratio eguation

- §
(equation 7-6): when a low_maSé element contributes only a
small fraction of material to a composite, while the
majority is made up from a high mass eiement; the .
Backscattering yield from the low mass element is extrémely‘
- small. In this event, the instrumentation noise produces a
higher signal than this low backscattered data and the
" identification of the loé yield backscattering signal
becoﬁégzégtremely diffcult.‘Thé theorefiéal-vglue;fof‘a
::%H  com§osite of 311;1?Pb£Mg:05 is given asv129;1:0.48 ih-Ta$1e4=‘
:.7—2, The spect;gm dié nof‘Have;;nough ;eéblutioﬁ to

)
(-4

distinguish signal from noise in this case.

[‘}.’._
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G. Analysis by SEM and TEM

The surface and cross-section of Pb"/Mg- (50/50%) ion
_beam deposited films were examined by using a Phillips model
SEM505, scanning electron microscope. The SEM is a most
versatile instrument for the invest&gation of the
microstructure of solid surfaces. In the SEM the reflected
electrons or the secondary emitted electrons provide
information of‘the surface topography ot the specimen.
Specimen preparation for a SEM 1is relatively simple. Pb and
Mg were deposited on a.vitrsbus carbon substrate and later
this substrate was’;Suﬁted on the SEM specimen stub using
conductive adhesive.

Transmission Electron Microscopy (TEM) is one of the
well established methods for the analysis of:thin film
structures. The transmissisn electron diffraction pattern of
a thin film gives information about the crystal structure
and crystalline orientation. A highly magnified image of the.
thin film provides information about the microstructure of
the thin film. In general, the preparstion of a specimen for
TEM analysis requires‘special attentish in reducing the
'spécimen,thickness to below 1000 A to obtain a condition of
transparency for electrons.

For the work d1scussed here, the Pb/Mg ailoy film must
be grown on an electrically. conduct1ng substrate, othetwlse
_charge build-up on an insulator would qu1ckly'reduce the
depos1t1ng ion beam current to zero. Using the gederally
-accepted substrate of NaCl for TEM work, a th1n cohductxng

3
|

R - CNL e



146

layerlof carbon was deposited via a carbon arc discharge in
vacuum. The NaCl/carbon then acted as the substrate for 1on
beam depositing the Pb/Mg films which were under
investigation here. The films were removed from the
substrate using distilled water and then mounted on a
supporting copper grid to be inserted into the microséope,
The microscope used in these experiments was a Phil;ips
4
model EM410, transmission electron microscope with 100 KV
acceleratioff voltage which corresponds to the wavelength of
0.03702 A. The diffraction pattern of crystall}ne material
is regularly spaced spots for a single crystal and‘
concentric rings for poiferystalline specimen. The
diffraction maxima occurs when the ®lectron waves are
'reflected’ from planes of atoms in a crystal and satisfies
the Bragg's law, interfering constructively on the h
diffraction plane.;fne }adins of a ring or the Qistance to

the diffraction spot from the center of the electron beam, R

-

is given by(#*14,15,16),

L : the camera length( the effective distance from the

object to the diffraction pattern) o .

X\ : electron vave 1ength

a

latt1ce plane dlstance

J‘v

“ Plate 3 shows the<electron d1ffract1on pattern from 50 eV

Pb"ion beam deposxted f£ilm. The basic structure of Pb 1s

ra \.‘

- >
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f.c.c. and in the cubic system the relationship between
> . N . . Lo
interplanar spacing d and Miller indices(h,k,1) of the

parallel palnes is given by(x14,615,616),

1/d*=(h*+k?*+1%*)/a*=N/a* -—-——--——---—----- (7-16)
where ' A

a : lattice parameteg

N=h?+k?*+1%, in case of f.c.c. N=3,4,8,11,12,16,19,20
The diameters of each ring have been measured from the
enlarged photograph. From equation 7;15 and 7-16, N 1s -given

by,

N=(aR/LA)? -~=----—~-=-—- (7-17) -
L=275 mm, A=0.03702 A,a=4.9506 A
The interplanar distances d haverbeen calculated and checked
against ASTM powder diffraction-data(#17). Table 7-3 shows
-the comparison madé‘w;th measured rihg diameters and ASTM
data of Pb. The interplanar spacings determined from the
digfraction pattern of 50 eV Pb- ion beam depos{£gd film'
showhthaﬁ they match well with feported ASTM data. But the
intensity of the ring shows ion bea@ deposited film has a

;fqﬁgfgrred orientation of,(220) which is different from the
R e i ) :

/ pbwdef diffraction data.
Plate 4 shows TEM diffraction pattern of 50 eV Mg® ign

. beam depos1ted film, W1th a similar method used in Pb f11m

ot

st ana1y515. the . 1nterp1anar d1stances were calculated adﬁ\

3. . wet

N
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Table 7-3
Pb thin film TEM diffraction pattern comparison with ASTM

data

s

‘“t4 ASTM data Measured data
d(A) 1/1, hkl equivalent measured intensity
dia. (mm) | dia.(mm)

2.855 100 111 28.5 28.5
2.475 50 200 33.0 - 33.5

1.75 31 )220 46.6 47 . highest
1.4?3 32 311 32.0 54.6 second
1.429 9 222 57.0

1.238 2 400  65.8 -

.1359 10 331 71.6 73

1.1069 7 420 73.6 75

1.0105 6 422 80.6 82 '

[ .
compared with~compiled ASTM povwder diffraction data. As it

was suggested from the RBS spectra, the diffraction pattern
matches that of MgO rather than:Mg. Table 7-4 shows the o
comparison between measured values from Mg film and ASTM
data of MgO. A few m1551ng r1ngs in the measured data are
e_con51dered to be due to the 1ow 1ntenszty of the rings. <The
or;entatlon oﬁ the Mgo film prodqced by 1on beam depos;t1on

 of Mg is identical‘with that}of*ASTM.datat



with this mgashremént and. it is difficult to determine the
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Table 7-4
MgO TEM diffraction pattern compared with ASTM data

—_— .
ASTM data Measured data
d(A) 1/1, hkl equivalent measured intensity
dia.(mm} dia. (mm)
2.431 10 111 33.5 33.5 third
2.106 100 200 38.7 39.0 ; Astrongest
1.4889 52 220 ‘ 54.7 55.0 second
1.270 4 31 64 .1
\\_/\\1.216 12 222 67.0 67.5 ,
\?\0533' 5 400 77.3 78.0 .
O.EQEE 2 331 84.3
0.941% 17 420 86.5 87.5
o.seoq 15 422 94.7 . 96.0
0.8109\3 - 5t 100.4 \ , K

Ei?le 5 shows the electron diffraction pattern from a
Pb/Mg 50/50 % composition alloy film. The measured

interplanar spacings are 3,88, 2.86, 2.33, 2.14, 2.04, 1.63,
R ' . LN ] .
1.34, 1,15, 0.87 A. There is no compiled data tp be compared.

-

 basic structure of this unique composition using only the

diffracfion pattern.'Thié diffraction'pattern’dqgs_hof ,“

appear to'approximate that of ‘a Superimposition of Pb and -

-5

RS o
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Y
'MgO. Because of the nature of the film growth technigue :
U T : : NS
.that/pf/seaﬁeqtially layering and mixing thxn deposits.of Pb
and Mg, t&ere was oncern that separate layers of the two
N

d;fferent elements could exzst 1n the total film. The

a
[

AN dlffractlon pattern subgests that the two elements whlgh
. ) were Ln1t1ally_dep051te§ in separate layers became mixed to

4

farm a néw}structure? ;

[

o

4. The rather gra1ny feature 1is con51deréd
to be d‘ 45 the extremely low flux rate(about 0.3 A/sec).
'13; oth Specimens arevgrown by Pb* /Mgl ion beam dep051tlon with' -
. a deposition Switching.batch dosage of’?OOOuC/lOOOuC The
crack seen between the- th1ck top layer and the next layer is
caused by the mé‘hanlcal stress applied wh11e breaklng the'

G
:,spec1men tofoposure the cross sect1on. There are no v1s1ble'

}7' ’ 51gns of the separate layers whlch vere app11ed durlng the

fllm growth .l‘”;..ﬂ

S

The f1lm growth structure 1s unlque compared with cross;v'

.

sect1ons of fllms grown by conventlonal technlques. W1th thelee

"”ffeubstrate at room temperature, f;lms grown by convent1ona1

”'7‘l1ques‘norma;ly show columnar defects(*IS) The columnaf.fi;



energy less than 10 eV, -the columnar

form with ion beam deposited films.

151
5 .
growth defects did not
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Plate 1.

SEM- surface topography of Pb/Mg(50/50 %) alloy film
deposited by 50 eV. sequential ion beam of Pb*/Mg- with
sequential deposition batch dosage of 1000uC/1000uC.
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Plate 2.

SEM cross s ixon topography of Pb/Mg(50/50 %) alloy film
deposited by 50 eV sequential ion beam of Pb*/Mg° with
- sequential deposxt1on batch dosage of 1000uC/1000kC.
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Plate 3.

TEM diffraction pattern of 50 eV Pb° beam deposited film.
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Plate 4.

TEM diffraction pattern of 50 eV Mg° beam deposifed film.
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Plate 5.

TEM diffraction pattern Pb/Mg(SO/SO %) alloy film depositéd
by 50 eV sequential i6fi beam deposition of Pb*/Mg‘ with
sequential deposition batch dosage of 1000uC/1000uC.






VIIIl. Limitations of “the ﬁresent System

e

The mafoh limitations of thi% system are : (a) the low film
growth rate, (b) the tange of film material. The low ion
beam current of about 10 uA is too low to allow high film
growth processes. An ion source which can deliver 1ion
currents in the milliamperes range is recommended to achieve
reasopahleﬁfilm growth rates and to produce larger specimens
which- can be subjected to electrical and mechanical test.

The present ion source can not produce furnace
teﬂperatures high enough to evaporate ahd ionize refractory
metals. An ion sourcefwhich can produce ions of low vapor
pressure elements in ?hekrange of 1x10°° Torr at #500 °K; is

ecommended for an alloying experiment using refractory
metal elements. ‘

The thermal isolation ef the dual furnace has to be
increased to aceemmodate a dbmbination of low and high
meLtlng temperature mater1als. With the present
confzguratlon, the temperature 1selat10n between the two

. fujnaces is approx1mate1y 500 °K. .

t!}_'_- ue to the nonuniform current density dlstr1but10n over

the focused ion beam, a_sxmplé spot dep951t10n cannot

produce a uMform thickness over all of the deposited atea.
* The focusing eharaétEristics of the ien/beam'varies as ion

specxes 1s changed because\qf the dlfferent charge to mass

‘_ratxo. When-alloyxng with two d1fferent Jon beams in the

L
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same ign beam system, the two beams have different current
density distribution and the resulting alloy composition
dist:ibution becomes non—uniféfm. Using only a small portion
of the beam is one way to reduce lateral density variatiaps
but growth rate will be Qropped proportionally to the used
portion of beam. A more efficient method could. be to scan
the beam over a stationary substrate horizontally aﬁd
vertically, or, alternatively, moving the substrate while
maintaining the beam trajectory unchanged; An electrostatic
ion beam scanner located between the decelerator.qnd tPe
target is recommended to achieve homogeneous film

Es N

composition. | . -

In order to deposit insulating films, ¢t

" requires a neutralizing sea of electrons supplied from a hot

\

fi{ament near the target to prevent'p‘sitive chargé build up

on the target.:- .

The lack of in situ analytical-equiggfnt with ‘this

system makes the investigation of uncontaminated specimens

during growth process imRossibleé.

18



IX. Conclusions. - - . >

T . RS ' -
SN - L.
.. . + ' . X v . . . . 7 .
‘ . .«

e e
Car ' * ‘
g? T Th1s chapter summarlzes the present study of the ijjﬁ
e computer controlled sequentlal ion beam dep051t1on system £
e . D 5
and bznary alloy metalllc fllms produced by#@he system.
.1 - . . F
e L ‘ e B N N

A, Sequentnal ‘ion beam depos;txon system . g .

a f" A comzuter controlled system has been desqgned to make

‘a thin fllé deposzt1on fac111ty capable of dellverlng two

dxffereﬁt 1on beams sequentially to a‘substrate. Some

1mportant features have been'1moopporated 1nto the des1gn,-‘

......

namely proﬁrammable control d@er the beam energy,

.

ir

deposxtlon dosage, beam fdcu51ng, mass selecﬁlon and beam

AR shap1ng.vThe ogeratlon of thé 1op source also has'ﬁeen

DUIU,"

‘. d1scu55ed 1n deta11 A brlef sdmha#y of the features of the e
» L R
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and/orvcurrent control.

16 AC load contgol channelsd: up to 15 Ampere, 115
V,60 HZ, activates/deactivates and monitors vacunm
pump'mdtorsﬂ vacuum pump heaters, solenoids, heat
exchanger and DCspower supp11es.

High voltage) isolation : each channel except AC load
’controllers'are‘rated at 7.5 kV between input and

F xoutput. ‘ ’
b) System software

. : ' . . W

Ly - System start-up and shut down routine. >

- . - Ion source 'outgassing routine with programmable
‘outgassing speed. '
L= ‘MasSter operation routlne RE | o '
. T o

. Ion source control routine (constant i1schargee'

S vvcurrent and voltage mode) T
“Vlsuai‘screen mode D/A reference settlng
d Data logg1ng ' ‘“‘ ) iﬂ%f.l‘*d,g“‘[
'f.%Beam SWItChlng routlne.eiﬁsf;!_fif}? e"»':’\fgd“:ﬁd”

Slave computer operat1on rout1ne

Read 1n A/D units: and AC load contrbl units ‘-*71;f;§

s ‘~. l

C f&fﬁhﬁ"jh ;? ,Cont:o D/A unlts and AC load control,un1ts.,

: L

s -_‘5

 ion species
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-~ Ion energy : 0 eV to 4 keV:
- Ion current : up to a few tens of uA g

|- Ion source .operation time ¢ up to 100 hours
- Mass selectivity : M/AM=4 -
- Mass selection : 1-600 AMU

- vacuum conditions : 1x10°7 Torr-in ion beam

transport chamber, 1x10°® Torr in target chamber

f ' ‘ 1. N \

B.‘Pb/Mg binary alloy thin'fdlm deposition

fhe main focus of this research work atbﬁhis stadexwas
to bu11d a binary alloy: dep051t1on system us1ng a single ion
source - and to 1nvest1gate the produced arloy f11ms ta
confirm the degﬁgn object of the system. The dep051t10n of
\blnary alloy u51ng Pb’ "and Mg* sequentlal ion beams has beeni
carrled out successfully The~resu1ts ‘of the f11m

compos1t10n analy51s by RBS show that the system is capable

.. of deliver1ng two sequeﬁtlal ion beams to produce blnary

¢ -

1alloys v1th in- 51tu control over. the alloy“comp051t1on. e
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MASTER COMPUTER ION BEAM DEPOSITION ROUTINE
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