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ABSTRACT
In order to improve thin film characteristics, sﬁch as,

éurity, adhesion and crystalline structure, for the application to
high power laser optical coatings, an innovative thin film )
deposition method was developed. A low energy ion beam dgéosition
system which permits prECisé control of déposition paraméters was
” desigﬁed aﬁd constructed. Performance data are éiven for gaseous

ion beams and ion beam deposited Pb and Mg films. The deposits

werebanglyzed by Rutherford Backscattering analysis, transmission

glectron microscopy, scanniﬁg electron microscopy and X-ray diffraction

analysis.

Boéh Pb and gg films show the dependence on 1nc§éﬁﬁt particle

energy for their adheSion, thickness, surface coverage, and

crystalline structure. s

More conyrolled film characteristi;s are oBtained by thié deposition
method thaﬁ_that of conventional deposition methods. The main
charaqteriétics of the filﬁs‘oBt;ined by low.eﬁergy ion beam deppsition
are as folloys: ) .

(1) “$Strong adhes 1on A; highef deposition energies

(2).  Pure thogeﬂeous films

(3) Good surface coverage

(Z) Oriented crfst&l}iné structurg‘ht higheFVerositién energies

Mgst import&ntly, theiﬁreéise‘controllability df;tﬁe.deposition
pa;ameteré and consequently preciée controi of film chatac;efistics‘
for épecific appliéationa,‘makés fhig technique a viaple}alfernative

to present film deposition methods.-

s . oo
(/ ' (. e . N
.
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‘ Chapter 1 | %

“Introduction 5

S
i

1.1 Background ’ : -

Q

o -

‘A serious pfoblemiin Eﬁéféeveldpmént and apblicatioﬁ of high-
power lasers:is damage ﬁo optical interfaces. This damage t
optiéa} interfqges”generaliy detefminesrthe 1imit;of laééringformance
[(1}. Limitations to tﬂe propegties of optical interfaces such as

VS . . . .

weak absorptionftthe presence ofninhomogeneities or nonlinear
suscgptigiliéy, are negligible ?or low¥powe; lasers, but tgesev
limitations can gauée catastrophic failurebbf interface maferials
in high—péwer,laser systeﬁs.‘ J

/ Léser opticalf{nterféces, ghe reflecting mirrors and the qutput

v

yindows;‘ge;eraliy consist of dielectric or metallic coatings-of
single or multi—iayé; thin films. Thin films’a;e maiély proéuced
by'deposition¥0f,film matérials by vacuum’evgporation or by
sputter dééositibn onté a substrate of suitéblé materials.

As thin film technology haéaadvanced, film characteristics such

as purity, defect concentration, adhesion, and the range of materials

that can be deposited in thin film form have been improved by various

’

‘deposition techniques. Vacuyum evaporation, the various modes of

. éﬁutter deposition, and ion- plating have been well documented

o
o

as to their suitability for a wide range of thin film applicationsﬂ

-

s

Inherent in the 6pgration of such techniques is the inclusion.of

-~

undesirab}e foreign impurities within the film [6-9]. These:impqrities



2.

" can originate‘at the source of‘the‘depositing‘;articles§.they can be
. . X N 3 T
" desorbed from the halls of the'enCIQSure;'ortthey can be already
present'in the gas phaselwithin the enclosure.r Another disag:antage
of 'conventional" techniques is that the energy of the depositing
particles is uncontrollable In fact, using present techniques it
is difficult, if not,imPOSsible, to independently control the many
factors such as adhesion, sputtering,“film damage, and'purity that‘v‘
‘can affect film growth processes. Although those conventional
techniques are perfectly adequate for,most.applications, certain
_crisﬁcal processes, such as thin film coatings for_high power laser
ontics, havernotmyeg’been perfected | |

\\ )

ﬁy further improvement of thin film characteristics, it would be
"possible to produce high power laser optical interfaces which will
withstand highervenergy radiation.
| vFilmrcharacteristics can’bé~impfbved by more precise control of

deposition conditions. Most of the conventional methods use’

materials which may be in 'a neutral state, excited state, ionized

%,

'state, or’combinations of those.' By selecting ‘one particular state and

manipulating the condition of the incoming material while it is in '

r

that state, more precise,control of deposition parameters can be ;

achieved, Ionized material may be easily controlled %y manipulation
of electric and magnetic,fields‘ '

When a low energyvmetallic ion‘beam imbingesionto axsubstrate,
.deposition;Of material from the.beam occurs [10—13]. When‘compared
with‘cOnnentional thinifilm deéoaition methods, this aporo?ch has the

i

potential’for controlling;the”above mentioned factors.

o

2

T



The purpose of thig thesis is to present é<theoretical analysis,
an actual systém design anq thékE;rformancg results pf a novel thin
film'deposition method whicﬁ-utiiizes low eﬁgrgy }on ﬁeams{" |
1.2 Conventional Thin Film Deposition Method#

The modern mgthods for_thin film deposition. are classifiedAinto
two groups: apysical methods;and chemical. methods. PhySical methods
include the depositign techniqués which depend on evéporatibﬂ or
sputtering meéhaniSm. On the other h;nd, chemipél methodérdepeﬁd
on a éﬁecifié chemical_rea;tion..‘ln éhe follo;iné sectioﬁ only
physical erosition méﬁhods which employ modern h%"h vacuuﬁ technoiogy

are reviewed.

"The bﬁysical deposition methods are'bréddly‘classified Anto three
groups, (1)’Vécuum evaporation, (2) sputter depbsitioh; and (3)
combinations of (l);and (é),,i.e. ion plating. .The typical character=

istics of those iéchnidueS“are éompared ln Table 1-1.

1.2.1 Vacuum Evaporation |,

Vaéuuﬁ evapdratioﬁ is the most widely used technique_for‘thigm
film faBtication.m A very large number éf solid materials cgh bé"
. ?apori?ed.bx Heétiﬁg to sufficient‘teﬁberg;urés. Tﬁe vaﬁour preséure
rcurvés for the common elgmean'qre shoﬁn iglFigure 1-1 [14]. The
.condené;tiqn of'the'vapégr'onfo'é éodléf substraﬁleields‘thin solid
films; De{;iled review ‘of che‘vacuum"évépor;tioﬂbis well‘documented
in several>sou;¢es'P15, 16].

In‘vgguumwiﬁaporation, typical éperaﬁionél p:essurés aréAin the
- order of 10?61Torr to ensure anstréight—line path for vapdu; atoms.

Thermal evaporatien of solid mﬁterials can be achieved by direct or

Sy

N\



Table 1 .1

Comparison of Thin Film Deposition Methods

ot

wsm Deposition

[Torr) T . o
Vacuum Incident - {Particle - Particle Adhesion
Environment* |Particle Energy Mass
| Thermal n1078 _-|Atoms Thermal Energy |Unselected mmuw
Evaporation Molecules |uncontrollable h
-1 -6 , | ‘
Sputtering 10 "~10 © . {Atoms. < 10eV . |Unselected | Good
; " |Molecules :nnonnuoupmvpm.
. . -1 .. .~6 , :
Ion Plating 10 ™10 Atoms Variable Unselected : Excellent
Molecules |Uncontrollable :
Ions |
~—— -8 : v i . . N B .
Ion Beam ' 10 Ions Variable ' ISelected Excellent
Deposition Controllable . (expected)
|
* Dur
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1
indircet heating, tor example resistlve heating and electron-

bombardment heat ing.
By adaptation of UHV techniques and the e—-beam evaporation method,
. -8 . - ,
a working pressure of V10 Torr is possible [9]. However, in

vacuum evaporation techniques, the shadowing effect and possible

contamination from the source or support materials can not be avoided.

v

/
1.2.2 Sputter Deposition

Sputtering is a process by which a s&rface of a material (target)
is bombarded with particlesvof a suffiecient energy to cause ejection
of a surface atom. The ejected or sputtéred atoms can be condensed
onto a substrate surface, and the formation of é thinjfilm will
commence .

In addition to the ejection ofysurface atoms, secondary electrons
are ejected from the substrate surface by -the impact of»bombardment.
Tﬁese free electrons can be accelerated in an electric field to cause
further ionization of the residual gasuand such ionization will
result in'further bombardment of the_ta}get sdrface, and .a self--
sustaininé reaction will occur. Various modes of sputtering deposition
systems, such as, glow discharge, reactive, getter, bias and‘R.F.
sputtering,.ére based on this effect. ~ihe.above sputtering deposition
method typically requiré 20 to lOOm Torr Argon pressure fange to
maintain the se1f~sustqiningreffect. In order to operate in a low

pressure range, the increasing supply of iohizing electrons (triode

and R.F., supported sputtering) or the use of a separate ion beam

i -

source (ion beam sputtering) is commonly used. Typical operational /‘

pnéﬁsure of %loié Torr-can be achieved by the above methods. <



The application of sputtering to thin film dcposl(lon is well
documented In several articles [li, 18]. The most recent lon beam
sputtering method combined withionmilling has become one of the
most Ilmportant methods owing to the controllability of deposition
parameters [19, 20].

The main advantages of sputter deposition as compqred to vacuum
evaporation are as follows: '

(1) uniform coating for large and/or complex surface, because
a large areaAdepqsigion source (sputtering Farge{) can be
used rather than a point source;

(2) . deposition of alloy and multicomponent films, because the

~composition of a sputtered film will often be the same as
-

that of a sputtered targe;;

(3 good adhesibn, because the substrate surface can be sputter-
clegned bef&re deposi;iqp and}or because of the reactive
nature of the éputteringfénvitoﬁment; |

(4) low temperature epitax&,'Because<the‘h1gh energy’}iux-can
be provided to the‘substrate surface by the high e;érgy electron
bombardﬁent. |

The main disadvantagé of sputter deposition is that the deposition
rgtés arévlower than that of vacuum evaporation because of the nature

of the sputtering proﬁesses.

1.2.3 Ioﬁ Plating

Ion Plating, the third technique of vacuum depositibn, was

developed more recently than vacuum evaporation and ‘sputter deposition.



b

1O,

fon plating is a so-called "hybrid" technique whiich combines vacuum
//
evaporation and sputter deposition. . It has same advantages as those
of sputter deposition and also the advantage of having a relatively
high deposition rate.
In ion plating the substrate surface is subject to a high energy
N T

ion beam sufficient to cause sputtering before and during tilm

formation. Usually, ién plating is carried out in a DC glow
~

/?ischarge system with a high negative voltage cathode substrate.
The substrate is bombarded by cnergetic ions created by a gdscous
discharge for a time gufficient to sputter~clean the surface
contamination prior to the deposition of film material. The film
material is thermally evaporated into a gaseous discharge, and some

film atoms are ionized. The depositing particles at the substrate

surface are considered to be [21];

(@) some of the energetic particles penetrate into the substrate
surface;

(2) some are sputtefed back to vacuum;

(3) some remain to begin film formation. .

The glow discharge mode of ion plating is typically operated in a
high pressure region (10?3 to lO-l Torr). By adaptation of e-beam

evaporation techniques, a wide range of materials can be deposited

[22-25]. /
In orderrto feduge residual gas incorporation into the thin

6—1

films, low pressure mode (10 0“4 Torr) ion plating techniques have

been developed, by usiﬁg an ionization filament [26], RF coil [27],
. - .



combination: of fontzation tilament and RE coil [28], and external

fon beam sources (29, 30,

Even for the improved mode of djon plating there are a number of

unknowns in the process ot film tormat ion: |

(1) Percentage ot donization ot the depositing materials.

() Fnergy ot the depositing particles.

(3 Degree ot donization ot the depositing particles - singly

charged or multiply charged ions.

(4) Species of the depositing materials.,

If deposition is carried out by the ion beam, itselt, which is

R4

extracted from the ion source by various extraction voltages,
the deﬁositing material will consist of only ionized material,‘and
the énergy of the depositing particles can be determined precisely.
Furthermore, if a one mass”ion beam with a single mass to charge
ratic is chosen, the deposition of homogeneous films with known
energy, charge state and mass can be achieved.

All preceeding conditions are satisfied in the present study
of the low energy metallic ioﬂ beam deposition method. In this
method, the ion beam is extracted from the separate ion source
with various extraction voltages. The extracted ion beam is mass-
separated and mass-selected by a velocity filter and is deflected
toward the substrate. The deéositing materials consist of
homogeneous ion beams with known energy and maés.

If the ion plating is defined as the pr;cess in which film

deposition and ion bombardment take place at the same time, the

present study of low energy ion beam deposition method can be
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Fod Proenent Ditady

The purpos.e ot the present stads 1 to dearyn, o con et
and to analvee the pertormance of a0 bow cnerpy son bheam depont ton
Hystem. e system as desipned and conctructed not o onls b e
advantages ot don plating dnc Joding s the abvi bty e it T 0 o e
of the substrate surtace, provision ot o high ecnergy tlax to
the substrate surtace hy fon bombardment, possible physveal myxing
ot the tilm materital with the sabstrate Surtace, and increda.e of
nucleation density ot chin tilms 5], but also achiieves wminimacat ton
of residual gas incorporation by UHV technigues, homogenceity o
the incident particle by mass separator, and controllabilicy o
the incident particle cnergy.

Chapter 2 reviews the processes which vecur during  low energy
solid ion bombardment onto a solid substrate. ’

In Chapter 3, the design criteria necedsary tor the construction

‘ 4
of the low energy ion beam deposition system is discussed. Following
the specification of the system, the construction and performance
tests of the system are described.
: + + . .

Chapter 4 describes Pb  and Mg ion beam deposition and analysis
of deposits by various diagnostic methods, such as, Rutherford
Backscattering analysis, electron microscopy analysiél and x-ray
diffraction analysis.

¢

In Chapter 5, the limitations of the present svystem and possible

solutions for those limitations are described.

Ty

Chapter 6 summarizes the present study. Advantages of the low






Chapter 2.
Low. Energy Ion Beam Deposition Procgsséé

2.1 -Intrbduction .
) “e

The processes that will occur during low energy sdlid ion beam

deposition are: 4 S . Ce -
- ) . o ' S o
1) - when an energetic ioén” approathes a conductive substtate

. surface; electron capture or electron emission will occur and

consequently the incident ion will be neutralized;
2) ~ the neutralized ion (energetic atom) will then lose its
kinetic energy by_collisian with a substrate atom or atoms. =~ _-

It is assumed that this collision is elastic because of

low incident particle energy. If the incident-particle

A
~

energy is sufficiently large,lghé-sputfering of -a substrate

occpr; ) o /\‘\\

-t

s atom or QUrface damage wi

3) after lo;ing its kineticvenerg ,.thé incideént ?#om Qill be é@p
gdsorbéd on the substrate sur%ace or entrapped into thé sub- N
.surfége; : ' ) ' S ‘ .

4) adsorbed édatoms will diffuse over the surface and film

nucleation and growth will start to take place;

" : S . . .
5) after the initial coverage of the surface by adatoms, the

above process will bevrépqgted by atoms of the same species,

and the self-sputtering effec&\becomes the most influential

y

g

3 .

Some of the above phenomena are welf investigated by varioug
) _ ; :

~ .~ factor for further film growth.

researchers (1-7]. 1In this chapter, eéch phénbmengn which occurs
' . : . b

N,
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during low energy ion beam'bombardmenp”is'briéfly reviewed. A ’ "
theoretical collision model which is suitable for low energy ion

beam deposition is outlined after these phenomena are reviewed.

o

2.2}Pﬁen$mena During‘Collision.ProcessesV-
‘The main phen&menélwhich are'beiieved,to be'occurring-during
low energy ion beam deposition arg'su@mafize; in Table 2;1.
2 2.2.1 Seéondéry‘Electron‘Eﬁission
‘For ion energies <1keV,.thé‘secondary‘elgctron emission process

is governed by potential emission. In this process, an electron
tunnels from the conduction’'band of the solid surface to an’

-
v . .

unfilled state of the . incident ion. As a result the ion is

neutralized and a second electron is sufficieﬁt}y excited to be

emitted to vacuum [8]. This process 'is shown to be almost in-

"dependént of the kinetic enefgyvdf fhe’iﬂCident p;rticlé but is-
erendent oﬁ_its potentiaileﬁgfgyLof'excitétion. Figu;e 2.l‘show$ o
éxampieﬁhqfltopal‘electron yield wiéhilow inciaentIibn-enérgy.[9,10],
The électron emission yield decreésés as the mass of the ihcidént

//i;ﬁ.increases;

2.2.2 Sputtering ) ’ : ‘ S [

“Sputtering, the ejection of ét%ms of a solid by energetic
atdmsTor‘iqns,.haé-been very intensively Studiéd [11,12].
Sputtering yiélds strongly depend on the following factors: ion

energy, ion species, ion charge, target materials and directional

ey T

e -

effect. : o o
For the ion beam deposition,. the self-sputtering, that is sputter-

ihg of a target with idns-of/the same elemeﬁt, govern the film build-
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AN

Energy Collision Secondary. Electron . Sputtering Penetration Surface
C Model Emission : Co . Damage
25-500eV binary potential mswwmwos linear increase | a few lattice up to tens .
. C =l =2 yield: v1 7 constanto of vacancy
: 4\ _
yleld:10 "~10 at 500eV up to 10A and inter-
S : stitial

Table 2.1 Main Phenomena Occurri

Energy Ho:.umma Deposition

f

.

ng ucﬁgm Low

3
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up\processT But it is known -that self;sputtering is not in principle
differént from other sputtering processes.

The following figures ;how the self-sputtering yeild for various
atoﬁic‘nﬁmbers‘of the target by 45keV ipns-[13], Figure 2.2, and'the
self-sputtering &ieid at low ion beam energy [14], Figure 2.3(35¢
(b). ‘ . . ' | !
2.2.3tPeﬁetration and Radiation Damage B

Af‘ter. the initial cpllision, a incident particle looses its
kinetic energy and is deflected into a new trajectory. It may then
travel some distance before another collision with a lattice atom.
During the collision prOceséeé,\if,the transferred eneréi“from
the incidenﬁ ;article to phe lattice atom exceeds the lagzice
3 binding,energ§ (typically N_ZSéV {15]), radiation damage Qiiibﬁbke
- place. After the qollisions,if the-remaining eﬁergy of the incident
éarticle.Still exceeds the laﬁtice binding energy,‘farthet penetration,
yill éccur. It is extremely difficult to measure the penetration
‘depth for low energy incident particle. However, t:e‘mean range .of
-500eV, Xe+ in W was megsuréd at approxima?ely 5; [16].

Because.of the extrem?iy small penetration, the damage is cpnfined
to a ;hin layer of»the solid sur%acé. In.genefal, light mass
particles can peqeffate the solid without cauéing d;mage; onnfhel
étﬁér'h#hd, tﬁe heavy mass particles can produce damége and .collision

. . T i . )
sequences without deep penetration ‘into a solid [17]. //
2.3 Collision Model . | : / .
. . ; y

There are two basic problemsrin formulating low energy atomic/

collision mechanisms.
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o Figure 2.3 Self-sputtering yield at low ion ene?gy (14).
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(1) a suitable, choice of the interatomic potential,
(2) a suitable choice of a collision model, d.e. either
. 4 ¢

binary collision or a multi-body collision.

2.3.1 Interatomic Potential

\

’ -

At this time, a definite analytiéal expression for the interatomié
potential which is Yalid for éll iktgraction distances does not exist.
The general form of interatomic potential is shown‘in Figure 2.4.

This potential is considered to be compoéed of two forces. For large
atomic 'separation, the attractive Coulomb force is dominant. On

the other hand, for small atomic separation, the central field

3

répulsive forcé is doﬁinaﬁt. The repulsive force varies substantially
with the i;tefatomic dis;ance, The former force represénts the
crystal bindiﬁg for;e and the lattér the.intefaction potential*fbrce.
Figure 2.5 shows several'apprbximatipné of - the interatomic

potential of the repulsive.force {18]. For relatively large inter-
aﬁoﬁic separation, ﬁhé BérntMayer poﬁential is most suitable, and
for smalllseparation, thé Coulomﬁ potential 1is suitabie.

.Therefofe, for a low energy atomic éollision mechanism, the
Born—-Mayer potential can be conéidered to Be most satisfactpry at

present. This potential is written as

V(r) = A exp [ §£~] eV

»

where A, a are constant.
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Atomic

Pb ' . 62904 3.

Number Element A(eV) i*(A )

YA .

6 c ﬁ 1316.1 3.80959
12 Mg : 3829.0 3.69813
29 Cu 13919 3.56137
47 Ag ' 28318 . 13.52735
50 'én 31025 3.52458
79 Au o 59473 - 3.49989
82

50092

Table 2.2 Born-Mayer Constants [20].

22.



273,
A and a are determined from the elastic moduli and their

i

dependance on pressure and shock waves [19]). Recently the values of
A, a h;ve been calculated by using the Thomas—Fermi-Diréc (TFD)
approximation for nearly every element [20]. Table 2.2 lists values
for A and a of few elements. | “ -
2.3.2 Collision Time

If the lattice has sufficient time to dissipate energy during
collision, the binary collision model is valid. In other words, if
the égllision timé is much shorter than that of the lattice vibration,
the low energy atomic collisions are considered to be two body events
[21].

In the folloQing passage, the collision time under the inflﬁencg

of the Born-Mayer potential is investigated.

For a Born-Mayer interaction, the enefgy loss, AE, and_ the total

transferred momentum, AP, due to the interaction potential can be

calculated by first order perturbation theory (momentum-approximation)
{10], if E is very small compared to the projected énergy.

The total transferred momentum AP is given aé [10] _:
.28/ R : ‘
AP = —— TP a : for 14 >> 1
v 2a . e . a
0
_ /28 L |
where vO o=/ Y
. Mo

0 = projectile mass

El
I

EO = projectile energy

o)
i

impact parameter - closest approach distance



Then,

o

The collision time is defined as [10].

max

‘ﬁﬁere F(r)max is the force'at closest approach i.e.

F(r)max B

therefore,

or




The collision time for the incident particle ot 10eV ceneigpy can

be estimated using the above cquation.  Assuming:

a ‘v 0.28A (trom Table 2.2)

p v 2A (one halt of typical lattice constant)

m()"' 100 x 1.006 x X()"‘/ Ky
then
-14
Atv 1 x 10 sec.
. . . . -113 o
The period of the lattice vibration is roughly 10 sec (237,
which corresponds to an energy loss of 7eV. If the incident particle

L4

lisign time is much

< —

energy is bigger than 10eV, namely, the col
shorter than that of the lattic vibration, the effects of .the lattice

i )

vibration on the collision events are negligible. Therefore, the
. /

s

collisions become isolated two-body events. The energy loss due to
the interaction potential is also very small for low‘energy collision.

Consequently, for the ion energy range of ion beam deposition
(25eV —lsOOeV), the simple two-body hard sphere collision model
with the impact'parameter p = 2R can be.used to evaluate the amount
of eﬂergy transfefred or remaining with each collisidn partner.
2.3.3 Collision in the Center of M%ss System

The two-gddy collision'system (Laboratory‘System) is further
simplified by the mathematically equivalent center of mas%ﬂg;;zem,
Figure 2.6. In the laboratory system, the incident partigle,/wo,

is deflected by an angle, © and the struckparticle, NH, will move

L,
off at 8 certain angle. The deflection angle and velocities after

.collision depend on the masses of the inoident and struckparticles



Figure 2.6 Hard sphere collision model in (a) the

laboratory system, (b) the center of mass
system, and (c¢) kinematics of velocity vectors
in the two systems.
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The ene'rbg)}v'htvransfer,' T, from the incident particle to the struck

e ) e

particle in collision is th‘e.n:
1 A
) T=5 MgV ) -
2 . .
1 2 AM vy 2 6
=7 Myl DT = ey sin g
(1 + A"
P |
now ) ‘;
)
0 MO .
therefore, o ’ -
’ M. M -
4 10 . 2 0.
T s EO sin” >
' ‘L + ) .
(M M\l)
The maximum energy stransfer is

E. at 8 = -7

‘ . 6.
T—T~Sln_2

28.
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The retaingd energy, E, of the incident particle is,

o .
E2 = LO i\T S
- : 4 MM ,
{
= Eo{l -0l -sinz,l }
R (Mol + Ml,_)
s '

Because all collisions are equally probable, the average energy

transfer is simply:.

2M oM, . -
1 My My : o
Ta T2 Tm T 2 ‘ '
M.+ M) .
( 0 l) .
" Also, the avérage retained enérgy’is:l' 4;
Bra "B~ 3 T,

'Figure,2.7 shows Ta and'E2a for a carbon substrate as a function

of inciden£ énérgy Eobfor the ino%dent particlés”bf‘Lead;(Pb) and
MagnesiumA(Mg).‘ |
S 3 2.4‘Conclusion

‘ For the ion energy range of.ioh.géam debositi&n (ZBeQCto SOOeV),
it ié Fhed%éticaliy dempnstratéd that_;hejtwq—body ha;d sphere
cql%isién modelyis Qalid‘for an evaluation of fhé‘engrgy transfer
mechanism. | |

The maximum.secondary yiélds by heavy ion bombardment is réuéhly

0.1 for this energy range.' Namcly a maximum Qf'ibz_of the total
ion current at a taréet is considered to be caused by the secondary

g

'\':‘ T

e
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eleétron emission.
Self—sputtéring yields vary signif;cantly with different materials.
For high sputtering yield materials, such as, copper (Cu),'silver (Ag)
énd Goldl(Au), vields approach unity at‘the incident energy of
15Q0eV. - 9n the other hand, low sputtéring‘yiéid materials, such as
Aluﬁ;;um (AKS aqd Chromgum (Cr), yieIHS{approach unity at 500eV.
lon penetration and radiation damage, fo? the energy range Qf_

25eV to 500eV, are confined to at the most a few atomic layers of

the solid surface.
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Chapter 3
System Specifications and Design

In this chapter the design criteria necessary for the fabrication

ta
7 .

of thin films By ion beam deposition aﬂﬁ considered. Following
these specifications, the construction and performance of a

prototype deposition system are described.

3.14Deéign Criteria
The basic requirements of a deposition facility for the
bfoductiqn of high -purity, adherent thin films are:
(1) the pressure.in the substraterchamber must be
sufficiently low that reéidual gas contamipation
is minimized during deposition; |
62) the material compriéing the film should be as clean as

is practicable to maintain film purity;

v (3) thé'arrivgl rate of the material at the substrate -
: %, ' ¥‘ - B
should be such that the film is built up within a

reqsonable time schedule;

(&) the arrival energy of the depositing material.shoqld

be easily adjustable: to maintain efficient film

build—up with minimal film removal: or substrate/film

damage ‘ ; ‘ i
(5) the- low energy ion beam should not be .séeriously affectéd.

» - ) , . 2w :
by .space-charge expansion. |
: | ‘

These requirements, being basic requirements only, are not

. intended. to bé complete in themselves nor are-they intended to be

indépendent from each other. They are conéidered to be“mhst

important and so must be well specified and easily controlled.
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The first requirement can. be satisfied by adopting uifra—high
vacuﬁm teéhniques, moderated‘by the canstraint of requirement three.
Requirement two can be solved by .the adaptation’ of a mass separator.
3.1.1 Vacuum Requirement .

For any thin film deposition system the background pressure and
the operational pressure during deposition have a significant effect
on film characteristics. The main.adyantages of an ionm beam-
deposition systeém are: the operational pressure in the vi%inity of
the substrate can be kept in the UHV rénge by a differential pumping

system, and the foEZation of impurity layers on the substraté can be *

avoide&‘B?\bembardm!ht of the substrd

te witH coating material.if a
sufficiently dense bEEm;is'used. This féature can be quantified by
considering the balance between film material arf{:al and contam-

ination at the substrate surface {17. \

\
. \ :
The rate of adsorption of background gas.molecules\is given-by:
. - A\

\
\
\\ Ay
‘ \
N dn N
— = s
dt
" v = number of impinging molecules ‘ .
' s = sticking coefficient

From the kinetic theory of gas flow [2]

V=t :
4 a : o
N .

no= oo molecular density

v, = average velocity i -

_ BKT,1/2

v.o= ()

a Tm
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ool N s 1
4 vV ™m
’
BRI TS S
4 kT m
(Zﬂka)l/2
dna sP . 22 sP . -1 =2
;i‘t— = sV = "“f"*f-qi’“/”z = 3-5)(10 7"—*:'1‘/’2’ sec cm
(27mkT) """ (MT)
M = molecular weight of the gas
m = mOM
' ~24 . ’ .
m = 1.66x10 g : unit molecular weight °
P = pressure in torr

For the condition of maximum residual gas contamination, s=1 at

1

T = 300°K s

- = 2
dn
a 21 P -1 -2
T 2x10 sec ~cm
Now the rate of arrival of the elements of an ion beam can be .
given by X :
7 "
dnl _ J
dt e

For singly-charged ions at a current density J = 20 pAcm

- 1.25x10%% sec"lcmfz



In order to produce pure thin films:

dn dn
1 >> _a
dt . dt
hence
p 8

- << 6.3x10°

AI;

Figure 3-1 shows the above relationship.

In order to obtain highly pure films, the partial pressure must

be well below the line in Figure 3-1.

3.1.2 Ion Beam Requirement

If ‘the ion energy is sufficiently low so that unity condensation

coefficient prevails at' the substrate, the deposition time, t

A

R

for a singly charged ﬁarticle is given by:

where

- N = total number of particles deposited

I = ion current (Ampere)

19

"e = electric charge = 1.6x10 Coulomb

If the ion beam deposit of mass M is condensed into a thin

film of area A and thickness &, then

AdpN
N = avo

M

where N =:avogadro number. = 6x1023
avo . -

e

Adeavé E \ i;

=&
T I M

1

[ ]
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Partial pressure

108 1 . e 1 R l 1 " 1 1 i
Y o 50 ' 100
: N - . Molecular weight

Figure 3.1 Maximum allowable partial pressure of residual
gases to produce pure films. '



For 1T = 20 pA, A = | umz, d = 1000A
. Ly . .
=5 gm cm » M = 200
. 3
t = 1.2x107 sec
and for A = 6.25.cm”, t = 2 hours.

Therefore, in o;der that the film is built up within a reasonasle
time schedule, a minimum ion current of several HA is required.

The deposition time is longer than that of conventional methods.

. However, the deposition time is much shorter than the operational
tiﬁe of a typicél ion source and as.a consequence véry stable deposition
is possible. .

Many ion sources are commercially availab%e, each of which is
suitable for a wide range of materials [3]. At low extraction
energies the_ion'curreht'densities are in the low LA raﬁge;
extfaétion efficiency is improved by increasing the extraction
voltage such that keV ion beams are generated. In order to control
the beam energy to minimize sputterihg and substrate/film damage, a
beam retaraing system becomes mecessary. Also iﬁ;is desirable to
make the most efficient use of thg current available ffom the ion
source at the target. One of the faétors.limiting this ion current
collecting efficiency is space-charge effect in the external field
- free region [4,5;6]. . The positive charges within an ion beam create
a trangberse electric force and cause the bean to spread out.

- : C .
" The géneral guide for the raﬁge bf ion beam parameters, for which
Space charge is important in determining beam behayior, is given iﬁ

Figure 3-2 . [6]. Above the line space-charge effects can be dominant

and below the line space—-charge effect will probably not be domi-

2

nant for ion beam of M = 30. For other M, I a correction is



fon cuirent

8.

Figure 3.2

General guide for space-charge effect ( 6).

\
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required.

For convergent ijon btuuuu less than 100eV and more than pA range,
the focusing distance and diameter of the minimunm spot s;lx(: is rouphly
the same.

3.2 Deposition System

In accordance with the above design (‘ritt’fi;l, a proto-type ion
beam deposition sygtem has heen built. Durding the trarslatfon from design
to operational facility, various sub-criteria gvolvvd. The
construction of the main system was such that a wide range of
operational freedom was allowed.

3.2.1 Vacuum System

The basic parameters for designing a vacuum systemQare:

(1) the total system comprises an ion source, ion beam

traﬁsporpétioh chamber and substrate chamber; - ‘ »

(2) pre§sufe in the ion source is 10_3 torr (typical ion

source operatidnal pressure);

(3) pressure in the substrate chamber is 10_8 torr-or less.

In order to satisfy the agove requirements, the three stage
differential pumping sysrem was,constructéd.Figure 3-3 shows a
.schemgtic diagram of the pumping system and tﬁe basic p;ramcters.

The basic relationships between these parameters are:

Q =sP +C (P -P)
C1BLRy) = € (RymRy) + S)Py _
C2(Pp7Fg) = 55Py

The differential pumping slits have to allow the depositin&

ion beams to pass between the two chambers. Thé size of Cl is
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Figure 3.3 Schematic diagram of differential pumping
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The above estimated valte is summarizeo in Tabls 3-1.
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lon Source . lon Beam-Chamber Sﬁbstrate Chamber
Effective 0.4 - 100 : 900
pumping speed
(- s )y
pressure lO—3 , 5xlO_7 X 10—8
(Torr) ., .. =~ : :
o -1 -1
conductance Cl = 0.1 £ sec CZ = 18 £ sec

Table 3-1 Estimated Vacuum Parameter

»\§~m A diagram of a vachum.system which satisfies this estimation is
shown in Figure 3-4. The design of this system permits a wide range

of diégnosﬁic attachments to be added such as ISS [91 and SIMS [10,11].

Theﬂwhoié'systeﬁ ié bakabie at an inrt. v ﬂfﬂté"temperature (up to

ZOOOC(becéus;‘offthe uée of a polvi-.de insulat . ?artial~bqking‘of

the sﬁgscrate chamber 1is Qiso pos = - rrouncic. 1t with Heating}tape.
The substrate chambef is pumpe~: by =~ - “VgZE; turbo

molecular pumﬁ (p.s. = 70,2/s}baﬁo arian i -2all -<cblimation

Pump tp.s?>100b Q/Sj generating a‘toca4 effective umping speed

of over 100U £ sec_l, The ion beam chawn. . 1: pumped by a liquid

nitrogen trapped Edwards 6-inch diffusion pumprfp.s. =,6OO Q-S‘l);

the pumping stack haying an éffective pumping speed of over 100 £/s.

The ion sour:: ie 'aughed out by the gas handling plant réfary pump
and final pumping is thrdugb the anode hole.

Ién‘source maintenance or changing Qﬁ‘sﬁbsFrate can be carried’
out without breaking the comél@te Qacﬁum when the 6-inch gate valvé
between the substrate and the ion gun chamber is closed.

After outgassing the ion source; the ultimate pressuré in thé ion

-8 O . .
beam chamber stabilized at 10 Torr witheout bakeout. The pressure

-
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%3.4 Schematic diagram of vacuum system.
- ( after_A.V.S. Standard 7.1 - 1966 )
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S R - ~8 - ,
during operation varies from the order of 10 7 to 10 Torr depending
on the suﬁport_gas or materials being ionized. A turbo-molecular

pump was chosen for the substrate chamber because it is essentially
{

maiﬁtenance—f:eé. Since the,puﬁping speed of the turbo~molecular

pump is low for lightbgasgs and hyarogen is theﬁmajor‘residual

gas constituent afte; a normal bake aE‘200°C, a small air—-cooled
diffusioq PPmP,WaS'added‘as a»BooStéf ﬁump bethen"thé tﬁrbquglecul?£
pump énq its trapped rétary‘puhp, - Because this diffusibn pump was
stafted.afterhthe tufbo—mblécular.pQAﬁihad féached obe}ational Sbéed."

(after 15 minutes), oil backétreaming from the untrépped diffug{on

51

puﬁprwas preventéd from fééching-thé substrate chamber,.. The hydrogen
partial pressure was found to fall by a factor of 2 when thévdifquion'

. pump was déponed.v Further reduction of the hydrogen parﬁial pressure -

follows the activation of the sublimation pump. - Typical operating

preésﬁres in the substrate chamber are lO_g'— 10_9 Torr;_pérfial'a

bressure ahalysis using an A.E.1. Minimass RGA‘yields-gaugé féadiﬁgs

of 1x10*9 Torr for mass 2 and lle—lOTorr for mass '18.. No othef
residual gases can be detected by this mass sﬁéctrohetér;. The

pumping’ performance of the facility was therefore considered to meet

design specifications.

3.2.2 Ion Beam Systemn -

5

‘Iniérder to saﬁisfj the design criperia, ;he:Cbluthn ioﬁ beam
éystem[Model G-2 was chosen. 'Thisfsyscem is small, bakaﬁle; énd
Vérsatiie. Figure.B-S(a) shows a séhematic of the ion source, ion
beam transpbrfétion éystem; the_drift séace provided by.the gate
va¥ve, and the szstraté chamer._,Figure 3-5 () sﬁo@é»a phdtog%déh';

of the system. The main components consist of the ion source with



45

< \
™. . :
: . " Decel &N A | - Substrate .
’ . ecelerator eutra .
Trap Plate . Pm_au_:o

Io_.ioio_mmum:_mnzo:l/

 I+lon Beam Shape
V‘ Monitor _

f i | 4

Gas lalet

/u_ . \.m iy H _ r
~Heat Sink on inze S N SR W | T
Jo ink: moS.nQ ] fm:u. EB Separator , ] i
_auc_o,oﬂ Furnace Vertical. ‘
y | Deflection Gate -Exit ||
/, ‘ B - "Valve Slit
/. 1
\
i \

I@c_jm 3.5(a /noz ‘energv ion beam %no.ﬂ.io: Qﬂma;

pal



" Figure 3.5 (b)
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~ Photograph of the low energy ion beam
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a low-energy spread of 0.2eV, accclgrution and focusing systemn,
vertical deflection plates, and a ExB- velocity filter by which the
beam profile may be altered at Qill“[12,13]. The quoted system

specification is as follows [7].

‘ﬁon Current: several LA
Resolution : M/MM = 400 after a drifting distance
of 50 cm.

Where M is the center mass and AM is the full width at
halflmaximum (FWHM).l ‘
Figure 3-6 shows a block’diagram of tﬁe system electfpnics. The
following Table 3-2 describes thé details of each power supply.

-—

A. Ion Source

'

2

The ion source aperates oﬁ a low-voltage arc discharge principle'b
at low pressurel[14115,16]. It consists of a éhot thermionic “
cathode‘énd an anode with éAsmall holelin"the center. The cathode
is heated'tq a temperaéure sufficient to cause thefm;l electron
emission. A low D.C. voltage applied:betweeg the.cathode.gnd the
anode causes a fegion*of spare chargé limited potential to form -
around the cathode. Electrons are accelerated thrbdgh this.space—
charge rggion and ionize the‘gaskin the interaction region, fbrﬁing
a plasma region»(the positivevcoiumn):around the anode. By generating

" such é plasma, and by ex;récping thg ions from the plasma region

through tﬁé Hoie in tﬁe anode, an.ion beam withvsmgll enérgy spread

is obtained.
Thé~ion source itself was modified somewhat by adding a small

resistance heated furnace behind the ion source, Figufe 3-7, in order

%
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Figure 3.6 Block diagram of the system Em_ns,oinm.
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Table- 3-2 Power supply

Mode 1

A Anode
B Acceleration

C Binzel lens

D rilament

X Furnace

~ e .

FF vertical
deflector

G velocity
filter plate

H Magnet

I Final )
deflection

J Ion Encrgy

K Electron
filament

~ Kepco HBOAM

Fluke 408B

High voltage sStabilizer
[C (723)Regulator

Canadian Research

Institute MRP16-20
with modified 1C(723)
requlator

Unregulated A.¢. power
supply

Kepco ABC 425

Lambda LPD-425FH

’

“anadian Research
Institute MRP 16-16 .
with modified IC(723)
regulator

Brandenburg
472R

IC(723) Reqgulated D.C.
power supp;y

Unfogulated A.C.

- power supply

Rahqc

325Vx600ma

0-G6kV
0-5kV

levx20A

15Vx22.5A

0=-250V

16Vx16A

10v-2100v

~0-500V"

15Vx15A

Regulation

Q.01

limin

0.05%

0.01%

0.1%

"0.01%

0.1%

L4949,

Stability

0O.1%

0.05%

0.02%

0.01%
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E.—:g Tungsten Filament

Gas . '
Inlet - ‘ -

| A Chargé Material
t__‘.i Boron Nitride ﬁugsg\g\
F ) A Source
2 3/4 Con Flat ornace ,
Flange

Figure 3.7 Plug-in ion source with furnace.
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to produce long-litatime operation when running solid materials.
Considerable benefits accrued trom this addition when compared with
the original design, which required that a solid charge be fnserted

into the discharge region of the tilament loop. These benefits are
e
as follows:

a) the charge could be added and the system sealed completely,

eliminating sliding feedthroughs which frequently broke

vacuum;
b) ‘the plasma shape in the source remained unchanged;
c) thc.opcrntional lifetime of the ion source was lncréaéodf
d)  alloying and other interactions of the ion source f{ilament

with the charge material was eliminated;

e) the vaporation rate was more controllable.

Investigations of the performance of the ion source without
the furnance weré carried out by using several gases_[17]. It has
been proven that the ion source produces gaseous ion currents of
several LA. Under these operational conditions, the temperature of
the thérmio;ic cathode was measured at about 2000°C. "The ion source
wall'temperaturq was estimaéed to be about‘ISOO;C-by inseg%ing a
stainless steel tube containing. a thermoicouple. -

With the addition of 5 fugnace, ion -beams of eiément metals have
been generated and in the caSqmpf Mg and Pb, supporting gases are not
necessary. In the case of Pb ion béams, the furnace and source have
operated for over 100 hours with one charge. In the case of Mg the

‘operational time of one charge is about 50 hours. Table 3-3 shows,

vaporization temperature of the elemental metals which havelbeen used
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to date. In the case ot Ca and Ag, the condensat fon of vapor between
the furnace and lon source was a limiting tactor in obtaining
sut ficlently high current density ion beams.  The details ot this

T

problem will be discussed i Chapter 5.

Materials Marss Vap.Temp. for 10 2 torr (")
Mg 24,3 440
Ph 207.2 715
Ag 107.9 1030
Cq .63.5 1260
Table 3-3 )

Vaporization Temperature of Elemental Metals
B. Velocity Filter
. The ion beam is extracted by floating the source and gas handling

plant assembly up to 4KV and grounding the extraciing electrode. An

\

. )
Einzel lens (unipotential eclectrostatic lens) is combined with this

extraction electrode and provides a means of focusing the ion beam
without changing the ion energy [lé]. Mass separation and beam
p;ofiling(was carried out by the EXB ve%ocity filter which consists
of a magnet, a pair of electrostatic deflection plates and sets of
guard rings, which latter ensure 5 uniforp electrostatic field. A
selected class of ions will pass straight thr;ugh the filter,»While

e,

ions with different mass or velocity will be deflected. Figure 3-8

shows a simplified diagram of the velocity filter mechanism.

The mass selection rule of the velocity filter is given as:

M= 2_eVa ( =)
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Figure 3.8 Scnématic diagram of velocity filter.
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where tois the mass whioeh poanges straipht through the tiley
¢ods o the donle charge

v s aceelerating voltage o1 1on cuchypy

N
Bois magnetic dicld Streapth
Eods clectvice ticld strength
Asisuming, B o« 1 and 5 0 V
ll
where | s velocity tilter magnet cuavrent
\Y 15 ovelocity tilter plate voltage
l‘
I »
M Vv ‘
a ( v )
I)

For a variable Va(2KV to GKVY, the optimum mass select fon
condition ot the velocity filter was examined.

At high Vp it was impossibie for heavy masses to pass straight
through the filter. On the other hand, at low VP or high V“, it
was difficult to obtain a good line shaped bcaﬁ and the dispersion
was small (retfer to mass separation rule). For overall requirements,
it is found than' an acceleration voltage of Va=4 KV and plate
voltage Vp= 100 V produce the optimizeq condition. The following

relatipnship between the molecular weight and magnet current was

experime: tally determined and plotted on Figure 3-9.
2 o ’
M= 3.24 17 for Vp = 100V and Va = 4 KV
From Figure 3-9 an ion -beam of maximum " 600 molecular weight can

be selected by the velocity. filter without severe distortion of the

ion beam shape. This characteristic shows a good potentiality for
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Figure 3.9 Mass selection of velocity filter.
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depositing a wide variety of materials.

The méssvseparation rplé of the velécity'filter is given as [6]

- L_E L :
LY GRS S N
M=y w (7 tLy
where AM is mass difference at FWHM
“Setting E = 5.6xlO3 v/m (plate volfage 100 volts)
V. = 4xlO3 Y (acéeleréting Qoltage)
Lp = 0.15m (G-2 gun velocity filter)
ﬁd = 0.11m (present exitfslit pos}tion)
AX = o X 10_2 m .
M
o -3
Choosipng AX = 2x10 ~  m,
ﬂ; = 5 is bta" d. ‘
AN Ls o ined. . : _ ) -

Even when ion beams of only slightly differing molecular weights

+ M

are éonsidered, such as Mgf (24) and N (28), AN T 3. The exit

2
slit functions as a differential pumping slit and as a first stage
eliminator of unwanted ion beams.

Therefore, the capabity of the velocity filter to produéé single

mass ion beams in spite of a short drifting distance 1s quite

satisfactory.
Also, the velocity filter.is-ﬁsed"to_focus the ion beam into a

liné—shape image for’ the convénience of wide-area deposition.
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3.2.3 Substrate Chamber
The substrate.chamber consists of an ionAgéamAexit slit, an
electrostatic deflector, a decélerator, an.electron emission filament,
and a subgtrate assembly. Figure 3—10-$50Qs the substrate configuration;»
Figurg-ﬁ-ll shows the data hapdling‘system; The ion‘current was
opﬁimizéd.by minimizing tﬂe‘decéleratofAcurrent and max;mizing the

,

substrate current. The total ion dosage was measured by the current

{ [N

1

integrator EAQ ¥ith Digital/Analog converter. By this method

censtant total, Ml dosage was monitored even when the ion current
T - R R S . .
. .
oS A .
o . . ¥ . .
was varied during deposition.
. ‘ . / o

-
—

The mass;féleéted"ioh‘beam passes thfoqgh the exit slit and {is
deflectéd towards ;he éﬁbstraﬁe. Neﬁtfal particles, raqiatea ffom
the ion source ;ﬁd/or érea;ed'in thé ion heam chémbér, are ﬁn—
deflected and strike  the decelerator plate. Thé desired ien beamS,
willhpaés through the decelerator opening and reach to the«substréte.

The decelerator consists Of'a'simplg flat‘plate~maghined from~type
304 stainless steel with a s]it in the center.. Several designs of

»

décclerator configurations‘haVe been déveloped for isotope éollections_
[10,20]. Many Qf the designs are concgrned with deceleration to lKVi

or mo;é; and. for low ion current‘density,brams. The presené design is
,ivery simple, but very practical for high ion current density Eeams, because
the design allows the substréte to be located. close behipd the decelerator
plate. For example,~with'thisJAeceleragoraconfigufationz 15vA of Mg+

ion beams with 20eV energy were collected at the substrate.

The decelerator plate is located 53mm from the exit slit, and

N



~ “Electron £~ Substrates

% | ...~ . Flament -
L ] i ,
Neutral [ \\\“\\\ ///ﬂ%w///é\mcg:o.o
; . " Particles’ . g 71 K AIoEa_._o;r‘
- _ |
e s — _
g ”
fon Beam .
[ , _— Heating
o \ Filament
Final Deflection -~~~ |[© A |
Exit St~ . _ . .
4 mm Wide . _Oona_oqoqoﬂ &
. ,_ Neutral Trap Insulator .
4 mm Wide &

S

Figure 3.10 Substrate chamber configuration.
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its opening is located 5 mm to 6mm to one side of the main beam line
axis. The 4 keV ion beam of a selected mass 1s deflected off the
beam axis by a poéential of + 250 volts on one deflector plate.

The other plate is_grounded. Thé deflector plate is push-pull
.configuration to ensure a uniform electrostatic field on the off-
axis ion beams. The mass resolution at the decelerator plate with
4mm to S5mm-wide opening is calculated as M/AM ; 10 for a total-
drifting distance of 0.18m. Therefore, even with such a short ion
beam drifting distance, adequate mass sepa;ation is carried out for
the depositioh of desired ion geams.' Higher resolution for isotope
éeparation is not neceséary‘and, because of the ‘reduction of ion
current, is not desirable for this appiication.

~ Figure 3-12 shows the profile>_of well focuéed 4 keV ion beamé
of sevgral gases, within the limitations‘of the‘short,drift iength.
\The ion béam of each element is scanﬁed electrostatically, and the
ion beam prdfile monitored by‘j)target mounted behind the Oi&mm
slit plate. The dashed lines in Figure .3-12 show the 4mm wide.
decelerat;r openings.' When an ioﬁ beam consists of several isotopes,
about 10%Z of the total ion current is lost by thg 4mm opening
decelerator.:_When the Smm opéning decelerator waS‘ﬁsed,’about 5% of
tﬁe total.ion current:was lost. Most of tﬁe thin film deposition
was carriedvoﬁt by using the 5mm opening decelerator which' was
located 6 mm éff the beam axis.

Tﬁe ion beam is decelerateé by applying.the ion source voltage

(4kV) minus a variable negative voltage (0-500 volts) to the de-

celerator plate and to the substrate. The ion beam energy is
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Figure 3.12 Typical 4 KeV,ion beam profile at substrate.
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defined by this negative voltage. At a very low engrgy (below
20eV), the energy spread (transverse velociﬂx womé;nents) causes

ja %

serious ion beam spreading [21]. For an 1deal'ion beam which. has
only axial compénents of velocity, the ion beam cut-off will oécur
when the ioh beam energy 15 zero. However, in practice, the ion
currént is reduced as the beam energy decreases. Figure 3-13 shows
a tjpical ion current cut-off curve. At an edgkgy of 20eV, about
30% of fhe incoming beam is lost due to . the accelérator—decelerator
geometry andvthé transverse spreading of the ion beam. In order
to‘impréve these characteristics, the decelerator was tilted 10°
with respect to the in-line beam axis, i.e. the deflected ion beam
exﬁerienced a normal retarding potential, Significant 1mprovément
was not observed for the ion current cut-off égrve. Consequently,
the reduction of a ion current in a low‘energy fange’is considered
to be caused by the energy spread of the ion béam which in turn is

‘contr5lled by both the plasma temperature of the ilon .source and
the accelerator geométry.

After passing thrbugh the decelerator opéning, ﬁhe beam enters
the field free region between the decelerator and the substrate.

FInitially, the beam is'strqngly focused by the single aperture lens
(the decelerator pléte) and subsequently spréads out because §f

space—-charge expansion. |

The foéusing distance of the single aperature 1ens; f, is given

as [22) R - ) | .~
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V = decelerator potential

V = initial ion energy

o
. \'
El = electric field before decelerator, El = Eg
Ez = electric field after decelerator E2‘= 0
then
4(V-v ) V0
f = Vv =4 ( T - 1)d
d

Setting d = 53 mm, V0 - 4KV, the estimated focusing distance is
as follows:
) 100 eV {on beams f = 5 mm
300 eV ion beams f =17 mm

The effect of the space charge expansion was then investigaied
"by fixing the distange between the 'decelerator and tﬂe substrate as
10 mm.' Figure 3-14 sghows the 6UA Pb+ ion beam profile for various
energy levels. The substrate was replaced by a 0.4mm slit plate
andvthe bgam p;ofile monitor was 1§stalled immediately behind this
6pen;ng. The beam profileiwas ob;ained by mechanical movement of
the wholé substra&e assembly.

The greatest measurable ion beam spreading was about %_mm wide.
The measur;; spreading dlffered from the ion beam spreading estimated
in section 3. 1 2, becguse of the strong focusing effect of the
decelerator plate. In addition a shift in the position of the
ion bhaﬁ occurred, because of the tranavefse velocity component, in
ion beam. | T

1f the substrate is ‘an insulatof, the surface charges mus ove

®

neutralized 80 as to prevent ‘surface charge built up which causes
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Figure 3.14 " Space-charge expansion of Pb ion beam.
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reflection of jon beams by an electrostatic force {(23]. In order
a thermal electron emission

to overcome this surface charge build-up,

source consisting of a 0.015" dia. Th-W loop is placed a few mm

the substrate. In order to neutralize the surface

in front of
to be

it was found that the electron emission current had

charge,

approximately twice as much as the ion current.
The average temperature rise of the sub;trate assembly caused

by this thermal electron emission fi;ament was measured to be 4100°C

by using a conventional Pt-Pt 13% Rh thermocoupleglocated at the ceramic

higher local temperatures are expected

. substrate holder. However,

because of the loop configuration of the filament.

Several different substrate holders were made to accommodate
substrates of different sizes and shapes which were used in various

diagnostic analyses. JFigure 3-15 shows photograﬁhs of different

substrates and substrate holders.
3.3 Substrate Preparation System and Storage System

] In most’ of the deposition experiments, a carbon substrate was used,,

because of its good electrical conductivity, its low sputtering

i

[

] yield and its low atomic mass. The latter characteristic yields
w"kutherfo}d Backscattering

AN
\\

N

analysis.
A commercially available high purity fine grain“-carbon graphite

manufactured by Poco Graphite, type AXE-SQl (1.00"¢p x 0.625"), was
used asré substrate material for RBS analysis (Figure 3.15(3)). This
graphite has a total ash range of 5 ppm or‘lesé tZ&].

For the transmission electron microscope analysis, a specimen

thickness has to be less than 1000 A for electron transmission.



Figure 3.15 Photograph of substrates and substrate holders.

£
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yporting carbon thin tilm depedted on Corning
’
ML

cover glass (B, 22 mm eq) was gsed as a substoare (Fipure 00 (0)).

Figure 3.16 .‘;/Ll\()W“G a schematic diagram of a carbon are cevaporatton
-7\ \ ] ‘
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Ve N S L . '
system wl!i(-h was; bullt tor this purpose. . The glass plates were
2L

placed ul)ol\’/“(}“ ;he ;n*\)) to avold any large pleces of d('-br'L:; falling
onto ’il. The thickness of the carbon films was mqnitored by an
optical color change which varies with the *urnbvr (;f .1r( discharges.
In general 20 to 30 arc discharges yleld a light brown colorat fon

of glass plate which correspond to carbon film thickness of 100-200 A
[25,26].

For the scanning electron microscope analysis, the specimen was
prepared by direct deposition onto a SEM specimen holder made out
a carbon rod manufactured by Union Carbide, type ATJS (Figure 3.15(b)).

An air-cleaved NaC2 single crystal was also used as a substrate
for TEM analysis in order to investigate the possibility of epitaxial
film gro;th.

After depositién, every subs;rate specimen was kept inside a
storage system in order to minimize atmospheric contamination,
particularly oxidation of freshly deposited metallic films. Figurg
3.17 shows a schematic diagram of the sut:irate storage system
built for this purpose.vAfter the substrate was placed inside the bell-
jar, the system was pumped down to about 10_2 Torr by a Varian
VacSorb pump cooled with liquid nitrogen for longer storage time.
Industrial grade purity Argon was then admitted into the system until

several torr Argon pressure was reached. . Every time the system was

opened to air, this procedure was repeated.
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The prototype lon beam deposition system has met the operational

requirehents for the production of
operational éharacteristics are as
Vacuum conditidn
IbniCurrent
- -Mass_Seléction
Mass Separation

Ion Energy

Substrate

highly pure thin films. The
follows:

-8 -9

10 10 Torr in substrate chamﬁer‘

SuA to 20uUA at substrate

10eV - 4keV

metal, semiconductor, insulator,

“Various sizes and shapes.
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Chapter 4

Low Energy Ion Beam Deposition of Pb and Mg

‘Thin Films and Analysis’ of Deposits

4,71 Iptroduction

Lead th) and Magnesium (Mg) thin film were deposited by the
pro;o—£xpe ion beam erosition syste& described in Chapter 3.
' Pb and Mg were chosen as deposition materialsnfor the following

reasoris:

(D) low- vaporization temperatures,
(2) -~ fa%ge mass difference,
T (3 large sputtering yleld difference.

Tablexé.l shows the physical properties of Pb and Mg;

Tﬁexfilm characteristics, such as composition, purity, ﬁhickness,
sﬁrface-éffuéture and crystélline structure were investigaged by
usiﬁg various diagnostic methods. The relationships between the
iﬁcidént périiclé ;nergies and the consequent film charéctéfistics
wa$ tHg main interesf of the investigations.

&Tﬁié_qhapfer is divided into three sections. 1In the first section,

the various techniques which were used to analyse the deposits are
. PN

described. 1In the second section, the_pesuﬂté of Pb ion beam deposition
and film aha]ysis are présented.- In the final section, the results

of Mg ion beam dep&hitioh-andvsubsequent analysis of the deposits are

described.

i,
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Tanle 4.1 ﬁﬁocmanHmm of Pb and g
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4.2 Analytical Methods

. »

In order to investigate characteristics of I'b and Mg thin films

in terms of Compusitional and structural properties, Lﬁe folloe g
analytical tecuniques werce used in this research work;

composition : ) Rutherford Backscattering

(RBS) Analysis

surface structdre . scanning electron microscopy
(SEM)
crystalline structure @ ' transmission electron micro-

scopy (TIM) and X-ray diffra- .
crion Analysis

- AR
i . <

4.2.1 cdmpoﬁ;jion Analysis - RBS Analysis

R i
When eV lignt ion beams are incident on to a’ target, -the
incident particles lgse their kinetic energy in the target because

of nuclear collisions. 'Ly measurisy the énergy spectrum of

[

ackscattercd particles, “information about the mass identification
N : . ‘ : : "
and depti distribution of target materials, as well as atomic
identification of impuritics, can be obtained with typical depth
resolution of 100 to 3004 [1,2]. This technique :5 most suitaule
' fed

for tnin film systems of thickhnesses of several thousand Angstrom.s.
The application of RBS analysis to various tivin film studices, sucn as
interdiffusion and growth process has been discussed®h detail in

a recent conference’[3].

The energy loss mechanism of the incident ion is divided into

two processes:



”

@D) individual scattering cvents due to the Coulomb

repulsion between the nuclei of the incident jon

and a target atom, N
(2) collisions between the ion and the electrons of
the target atom. . <

The first process provides information.about the atomic mass

of the target material. The mathematical reﬁ?@scntation‘is [4].

E % KMLO

E : the energy of the backscattered particle
EO : the energy of the incident particle

Ky : , the ‘p;:i\.e]na T .ic:l ,L%ll factor

W

(

l=? e

atomic mass of the incident particle

atomic mass of the target particle -

-

If 0 -~ 180° and M ~M_., then.
» o 1

. (J ' | .- - SE

The second process proviaes information about the depth
perception of the target material by using existing elcectronic

stopping power data of the target material. The matnematical re-
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presentation is expressed: as:

LE o= [s]t

AL : cunergy width of the signel spectrum
t : thickness (depth) of the targe: material
[s] : encrgy los - parameter

For regions near the surface [s] can be written as [4].

dE 1 dE .
(s} =r g ly +— &l
M dx- i d § -
- x Eo Lcos@} x hMEo _ :
dE . o .
ax . the electronic stopping power of the target

-

material.

Therefore t  is calculated by:

£ o= e
dE 1 dE
vKM dx luo‘\** JeosttT  dx Ky Lo

i

Ga :
The RBS analysis was carri#d out by 2.8 MeV to 3 MeV 4he

ion beams obtained by a 5.5 MeV- Van de Graaff accelerator. This
energy range was chosen because of the stabpility of the accelerator

and absence of nuclear resonance’ . [5,6].  The ions backschtscregd ;5hﬂg

>

through' 170° were collected by a silicon .surface barrier detect~r

o L . .
with an active area of 25 mm2 and 500 jm sensitive depth (ORTEC
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A-016-025-500).  Toe  quoted alpha resolution of thin detector i
“15.4 KeV FWHA (7). The detector was plnrvd 12 ¢m from the tarpget.
Hc+ ion currents of v 100nA were used to obtain cach backscattering
spectrum over a 1b minqtv period for this target - détector con-
figuration. Figure 4.1 snows a schematic diagram of the RBS system
together with the data handling system. The Lotni counts were
adjustvd by pre—sctting the total ion current doéagv at the tarpget.
Tue signals fromvtht wetector were amplified and analyzed by a4 multi-
cunanncl analyzer. The analyzed spectrum was taken by Honeywell 516
minicomputer.  The final data printouts or drawings were made by

SUS 940 minicomputer.
4.2.2 surface Structure Analysis

The surface topography was investigated by using a Cambridﬁv
Stereoscan, model S-é;"scanning electron microscope. The SEM is
one of tne most Qe%satile.insirumcnts‘for the exaﬁinatiqﬁ di the
mi: rostructure of solid surfaces [13, 14]. In the SHEf, the seccondary
clectrons ejected bf the nigh energy electron bombardmoni provide
inrformation of ﬁhc surface structure of the specimen. A‘Lhnw~
dimensional image of the surfaég topography -can be obtainced in the
micr- “ope vecause of its large debth'of field. Specimen preparation
is rely easy for SLi. 'A thin film>of Rb and Mg was directly
depo onto a carbon spécimen holder which was then placed iutco the
microscope and tilted at 45° with respect to tne incident eleétron'

beam in order to give depth contrast it the micrographs.
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4.2.3 Crystalline Structure Analysis

One of the well established methods for analysis of thin film

structure is transmission electron microscopy [8, 9]. The crystal

stiucture and crystalline orfentation as well as microstructure of
A

the thin film can be der+y  ned by using the TEM. The crystal

structure and crystalline orientation is determined from the trans-

mission electron diffraction patterns of;the thin films. The

microstructure is obtained by imaging thé\thin/film at a'high magni-
fication. !

The diffraction pattern will be regularly spaced diffraction spots
for a single crystal specimen 3nd will'be in the form of concentric
rings’for a polycrystalline specﬂmen. Figure 4.2 shows a schematic
representation of theweieétron scattering, intensity distributions
and final diffractféﬁ patterns/fram the single crystal and.the poly-
crystalline specimen [10]. Iée difffaction maxima occurs when the
electron waves, which aré §éattered Py particular lattice plane orien-
tation, are in phase and c;mbine,codstructively as ﬁhe electrons pass

' : |

through a crystalline specimen. Eléctron waves scattered from the
1 . ‘

1dfticé planes lying at afl other orientations will beight of phase
and interact destructivelf,‘and consequently no diffraction maxima
will occur.

A pérticuigr advantage of traqsﬂ&ssion electron diffraction is

that a diffraction pattern of a selected small area of the specimen,

which may be a single certal, can|/ be easily obtained by .controlling

t

.-



oy,

Sing]e'crystal Polycrystal

Figure 4.2 chématic representation of electron

‘scattering and diffraction pattern.
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size of area aperture.

The main disadvantage of TEM is the destrouctive nature o
met hod . In order tor clectrons to pass through the specime
(hin {ilms wave to be stripped from the subatrates, or the
ave Lo be thinned to less than 1()()()}; at tes deposition
films.

Tae microscope which was used in this research work was
(JEL=7A)TIM with 80 kV clectron accelerating: voltage wirich

onded to relative wavelength ol 000424, The Pb deposits on

supporting carbon film were mounted on specimen support pui

n,

Sy

ol

I3l

thi

the

bt

i

Bl

ates

thin

RRERIN

COrroesp

A

e

-

at tet

flotation on water. For a HNaCf substrate the support inyg carbon

was deposited on top of the Pb deposits. The HaC? subotrat

e

was

H:u\diggolvpdAby wate: ., and the floating film was mounted onto

the support grid.

f

Neutralized Mg thin films could not be deposited onto iae thin

“ilm carbon substrate or NaCf crystal substrate (see sectio

n

1l

Gobl 3

for details). Consequentl X-ray diffraction techniques were used
9 q Y

for the investigation of Mg film structure. The X-ray diff

technique is relatively easy and convenient because no vacuum

is necessary and precise control of focusing condition are

raction

system

not

necessary [11, 12]. The diffraction patterns represent the super-

N

[

position of thin film structure and substrate structure becausc of

deep penetration of the X-ray.

Using an Enraf-Nonius (Diffractis 601) diffraction generator, a



diftiaction pattern was obtained by the o called pinhole phioropnaph

mode which utilizes monochromat ic radiation to examine o polye vy tallon,

specimens Polaraoid photographs were taken by pracsing angle 1o
tlection of X rays: the specimens wore tilted 107 00 coc o ident
A Ty . Hiotidltered coppes radiation (A Loy o v aned e g

monochromatic X ray Source.

*,
4.3 Ph lon Beam Deposition and Analysia 4 ey ity

Typical operational conditions for tae o on beam deposition
dre given o dable 4.2,
tatal lon dosage: J.25 Coulomb
fon current: QA - 12uA
bombardmert time: T7 8% dours
energy at extraction: + 4KeV
energy at deposition: + 24eV to 300eV
: R -8
vacuum environment : I x 19 forr

Table .2 Operacional condition

+ oL
for Pb beamn ccpositic

For the purpese.of this Study the ion cac:gy alone was intention-
ally varied in order to investigate the characteristics of the
resulting deposits. With this particular ion beam deposition

[ERVET

Ly + . . L
thhe maximum Pb icn current of Y0 - 12..A necessitated deposition



Times ot o hours tor a0 toral donape ot 00 Chalombs tar cadh
coatlug, which was chonen e a0 standard valoe,
bulk tlt'nr;l(y deposits ot an area ot Zmmo xS owith o Ul boage ot m
It untty condensation ot tha fon beam o, ot

o ' ‘ .

I'he Inecident Ph fon beam wan tocused dnto oo ectaapaiar shape oo
deposited onto a substrate. The fon souree and the fon beam t1an e
tatlo. vstem were manually adjusted o obtain mas tmam Ton cartent it
the substrate, however, the stability of the svitem §f5 cuch (et int e

- 4 Vo
Quent adjustments are nece tsary tor Pho and My don beams.

e ' . . N

The statistical nature ot the Pb deposition and analveio of deponig
are shown sn Table 403, The reproducibiiity ot thee $ilus woas ene ol ont

-

the variation in measured thickness and width of 1 he deposita tor cach

. + S
depositfon energy are within 10Z.  Cousequent 1y the reproduc ibi ity oo

this deposition method {s considered to be adequate tor var foo
applications.
+ .

o] Low Energy Ph lon Beam Deposition

The Pb deposits are characterized by twe disntinet wioinl teatire
In the central arca where zhe {on current densi'y is nignest, A rhii
gray deposit (area 1. merges gracually ifn o a thin refle tioo o
area 11). Figure 4.3 shows variation=s of deposit widtl, as a fuso tion

of incident ion enersv. The depositc width dist-ibution “orresponds

thar of Figure 3-14 for an energy range lwzss than 10004, wWever L, oor

- : 'y + : 2 . [P - - 1o

the higher Pb  jon energy deposition (more than 150e¢V . onl- arcs i oo
.

observed. No deposits were observed &. enefgics higher tha— 27007, 1.

the self-=y:rtering <ominated sver =he deposition,

beoanne thi-o v o e b d
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N

A

7

Deposition Number of Pb films depasited on various substrates Number of mmanmm >:mpwnma
Energy Poco SEM Sample - Carbon Thin NaCl RBS . SEM - TEM

(eV) Graphite - holder , films _ mu:meAOﬂwmnmp. v

B . - A

_ 2 4 N 2 2 2 3 2 2
——— 3 ) ) . 2 4 2 2

N :
. 3’ 2 2 3 2 2
121 2 2 2 2 2 2 2
169 ‘ 2 § - - - 2 - -
, 217 1 e - - - -
266 1 - - . -7 - - -

. ; ) ,
- B N -
g “~ -~

- “ . 3 . + . - .
- . Table-4.3. Statistical Nature of Pb deposition

and msmpwm»m of umwmm»nm. .
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‘Figure 4.3 Pb deposit width as a function of

incident ion energy.
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»”

] ¢ . -
The self-sputtering effect was monitored, as the deposition energy

~ - )
was increased, by ohserving the circ“lar Pb deposits collected on the

- back of.tﬁe deceletatur plate situated 10mm in front of the substrate.

The sputtered depositevwere not seen belod be ion energies.of 24eV.
'At‘ASeV, a small circular deposit was observed.- This deposit increased
in siée as the ion ehergy’{ngreesed, and ebove 200eV, the size:of de—
posits wefe over Scm‘ie diameter.

A high energy self—sputtering study revealed that the self- sputtering
yield of .Pb is almost equal to that of Au-(Figdre 2.2). Also, the self—
sputtering yield was found‘to be consistent with the noble-gas sputter-

\ing‘yielq fer low energy sputtering (Figure 2.3). Therefore, by combin-
ing‘this.expetimental observation of Pb self—sputtering wite the‘low
eﬁergy Aﬁ'sputtering st;dies {15, 16], the'selgisputtering threshold
energy %ot Pb is con31dered to be roughly 24eV. ‘)The self sputtering
yield approaches unlty at an incident energy of approximately 200eV

Although\no special cleaning technique was applied to the substrate’

+

surfaces, the adhesion of Pb films onto the substrates was Strong. All
Pb films passed the ''scotch-tape test" [17]; ‘surface carbon was stripped /
by the tape except in the area of the deposits. 'The main reasons for

good film adhesion may be summarlzed as:

(1)  substrate sputter—cleaning by the ion.beam durlng deposition,

(2) provision of a high}energy flux to the substrate surface by

the .energetic incident particles _
(3) modification of the surface and interfacial structure due to

the ion bombardment.
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-

v

4.3.2 R.B.S. and S.E.M. Analysis T
. From three to nine RBS spectra and three surface topographies were
obtained from different sites on each substrafe in order to compare

the characteristics-of the deposits.

Impurity content

Figuré 4.4 shows a spectrum.obtained from the central area of a

fréshly—deposited film“fromka 48eV Pb+»ion beam. High count statistics

~

‘were taken to emphasize the substrate carbon edge with respect to the

Pb peak and to search for possible ‘impurity peaks. No detectable 1mpur—'

©

ity species peaks were observed other than those of carbon and lead.

The sengitivity: of the RBS techniques is about 10 -2 10“l monolayer

fer light mass atoms and,10f4—10_3'monolayer for heavyAmass atoms.

S
&

Therefore, the impurity 1evels in the Pb film are less than 0.1 atom@c y 4
for heavy)masses end less than 10 atomic X for light masses.

RBS analysis has been shéwn to detect impurities incorporated within
thin film structures prepared by vacuum evaporation and sputter deposition
‘_{18}.1 in general,vthese impurities originated trom the crueibles used in
vacuum evaporation or from the supporting g;s used during sputter deposi-
.tion. Even’when the limited sensitivity of the RBS techniques is con-
sidered, especiallypfor low-mass 1mpurities, the ion beam deposition
technique produces a Pb deposit whicli is considerably purer than those
hobtained by using more conventional techniques.

The relative purity of the ion beam deposited Pb films is in the mag- -
nitude ofmz to 10 higuer than films prepared by conventional methods'end

analyzed by RBS [18].
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FiGure 4.4 RBS spectrum of 48 eV Pb deposit
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The Pb deposits are considered to consist of several Pb isotopes i.e.

o X . ' .
‘ szo‘ Pb 06, Pb207 and thoa. because the velocity filter is not capable

B

~of separating isotopes of heavy lon beams (refer to Figure 3-9 and 3-12).
. .

Pb Dqusig Density and Thickness v ‘

Figure 4.5vshqws the portion’of the RBS spectra cdntaining the yield
‘from the center of the Pb depodits for a range of ion beam energies. A
speéctrum from bulk Pb is also shown for density comparison. By comparing‘
the péak heights, the atomic density of éhe Pb deposits can be estimated.

All RBS analysis Vere\éafried out by using 2.8 eV AHe+ 1on.béam. Elec-
tronics were adjusted so that the chahnel width § E= 2.87 Ke?/ channel was
obtained. The following f;ctofs were calculated for this energy in-order
to éstimate film thickness;

the/}ine;ic recoil fa;:tor'l(Pb = 0.9262

tife energy loss parameter'{S]P = 61.8 eV/A

b
The electronic stopping powers were obtained from the available data
table [19]. Table 4.4 shows the density, energy width at FWHM and cor-

-

responding average.film thicknesses as‘é'functiénvof Pb deposition energy.

‘Pb  ion energy film atomic density Energy width of Film thickness
(eV) . bulk density _FWHM (KeV) ° o
(%) / (a*2004)
24 _ 64 155 ‘ 2500
48 97 115 ' 1900
72 100 C77.4 1300
121 " & - 80 g . 51.6 - 850
169 o 35 - - 31.5 500

£t

Table 4.4 Density and thickness of Pb deposits



90.

Coun
x10°

bulk

800

owo Channel

Figure 4.5 RBS spectra of center of Pb deposits.

———



91.

L

|

Coun

x10°

4r

3+
mea<

2r

~.I

Or L 1 4

© 80O 900

Figure 4.5

D & T
800 900

RBS spectra of center of Pb deposits.

' 800

m@o Channel



At ‘;/H-V deponation, a relatively thick depoait with a Tow atomie
density 1s obtained. Atomic density ot deponits reaches buall
dens ity at 48c¢V and /Z2¢V, but deposit thicknesses decrease tirom
thelr maximum at 24eV.

It is known that the backscattering vields are proportional to

. 3 . . .
the number of atoms/cm for a continuous film. 'owever, this vield
will decrease tor discontinuous films, and the amount of the decrease
in vicld is proportional to the fraction of uncovered arca {[20]. The
surface topography tor 24eV deposit shows a thick tilm with decep
channels (Figure 4.6(a)). UHamely, for 24eV Pb  deposition, the deposit

+ - .
has to be a relatively thick film (more than 2500A) before the total
coverage of the substrate surface is achieved. On the other hand,

i + o - 7 . .
for 48eV and 72¢V Pb  deposition, full surface coverage is achicved
witih relatively thin films. [n order to obtain totally continuous

. - + . )
films, deposition of total 0.5C Pb ion dosage was carried out for
24eV and 48eV. Both deposits showed the thick bulk density films;

o .

48eV deposit (4UV0A) was thicker than that of 24eV (BBOOK) due to
less spreading of the films.

For ion energies higher than 72eV, the effect of self-sputtering
predominates over deposition and both tuickness and atomic density
decrease.

Scanning electron microscopy was uscd to visually inspect tne
area of interest. Figure 4.6(a) - (d) show SIM micrographs from

area | for increasing energies. At 24eV the deposit shows a thick

film feature with a gentle hill and valley surface. The decp channels
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Cc

Figure 4.6 Surface topographs of the center of the Pb
deposits, (a) 24 eV, (b) 48 eV, (c) 72 eV and
(d) 121 eV deposition energies.
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teaching to the catbon wubstrate are cleavly seen. A the deposttilon
cnergy is o tncreased to 4BeV ) the suartace become: tlat and cont faoou:
with large grains, simflar to that ot annealed and recrvstallbteed
tilms [21]. At 72¢V the depostt shows the tlat thin tilm teature with
large holes. At 121eV the deposits are no longer cont inuous, showing
a liquid-like coalescence state with the formation of flat  topped {slands.
A second feature ot the RBS spectra from the Ph opeaks s the gradual
decrease of the vield on the low energy edge of the peak, which is al
most common for atl peaks.  This is thought to be caused by the non-
unfformity of the f{Im thickm‘s:;‘? because 1) the incident [‘Hv* ton beam
(probe) diameter is roughly 2mm, and ?) the deposit distribution ig
rouﬁhly bell-shaped (Figure 3-14). Within a 2mm probe diameter, the

film thickness is then assumed to b{j non-uniform, which results in a

low vield on the low energy edge of the«peak.

Deposit Thickness Distribution

The deposit thickness distribution across the face of the deposit was
also investigated. Because of the spreadingjof the beam just before
deposition due to space—-charge expansion, the effect of ion dose and the
deposition rate on film growth can also be approximated. Since the energy
spread of the beam is, at maximum, oﬁly a few eV, the ion beam energy can
be considered to be constant for the entire deposition area.

Figgre 4.7 shows such a RBS scan across the face of the 48eV
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Figure 1.7 ZBS scar of 42 e¥ Pb deposit. .
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depasity Boecause wpace charge spreadtag 1 more wevere at hitphen
tetardatton potentiala (tow depoaition encipgy), Tow encipy deponita ar
wider fu area than ot hilpgher enerp e 'hee RBS peaks reveal that the
spreadiog {5 about o factor ot ten wider than that ol visaal obaerva

tlon (Figare 4020

Flgaure 4.8 shows micrographs taken actod. the tace ol g 48eV o deponit:

(a) 1t trom areca L, (b) f+ trom the trtansition between area | oto area
I and (¢) b trom area 11 I artea 1, very thin depostts cover the
whole area amd the cartace coverage tn extens{ive at thic stape . Figure

4.8 (b) shows the typical ligquid lTike coalescence stage of tilm growth.
This surtace topography variation is common tor each depostit at various
energles. For low dosage, the surtace is almost entirely overed by
small islands of unitorm size.  As dosage increases, the istands tncrease
in size, become flat -topped, and began to coalesce. At high dosage, an
almost continuous film is obtained after the filling of channets and
holes.

By combining both RBS and SEM data in the low dose areas (Figure 4.7
and 4.8), the deposit growth-is characterized by an increase in height
of the Pb peak rather than an increase in width, or bv an increase in
area coverage rather than an increase in Lhicknesé. ﬁbwcver, the degree
of the surface coverage and thickness is dependent on the incident ion
energies. For 24eV, a rather thick film is required for total coverage,
on the other hand for 48eV and 72eV, total coverage of the substrate

surface can be achieved vy relatively thin films.

N »
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A ‘Figufe 4.8 Surface topographs of 48 eV Pb deposit for various
distance from deposition center, (a) deposition
center, (b) 2 mm off-center, (c) 4 mm off-center.
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4.3.3 TEM Analysis . - ' ‘ ‘ : o 'Q&

In order to investigate the effect of ﬁhe incident pérticle‘energies
on the crystalline structure of the films transmission electron dif-
fraction analysis was condﬁcted by_;sing TEM.

“Thin carbon fiims and single crystal NaCyg wefe used as substrates.

Figure 4.9 shows the diffraction pattern obtained from (a) carbon

thin film, (b) 48eV Pb*on C film and (c) 120eV Pb on C film. The sub-

strate carbon film shows. the typical amorphous structuré, The 48eV

.
’

Pb deposit shows the polycrystalline structure with a specific orien-
tation. The 120eV depqsit also §hows the polycrystalline structure

with specific‘orientations with larger grain sizes. Severallcrystalline
‘orientationsbare dominant: this is c%ea?ly seen as brighg rings on the
diffraction patterp. (Figufe»9:9*(c)).

This'recrystdllization of the‘deposit becausé of the incident energy
increase is also clearly seen by;Figure 4.}0. These Qiffractidn pat—
terqs were-obtained frém the Pb.depoéité on single crysgal NaC2 substrate
with [100] orientation. At 24eV Pb deposit (Figure 4.10 (a)), ﬁhe dif-
fraction pattern indicates an amorphous structure. With incréased
deposition energy, f.c.c. structure with [100] orientatipn begins to
apbear on the diffraction pattern'(FigureA.IO(b)). ﬁAtﬁlZQeV deposition,
the diffraction pattern is similar "to that of an epitaxial film. The .
f.c.c. étfgctu?e with ilOO] orieﬁfation is dominant in this diffraction

pattern. - This structure is-verified by indexing.the diffraction pattern.
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" "Figure 4.9 Electron diffraction patterns of (a) carbon thin
film,. (b) 48 eV Pb deposit on C film, and (c)-
121 eV Pb deposit on C film.



Figure 4.10 Electron diffraction patterns of (a) 24 eV Pb
deposit on NaCl, (b) 48 eV deposit on.NaCl,
and 121 eV Pb deposit on NaCl. i '

»
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The d—spacing for diffraction spots is given as [22],

d =L
R

.

.

where A : the wavelength of incident electron bgam = 0.042 A

o

L : camera length - 300mm

R : distance between the center .and. the diffracted spots

The. shortest R, is 5.2mm; the

1

"Now the miller indices of a cuBic/structure is given as:=

1 _ h
7 = 1 1 1

1 - a 4 .

A,
N

where a is the lattice constanf, and for Pb a = A.QSA [23], then
e+l 2 L.

Therefore, the miller ihdices for those spots is:
(2,0,0)

{ hlkrg1 } o=

The next nearest spots are .also found to be:

Ehkoh) © (2,2,0]

~101.
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Therefote, the dominant diffraction pattern is that of [100] orien-
‘tation of. f.c.c. crystal.

In Figure 5.10 (c), several distinct diffraction rings are observed
inside the {2 0 O} Pb diffraction spots. These rings are speeulated to
be a result of either 1) NaCf crystal, present because pf insufficient-
specimen washing, or 2) oxides of Pb.

The d-spacing of the innermost ring is found to be d1 = 6K§ If this
diffraction ring were caused by NaCf crystal,.which has a cubic structure,
the smallest possible N-value from the miller indices is |

N = h12 + klz + 212 =3
Consequently the iattice constant wiil be about lO;; however, the real let—
tice ZOnstant tor Nacl is 5.63;. Therefore, these diffraction rings are not
from Nacf crystal, but are probebly caused by the oxides'of Pb film._ The
large lattice spacing (typically'SAa,8; [25])vof the lead oxides (orthor--
hombic or tetragonal structufe) also supéorts.the above statement. How-

ever, the precise indexing of the diffraction rings is rather difficult

due to the nature of crystalline structure of the lead oxides.

The crystalllne structure and grain size of the deposits depends on the

energy of the 1nc1dent ion beam' a hlgher order of_crystalllne orientation
with large grain size is obtaijried by a higher energy deposition.

The.main reasons for the récrystallization at high energy deposition
"are considered as follows: |

1) 5?2v151on of high emergy flux to the substrate surface by the

high energy incident partlcles
‘2) enhanced dlffusion process due to high mobility of the adatoms
3) creation of defects on substrates, which in turn create preferred»f

nucleation sites
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4.4 Mg _Ion Beam Deposition and Analysis of Deposits
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i + '
Typical operational conditions for Mg ion beam deposition are

given in Table 4.5

total ion dose:

ion current:
bombardment time:
energy of extraction:
energy of depositibn:

vacuum environment:

0.25 Coulomb
12pA - 15pA
5.5 - 4-h.

+4KeV

.+20eV to 500eV

S x 10—8 Torr

Table 4.5 Operational condition for Mg+

ion beam deposition

4

N

The same total ion dosage as that of Pb was used for Mg deposition.

The ion energy alone was varied to investigate "the film characteristics.

- S+ » '
The statistical nature of Mg deposition and analysis of deposits are shown

in Table 4.6.

The reproducibility of the Mg deposits was also excellent. The meas-

ured variation in thickness and width of Mg deposits'are the

~

same as that,

of Pb erosits. Coﬁsequently, the reproducibility of the Mg deposit are

considered to be adequaté for various thin film applicatiomns.

+ - N N )
4.4.1 Low Energy Mg Ion Beam Deposition

»

S

The Mg deposits are visually characterized by a silvery deposit on the

carbon substrate. Thé‘depbsitions of 100eV or less exhibit double line

deposits: 1i.e. a very thin deposit was observed beside the main deposits.
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Number of Mg films deposited

Deposition on various substrates. , Number of samples analyzed.
energy POCO SEM Samples Carbon RBS SEM X-ray
(eV) Graphite holder thin film - diffraction
24 4 2 - 2 | 2 2
48 4 1 1 3 1 | 1
72 4 1 - 2 1 : 1
100 2 1 1 . 2 , 1 | o2
120 4 - - 2 . .- . W
150 2 1 1 1 1 1
170 3 - - 2 - R
217 3 1 - I T 1 -
300 2 - - L - - .
500 1 - - n 1 , - -

Table 4.6. Statistical nature of xm+ deposition

and analysis of deposits. . o .
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For 48eV and 24eV deposits, two line deposits are super—imposed on cach
other due to space charge sprecading. Figure 4.11 shows deposit spread-
ing due to the space-charge expansion. The low energy area of the curve
is almosg the same as that of Figur; 4.3. At a higher energy range, par-
ticularly higher than 306eV, the deposits were clearly observed because
of the low self-sputtering yield of Mg.
The self-sputtering effect was monitored by the same method described
in séétioh 4.3.1. The self—sput;eting yieid of Mg is roughly the same as
that of AL (Figure 2.2). Therefore, as before, by combining the experi-
mental observation of Mg self—sputtefing wi;h the existing data on low energy
“sputtering, the ghreshold energy for the self-sputtering of Mg is consi-
dered to be roughly 24eV. The self-sputtered yield approaches unity at
an incident energy of approximately 500eV. |
In contrast to Pb deposits, the adhesion of Mg dep§sits at low energies ’
was rather weak. All Mg Aeposits less thaﬁ lﬂOeV failed the "'scotch-tape"
test; The deposits with 120eV or higher ion energy passéd this test. |
This wariation of adhesion strength of Mg deposits with the carbon =
substrate cannot be’simply explained by two body collision phenomena
(Chapter 2). However, the average retained energy of Mg particles after’
the initial collision is about 55eV for the‘incident energy of 100eV,
and about 70eV for the incident enetgyrof 120eV (Figﬁre 2.7). Therefore,
Mg particles witH incident energy of 100eV or lower héve less possibil-
ity of making displacement of other gubstrate particles in furthér col- )
lisions. On the other hand, Mg particles with lZOeV incidgnt energy or
higher can possibly make ano;hef displacement of éubstféte particles dur-

B

ing the next collision. Consequently, Mg particles with 120 eV or higher
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My deposit width

—
250 7 500 eV

50 100 150 : 200
Ion cnergy

Figure 4.11 Mg deposit width as a function of

incident -ion energy.
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fncident cnergy have pgood possibility of penctrating a few atomic
layers, Lt 15 also shown that the surtace carbon of the substrate s
loosely bonded.  Therefore, Mp deposits with incident energy of 100eV
or lower could be (&\:;ily peeled oft together with loosely bound sur-
faces carbon by the scoteh tape. On the other hand, Mg deposits with

120eV. or higher could be deeply anchored into the substrate and could

have a stronger adhegion with the substrate.

4.4.2 RBS and SEM Analysis

/
Ty _Content

An oxygen peak was always observed in the RBS spectra even when
film was freshly deposited. This oxidization of Mg film was con-

sidered to be post—-deposition oxidization for the following reasons.

1) The oxygen partial pressure was very low (less than 10”10 Torr)

during deposition,
2) The RBS peak of oxygen was that of surface oxygen,

3) Mg is known to be easily oxidized at room temperature [24].

During the transportation of Mg deposits from the ion beam de-
position system to the RBS system, or to the storage sytem the oxi-
dization of Mg film by atmospheric oxygen probably took place very
rapidly.

Except for oxygen peakg, there was no detectable impurity species
in the RBS spectrum, consequently Mg deposits fabricated by the .ion

beam deposition method were considerably purer than those of conven-—
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tional deposition methods . The relative purity of Mg deposits are

considered to be the same as the purity of Ph deposits.

Mg Deposit wl)ﬂv»n_s fty, Thickness and Composition

Figure 4.12 shows the portion ot the RBS spectra containing the
vield from the center of the Mp deposits tor o range ot {fon beam
cnergies.,

Table 4.7 shows the density, energy width at FWHM and corres-

ponding average tilm thickness. The kinetic recoil factor lm = 0.5171
S

and the energy loss paramenter [S]M = 30.2 eV/A are used to calculate
8
the average film thicknesses.
+
Mg ion energy film atomic density energy width average film
(eV) bulk density (%) at FWHM (KeV) thickness

(a ¥ 2004)

24 83 57 .4 1900

48 100 57 .4 1900
100 67 ' 57 .4 1900
120 50 15 - 1400
170 17 - -

300 15 - -

Table 4.7 Density and thickness of Mg deposits

In order to obtain thicker deposits, the total ion dosage of

~
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Ficure 4.12 Rbs spectra of center of Mg deposits.

24.3
- Mg

450

—
500 Chonnel .



Flo

IS

T4

9 _ 300 eV

170 eV

K]

120 eV

24
Mg

450

T
500

RBS spectra of center of Mg deposits.

450

500 Chonnel



o

e : 111.

0.5 Coulomb deposition was used at 2Z4eV and 100eV. Both films
yielded bulk den;ity thick films: 3700A thickness for 24eV deposit
and 3300&.thickﬂe§srfor 100eV deposit. The decrease in thickness of
film at 100eV is th;ught,to_be due‘tovself—sputtéring.

.As previously described in section 4.4.1 the low energy Mg depo-

" sits are visually characterized by double. line deposits. The double

lines are thpugh to result from the isotopes of‘Mg. The main depo-

sition line consists of Mgza, and the Qery thin deposifion line
3 25 26 L i

consists of Mg and Mg ~. This effect is clearly seen on RBS

spectra as a shift of Mg peaks. For low energy Mg depbsitién, Mg

peaks appeared at channel SOQ which corresponds to 1.44 MeV. At

<

100ev depdsiﬁion, a peak-maximum shifted to chgnnel 494 which cor-
resp&nds’to 1.42 Mev, and the gradual decreése of the yield is ob-
served on hIgh>energy Edge of the Mg peak.} At 120eV or higher

energies; the ﬁg peaks appeéréd ét channel‘494/without the gradual

decreasé of yield on the high energy edge. 1.44 MeV correqunds to

the kinetic recoil factor of 0.518 and- 1.42 MeV corresponds to 0.510.

These kinetic recoil factors correspond to target masses of 24.3 and

24.0 respectively. - Therefore, thé low energy Mg‘deposits (48eV and

24eV) consist of several "isotopes of ﬁg with natural ratios. The

100eV deposit also consists of several isotopes with less héavy Mg.
. . . . . . 24

Deposits with energy higher than 100eV cansist only of Mg .

At low energy deposition, the isotopes inter-mixed due to the

A

space-charge expansibn of ﬁhe_ioh beamsl Also, the optimization of
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the deposition condition is achieved by adjusting the ion beam system
éo that the maximumlion current is,bbtained‘at the substrate; There-
fore, the deposits at low energy probably éontain several isotopes.
However, at higﬂer energy the space-charge spreéding is reduced and
the'position éf maximum ion currént is shifted.(Figure 3.14).. There-
fore, the op;iﬁum cdndit;on is obtained by choosing the ion beam of the
highest intensity, i{e., Mgza element (80% of total ion current) .
Hence, onlf Mg24 depositsbare obtained at energies higher than 100eV.

The other feature of the RBS spectra of Mg peaks -is thé‘”tailing"
of the yield on tﬁe Tow energy‘eng of the.peak even for very small
peaks which 1is éignificant for thehﬁigher energy debositionuof 120eV
or more. igis is considered to be causea by the penetration of Mg-
particlés into a éarbon substrate, because 1) the RBS sééctfﬁm
of a'cgrbpn edge exhibits a gradual increase of yield';athér than‘a
‘sha;p increase and 2) surface topographies do not show deep channelé
or deep holes which are typicplAfggtures éf thick‘films.

.

As previously discussed, . the binary collision ﬁodel shows the strong
possibility of deeper penetration oflhighér energy Mg particles into
a carbon substrate. This pegetration is also considefed ag a main
reason for-gobd adhesibn of deposits with energy of 120eV or higher.

A visual inspectio? of the areas of interest was carried out by SEM.
Figure'a.la (a) - j#{ show the surface tgpggraphies-of the center of.
Mg depbsits at various energies. At 24eV depoéiéion, the surface top-
oéraphy shows a cérrugéted surface.with pebbie—like profrusioné. As

the deposition ‘energy is increased, at 48eV the surface becomes flat
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Figure 4.13 Surface topographs of the center of the Mg\deposits,
_ ~ (a) 24 ev, (b) 48 ev, (c) 100 eV, and (d) 150 eV )
‘ deposition energies.

*
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-with shallow craters. The deposit is continuous. At 100eV, deposit
is still continuous, but deep craters ana holes are clearly seen.

The deposition a; 150eV shows cleaf evidence of selfisputtering of
deposits, with a surface topography resembling a lunar'landscape with

many sizes of shallow craters and holes.

Deposit Thickness Distribution

The effect of ion aésage on film growth can be approximated by
invesiigating'the deposit phicg&ess distribution as mentiéned pre-
viously in sectigﬁ 4.3.2. | '

The general features of the RBS ;pectra were tﬁe same as those
of Pb depoSits:‘ more spreading at low energy depasition occurs
because of the‘spacejcharge spreading. .

’ Figure 4.14 sths séénning electron micrographs ;aken across the
face of a'é&ev'déposit: (a) is from thexdgposit center, (b) is
frpm.émm off-center, -and (c¢) is from 4 mm ﬁff—center. All surface
topographies shoﬁ the same corrugaﬁed surface st?ucture with‘pebble—
liké protrusions. Only the spacing of.protrusidns vary with ion
dos?ge.nkég\the area of .thicker deposits (higher.i;:’dosage) the
protrusions are further apaft. The deposit obtained from 0.5 Couiomb
total ion dosage had the same‘féatures, but proﬁrusions were larger
; thanithaf.obgerved in a-0.25 Coulomb‘deposition.

Figure 4315 shéws the surface topographies of 100eV deposit taken
from ;3 the deposition center, b) me'off—cégier‘and‘ c) 4mm offf

center. The surface topographies show completely different surface

structures from those of 24eV; At higher ion dosage, a flat surface



Figure 4.14 - Surface tbpographs of 24 eV ilg deposit for various
distance from deposition center, (a) deposition
center, {(b) 2 mm off-center, (c) 4 mm off-center.
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c .
F1gure 4.15 Surface topographs of 100 eV Mg depos1t for various

‘distance from dedosition center, (a) deposition
center, (b) 2 mm off-center,and (c) 4 mm off-center.
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with few craters and holes is obtained. Decreasing ion dosage vields |

a wavy surface with many craters. At very ‘low ion dosage, a very
- N 0y 3 .

thin coating with a pitted surface'is_observed. This type of film
growth was common fot all other deposits except 24eV deposit.

From the above results;.it ean be  ¢oncluded that the ‘corrugated
surface.and surface growth was caused(by‘ZéeV incident i energy
rather than ion dosage variation, and.that“a relatively flat surface

is obtained at deposition energy higher than 24eV.

o

4.4.3 X-ray Diffraction Analysis T . )

.

'ﬂhen depositing an ion beam onto an insulator or highly resistive
substrate, a thermal electron emission filament was required as des-
cribed ‘in section 312.3. The temperature of the whole substrate as—

o

_sembly, was about 100° C when the thérmal filament was used for neu—e
tralizatlon.of surface charge build- ups.

Mg deposition onto.a thin film carbbn or single crystal NaCf was
attempted by neutrallz1ng the substrate surface with this thermal
fllament However, no deposit or at most only very small area thin
deposits at the ceuter of the substrates were obtained due to tHe
thermal te—evaporation of Mg deposits. Mg has a vapor pressure of
1‘0_9 Torr at 1500C (Figure 1.1). The total pressure during depo-
sition of the Mg ion beam was in the order of 10_8 Torr. The temper-
ature of the substrate is probably higher than that ofkwhole substrate
“.assembly due td the filament—substratevconfigutation.‘*Therefore it

-is reasonable to speculate that Mg dep051ts were thermally re—evaporated

~ by the substtate surface temperature of above 100°cC.
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In'order_to investigate the Mg film crystalline structure, the
X-ray diffraction method was used. ihe diffraction pattern will
include the film structure as well as the sﬁbstrate structure be-
cause of'deep pengtration of X-ray.

Figure 4.16 shows the difffaction pattern of a) Poco Graphite
sﬁbst;ate and b) a thick 100eV Mg deposi; witﬁ the same substfate.
The.diffraction pat;erns obtained indicaté the polycrystalling struc-—
ture.  There is no ;ignificant difference.between a) and b). Be-
cause of the sfrong reflection spectrum f;om the substrate and the
lack of édequate sénsitivity of this analysis, the diffraction pat-
tern from the Mg film ca§g6F be distinguished from that of the sub-
strate. Unequivocal information on the crystalline structure of the

Mg deposits could not be obtained.

4.5 Conclusions

+ 4+ '
Pb and Mg ion beam depositions were successfully carried out by

using the low energy ion beam deposition‘system.

Space-Charge Expansion and Self—Sputfering

The spregding‘of débosits due to the space—chafge expansion of ion
beamS‘wag found to be not a serious p;oblem even for very low energy
dépbéition.‘ On the othgr hand, self-sputtering of deposits governs
the déposit thickheés, expécially for high sputtering yield materials
such as Pb. This self-sputtefingieffect limits the»fange of. possible
deposition eﬁergieé., For Pb, no depésitsAwere observed ét an energy

Ry B .
of ZOOgV or higher. However, for low sputtering yield mater<-' - -—:ich
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®

F1gure 4.16 X -ray d1ffract1on patterns of (a) carbon substraté, e~
(b). 100 eV Mg deposit on same substrate
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as Mg, the deposits were observed even for a 500eV deposition energy.
If only the space-charge expansion and self-sputtering Is con-

sidered, the best deposition energy for Pb is about 50eV, and 100eV
for Mg. These energies correspond to self-sputtering yields of about

0.1 to 0.2.

.Adhesion

The adhesion of Pb deposits was strong even for 24eV deposition;
on the other hand, only Mg deposits of 120eV or higher eﬁergy show
strong adhesion to carbon substrates. Lower energy Mg deposits failed
the "scotch-tape test." The strong adhesjon of Pb deposits is spe-
culated to be a result of surface damage of the substrate material
and eubsequent?inter—mixing of deposifs and substrate. The good ad-
hesion of Mg deposits with higher energies is considered to be due to

Mg particle penetration into the substrate surface.,

Purity and Composition

The purity of Pb and Mg films has been shown within the sensitivity
range of RBS analysis to be superior eo that of films fabricated by
conyentionai methods. However, the post—o*idizepion of Mg film was
observed even for very carefully stored films.

"The Pb films‘consist:ofbseveral isotopes of Pb for eli deposition
energies. The lower energy eeposited Mg films consists of several
isotopes of Mg, but Mg‘films with higher energy deposition .consist

of only one isotope, i.e. Mgza.

[
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Thickness and Surface Structure

For the Pb films, the lowest energy (24eV) deposition yields the
thicke st fi1lms. However, there is evidence that film thickness in-
creases without complete surface covefage at 24eV deposition. At
48eV deposition, the surface coverage 1ls complete before the increase
of film thickness. For a deposition energy of 120eV or higher, the
surface coverage and film thickness decreases due to the self-sputtering
of the deposits. The surface topography of 24eV deposits show thick
film with gentle hilly-like features. At 48eV debosition, the surface
of the deposit becomes flat and continuous with large grains, similar
to that of recrystallized films. At 72eV deposition, the surface
topography of the'degosit shows a flat smooth film with big holes and

channels. Both fiim thickness and complete surface coverage decreases

P

as‘deposition energy is increased to approximately 100eV:
For Mg deposition, thg film thicknesses are the same for 24eV, 48eV
" and 10QeV deposition. g
' The micrograph of 24eV deposit shows a corrugated surface with
pebble-like protrusions. The deposits of 48eV and 100eV have a flat
surfacé with shallow craters.
As the deposition énergy incfeases, surface topograpby shows the

effect of self-sputtering and '"lunar-surface' like features are ob-
vious. Also, th&RBS spectrum shows evidence of Mg particle penetra-

tion intc the substrate at high energy deposition.



Film Growth

For both Pb and Mg deposition, the general tendency in film growth
processes is towards an {ncrease in area coverage rather than an in-
crease in thickness. However, the degree of the surface coverage and
thickness is dependent on the incident fon energy.

For Pb deposition, films with thicknesses more than 2‘)0();‘\ are re-—
quired for total surtace coverage for 24eV deposition. For 48eV and
higheg total coverage can be achieved by films less than 2000; thick-
ness.

For Mg deposition, a corrugated surface is obtained even for thick
films at 24eV deposition, and good surface coverage was achieved wigh

v
relatively thin films for energies up to 100eV. For 48eV and 100eV | .. ~e

deposits, thin films with wavy surfaces are observed at low ion dosages.

With an increase of ion dosage, thin flat films were obtained.

Crystalline Structure

The crystalline struéture of the Pb deposits éxhibits an incident
ion energy dependence. For lower energy deposition, the degésit has
an amorphous or polycrystalline structure. At a dépositibn energy of
120 eV, the deposit shoyS'a definite orientation. When the substrate
is a carbon thin film, a polycrystalline structure is obtained. For
a'singie crystal NaCf substrate, the Pb deposit is almost an'epitaxial
film. A f.é.c. structure with [100] orientation is the dominant de-
pésit crystal structure. |

The investigation of crystalline structure of Mg film was conducted
by X-ray diffraction. Because of a strong diffraction pattern due to

the carbon graphite substrate, a detailed diffraction pattern from Mg

films was not obtained.
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Chapter 5
Limftation of Present System
I'he tlmltations of the present low energy ion beam deposition SY8—
tem can be divided into two categories: 1) limitatlions due to the

nature of the deposition method, itselt, and 2) limitations due to

the system.

5.1 Limitations Due to the Nature of Deposition Method i

Limitations which belong to this category are the self-sputtering
effect and slow deposition rate.

The self-sputtering effect limits the range of the deposition energy
for obtaining thick films. Especially for high sputtering yield mater-
ials such as Pb, Au Lnd Ag, this 1s a serious problem when a thick film
at a)high energy of deposition is desirable. There is no absolute so-
lution which ovércomes this limitation, however the altermation of
energy with a certain time interval might be one solution to minimize
the self-sputtering effect. A thick film with strong adhesion and more
oriehtéted crystalline structure can be obtained by optimizing the de-
position time interval for low andkhigh incident particle energies.

Another limitation, the slow depositiéh rate, is also fundamental.
Even if a mA rahge ion beam is employed, the deposition rafe of the

film is much lower than-that of vacuum evaporation. There is no so-

" ‘lution for this problém until an ion source which produces ampere range

ion beams is available.

5.2*"Limitations Due to the System

Limitations which belong to this category are ion species, ion

current density, and substrate materials.



In the present fon source, only a Hmited number ot lon:s of
soltd materfals with sutficient ton current density have beon
obtained as mentioned in section 3.72.7 A. le has been rathen
difficult to obtain sufficlent fon current density beams §rom
algh vaporization temperature materials sach as A Cu. The main
difficulty arises from the condensation ot vapor between the farnaa
and the ion source (see Figure 3-7). This problem may be solved
by the combination of a turnace and an lon source into one unit .
Figure 5~1 shows a schematic of the planned moditied fon source.
The main body of the ion source consists of Boron niteide o Ajuminag.,
Tnerefore, operational temperatures up to 2000°C are possible. The
distance between the turnace and lon source 1s physicallv minimized
to avoid vapor condensation. For low vaporization temperature
materials, only the discharge filament may be required to obtain
sufficient vapor pressure for discharge. The materials with
vaporizqtion temperatures up to approximately 1500°C can be used
as charge materials by operating a furnace filament. Therefore
the ion beams of practically every material except some refractory
metals can probably be obtained by this ion source design (see
Figure 1.1).

All depositions achiévéd inrthis research work were .carried out
by ion beams of up to tens of microamps. The increase of the
total ion current and éonsequeptly the increase in'deposition ratc
can be achieved by 1) the increase in extraction voltage, 2) increase

in anode hole size and 3) adaptation of other ion sources.
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By combining 1) and 2), it might be pgssiblé to obtain an
dion current in the mA range. . But obviously higher pumping speed

. - . . | ’ :
is .required in the ion beam transportation chamber because of

bigger conductance of an anode hole.

Other iod'Sources such as duoplasmatron and sputtering ion

source cég prodﬁce mA solid ion beams. . However those ion sources
. . v‘\”, e . 0 Ty

nave;dlsadvégyages, especially larger energy spread (10 to 50 eV)

and higher cost per ion current as compared to the bresent low

voltage arc discharge ion source [1].
: T~ . ,
The deceleration and deposition of high.éﬁa{sy mA ion beams

from an electromagnetic isotope separator is the? other method

T

used to obtain a high ion chrén; beam depositionl[Z]. Howewer,

tiiis ‘method requires a precise deceleration systepm. ‘The energy.;
) i
spread of the ion beam will be large, and the cost per ion beam

will
be high. Most important, the high cost ion implanter or electro-
magnetic isotope seéarator is not standard equipment inlmést‘
laboratories.

When depositing ion beams onto an insdlating'surfaée; neutra-
1izatioﬁ of the,sdffécevis required to avoid charge build-up. A
:Fhermalbélettron emission'filamént‘was used in the present gystem.<
 However, for Mg deposition the temperature rise of the substrate,
due to the ;hérmal filament, induced the re-evaporation of deposits.
This probiem can be‘solved by 1) the inclusion of a low energy
electron gun which provides sufficient electron béamé to neutral%ze
the substrate sgrfaﬁe during deposition, and/or 2) cooiing the suﬁ—
i
i

i
|
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strate"by cooling water or liquid nitrogen circulation. Either

1) or 2) caq\be_achieved by a slight modification of the substrate
system. ,\

5.3 Conclusions \

M 23

Tne self-sputtering effect and slow deposition rate are ultimate
limitations in the low energy ion beam deposition method. ' Limitations

due to the system,‘itself, can be solved with modification to the
ion source and to the substrate system. “_
The low energy ion beam_depositioﬁ method and the present system

are superior to the conventional deposition systems even with

»

these limitations, if the resulting film characteristics such as".

.
. .

purity, adhesion, etc. are of prime importance.

=
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Chapter 6

Conclusions
-

This chapter summarizes the present study of low energy ion

beam deposition of metallic thin films. First the system and the

¢
.

results of Pb and Mg deposition’ are described. The advantages of
the low energy ion beam deposition method compared to the conventional

. .
deposition-methods is then summarized.

<

.

6.1 Low Energy Ion Beam Deposition System-

The system, which was designed and constructed, satisfies all
required design criteria in order to produce homogeneous thin films
: R

with precise control of the deposition parameters.

The operational characteristics of the system are as follows:
=T -8 o
Vacuum Condition: 10 to 10 Torr at the ion beam
transportation chamber

10_8_to 10_9 Torr at phe substrate

cﬂ;mber . ‘
Ion S$pecies: ' Gas and solid ion beams |
Ion Energy: ; ;;Oevrto 4KeV n . .
Ion.Cufrent; :Up to 20uA

Ion source operational time: up to 100 hours with one charge

~

Mass Separation: %ﬁ': 10 at the substrate
Mass Selection: "1~ 600 a.m.u.
Subétrate: - metal, semiconductor and insulator with

various sizes and shapes
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Deposition time: 4 hours to 7 hours for 0.25 Coulomb total

ion dosage.

t
b

o+ + . . ‘
6.2 Pb  and Mg Ion Beam Deposition ~

. + . - .
Deposition <f Pb and Mg+ ion beams were successfully carried

out by using the low energy ion beam deposition technique. t
" .

The main interest of this research work was the investigationvof
the‘rplationghips bétweén the incident parti¢i; eﬁergies and
éonseQuen;>fiim characteristics. 1If dnly space-charge expansion
and self-sputtering are considgred; the optiﬁum deposition énergy -
in terms of deposition time for Pb is about 50 evkand 100 eV for Mg. .

For adheéion, all energiés_u%ed were found to be satisfactory

for Pb but only energies of 120 eV or higher resulted in good

N v K

adhesion of Mg films.

N

For film thickness and surface coverage, the best deposition

energy is about 50 eV for Pb. For Mg films, the energy range

-

béetween 50 eV and 100 eV 1s'the most desirable.

For film crystalline:structure,~higher energy deposition vielded

-,

N,

>

. a more orientated crystalline structure for Pb deposits.
A significant effect of variations of ion dose rate was not

observed in this research work.

6.3'Advantages of the Low Energy Ion Beam Deposition System

The most important advantage of  this deposition system‘fs’the
precise controllability of deposition parameters. To the author's

kncwledge, this deposition system is présently the best method avail-
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able for investigating variation of characteristics due to
changes in deposition parameters. Consequently, this deposition
system allows precise control of the film characteristics for
specific applicat}ons.
The deposits obtained by’the present system also show superibr
film characteristics as compargd.tg that of conventional depositipn

systems. The main characteristics are as follows:

1) strong adhesion for higher;energy deposition,

2) Bood surface coverage, no shadowing effect,

N

3) pure homogenous films,

4) oriented crystalline structured films deposited at

higher1deposifion energies.

'
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High Power Laser Optical Materials and Their Damage Thresholds.
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1. Introduction
In the development of high power lasers, especially infrared (IR)
\ ' '
lasers, the damage of optical material is thie fundamental limitation

of high power CW or pulsed laser performance, Raising the damage

thresholds of optical materials, primarily windows and mirrors, increase

the system reliability and cfficiency.

At present alkali-halides and semiconductors_are the most;suitable
méterials for high power IR laser window applications. For higﬁ power
IR laser mirror applications, carefully polished and coated copper or
molybdenum exhibits the highest daméée tﬁresholds. *The individual

materials will be considered in detail in the following chapters.

At this point, "the laser-induced damage mechanism has rnot been

o

completely understood. The ultimate or intrinsic strength is rclatedu'
. . o

R 1,2 .
to a thermal and /or an avalanche processes >~ . However, in many

situations, optical materials exhibit lower damage thresholds than

P ' . P 3,4
the intrinsic strength because of various extrinsic influences™’ .

Two major extrinsic factors have been identified: field enhancement .

—_ e

caused by mechanical imperfections such as pits and scratches .

10-14

andvimpurities being absorbed on the surface . Only surfaces .

;

free of defects and impurities can achieve the same intrinsic damage

level as impurity free bulk materials.

2. High Power IR>L§ser Window Materials.
The development of pulsed and CW high power IR lasers required:
nearly Possless reflection from mirrors and nearly reflectionless and

lossless transmission through windows. Moreover, for high power
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)
IR laser windows, optical distortion of the laser beam during
operation usually becomes unacceptable well before the mechanical

failure of windows.

Tue significance of a large. number of mechanical and optical

properties for high power IR laser window materials has been Q\)\g

14-17 18-21

discussed by Sparks , Bendow 22,23

and others . For a

complete characterization of high power IR laser window materials,
' G . .
the following data shiould be obtained:

1. optical spectrum, including the determination of
the band gap and optical -phonon carrier,
2. index of refraction n and its temperature cocfficient

dn/dT, both in .the waveléngth region around 10.6}m,
3. residhal optical absorption coefficient 8 in trans-

parent regions,

4. light scattering characteristics and large—sqal? .

optical homogeneity,

5. density, specific heat and melting point, i
6.  thermal conductivity and thermal exbansion, ‘{
7. hardness and resistance.to abrasion and moistuJe,
8. yield and fracture strength,

9. elastic moduli énd photo-elastic constants,

10. . electric dc cbnductivity,. .

1. resis{éncg to radiation—-induced oétical-damage.

Ffom'the guideline given by Sparks and othérs, few types of

materials transmit well enough at 10.6um to be used as high power IR
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laser windows. Namely, single crystal alkali-halides, single ™

§
. 4 \
crystal 11-V1, 111-V and VI semiconductors, chalcogenide glass and

polycrystalline materials. Table 1 -shows the advantages and
. : . 24 , 15
disadvantages of materials for use at 10.6ym~ . Table 2 shows
oo . . . ; . o 215
the minimum window thickness under pressure p = 7.3 psi and Table 3
; .

shows the useful figure of merit for pulsed mode in 10 cm diameter
rwindgwu for possible high power [R laser window materials. From
these theorctical and experimental roiults, the most promising
materials for high power 1R laser-windows are found among the alkali-

gglides (KC%, NaCf) and semiconductors) ZnSe, CdTe, GaAs): Also,

high power 1R laser window‘matérials will need anti-reflection (AR)

v

vcoatingé. In addition to AR coatings, several of the promising
materials will need protective cqatings against the deleterioué
effects of the atmosphere, especially of water vapor.

There are numerous other engineering p?oblems in the window design
besides the development of suitable window materiéls. . Mechanical
details of mountingy the maﬁner'of cooling the window surfaces and rims;-
the protection of "the optical windOWS_during periods wheﬁ'no laser )
béam is transmitted; the questibn‘of,segmehting the window area;
aerod;néﬁic load}ng; the maintenance of a_Controiled—température.
profile; the singlre pulse, pulse train,‘éf the quééi—cpntihuéus

" mode of power tfansmission. These are all important aspects of the

high power IR laser window problems.
2;1 Single:Crys;al Alkali-Halide Window Materials.

The main advantages of alkali-halides are their low intrinsic
absorption and their availability in sufficiently. pure an&'large sizes.

The main disadvantage of the pure ionic single crystal materials lie

in their mechanical properties. In addition, some material candidates
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Material

287712

Minimum Window

Fracturoe

lu"“m’ /b

Se, glass 4.
Syboblab

Table

inse 3.00
CdTe 8.03
GaAs .65
Ge 2.01
KCE 12.9
KBr‘ 18.5
. NaCk 12.5
KRS—S(TlBr—TII) 3.80
Ge_ ,Sb 27

D

Thickiness

2

to

~

ro

1072¢,/b
D=

.96

.63

10

cm

b

14K,

Prossure—induced optical distortioe

100 ¢cm

L
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tor use at 1O 6 m are hyproscopic and need o protective coating

.
P »
agalnst atmospheric attack.  Yaong had shown that Nacl, tightly

sealed with a vitreous coat ot /‘\‘;1) fi,‘, can be remarkably stable .

This is a convenient match tor small windows as the thermal expansion

- . . . . -~ ) .
coefticient for /\-:,’ 5 (2% x 10 )/((I) is just a little less than that

3

. -6, .

for NaG¢ (31 x 10 )/ ). 'hese vitreous coatings also serve as a pro-
q

tective against color center tormatfon by UV radiatf{on and may serve as
the high index component of an AR coating (B;ll"2 is commonl; wuwed as the
low index component).

In order to overcome poor mechanfcal properties of these i1onic crys-

!

tals, several methods of strengthening these methods include:  a mix-—
ture of cations or anions, solid solution formation, use of systems with
solid—s;olidy immiscibility, and polycrystalline formation. The crystals
are strengthened by about an order of magnitude by the addition of cer-
tain ions with an unknown effect on the absorptivity.26

The most promising material for a window - !'0.6um appears to be a’
single crystal KC{ strengthened with addi- Sr, orientated in cer-
tain crystal directions normgl to the window iace and completely - & ad
with 34 films of A32 S 5 Oor As2 Se3. Possible alternatives are ;hi
systems KBr:Sf and NaCf:Ca, similarly orientated and coated
2.2 Single Crystal II-VI, I1II-V and IV Semico_n_ductor. Window Materials.

The main disadvantages of these types of semiconductors are their
narrow band gaps which m:ke them susceptible to thermal runaway or
avalanchg impact ionization at low levels of laser radiation. In order

to keep the free carrier absorption low at room temperature, energy gap

should be very roughly greater than 0.7eV. The value of energy gap tends
‘to increase as the masses of the elements in the cryétal decrease

fre )
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and s the amount ot oo vonding  dincreane:, The mechanical and
chemfeal properticon of lll.lll‘ll.‘ll.‘» CGitrenpth, hardness, hygroscopicity,
ctes) tend to be hetter tor crivatals cont atning Pight masses and | tor
those with small amounts ot toni. Lounding, . The masses ot the clement:
in the crystal mas® not be too Fight or the lattice absorption will

be too large. They also must not bhe too heave or the free carvier

absorption will be too larye and they will have poor physical and
thermal propertics.  This relationsh tpois o shown in Table 4.

From this point of view, the most promising semiconductor mater ials
for high power IR laser windows are CdTe, ZnSe, GaAs and Ge. These
lll{l(l‘.l‘iill.‘; also show the pood tigure of werit (reter to Table 3) .

Table 4
Summary of trends of mqtcrial propertics

materials containing light masses ionic bounded materials

high lattice absorption. low lattice absorption.

low free-~carrier absorption low frec-carrier absorption.

poor mechanical, chemical

good mechanical, chemical and
and thermal properties.

thermal properties.

One of the greatest diselvantages of most 1I1-VI, III-V and VI
semiconductor materials is that they are not available as:large

single crystals. Also AR coatings are especially important for semi-

conductor materials, becausc the large value of their refractive .
. . < , . 28,29
index gives rise to large reflection losses .

.

One of tlie exceptional semiconductor materials for high power
rd N N

IR laser windows is diamond which has good physical, chemical and
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thermal propest boen, Dovig Lo Hamt T on and Hooy Slhiowed thie aper o

properties ol diamond tor hiph power TR baner window appl oo bon.

Fable, S il lustrates the properties ot diamond. the madn e andv it oy
ot diamond are the drttrealty tao Ghtarn ot e bent Aoe, and e
prohibicive price. This proevent: the turther applboat bon o of dramond:.

tor hipgh power TR Taner window:..
Jod Chalcopenitd Glass TR Window Material
o 4
In addition to the abcorption at 1O 6mm dae to ostde Tmpar bt e
homopcnoun:. chalcopentde pehanaen ponae:, a number ot anherent Jdrawhack
as high power TR Laer windows, copecralles Tow Streapth, fow rnermad
conductrvitics, and hiph coctticients ot thermal  oxpan-ion.

. lable 5

Phvareal and Optical Fropertics ot Diamotd

Retractive Tod = o0 1 i) Sl Hardnes (Knoop 500 oms NESTRLY!
Transmission (8 40 AR bBensaty (gm/oc 5.

. . -4 . . .
Absorption # 10.u, 10 /o Flexural Strength(po: S
. . . [ ' S
Thermal Expansion (x10/7C) .05 Younyg » Modulus(psix. o) loe
Thermal Conductivity (cps) 220 8W Electrical Resistivity (ohmom: ot

. e . 3o, -
Specific Heat (C:J/cm” °K) 1.56

Athough chaleogenide glasses have a number of disadveatages,
they should remain candidates tor both bulk and coatings tor high
power IR laser windows, because of the ease of fabrication of large

sizes and the lack of reactivity with atmosphere.



2.4 Polycrystalline 1R Window Materials.
In general, the fine grain sized polycrystalline paterials have
much better tensile strength. Single crystals of the materials

;othtially useful as high power IR laser windows can be significantly

we or than fine grain polycrystalline counterparts because of
dislocation blocking. The difference in strength may be an order of
magnitude between the two. The successful production of strergthened

polycryspalline KCr~ (in excess of éOOO psi) by grain size control has
becn reported 33.

However, for é given compound in polycrystalline form-as compared
to singlé crystal TQrm, a@sorp&ion is expccted to be gfeafer for poly:
crystalline form, other propertieé being equal. The main reasons fof

this effect are: the free-carrier problem at grain boundaries and

increased impurity concentration.”’

3. Damége Thresholds for High Power IR Laser Windows.

'At'thé-l973 Damage Sympgsiﬂm, a few reports on damage measurements
of high‘powcr IR windows were publishod‘for the first time. To
cvaluate the damagcvthresﬁolds:of windows in terms of a few basic
physitalvprincibles\is very difficult,.because of the multitude of

s

laser characteristics and the multitude of component structures used.

& . B
Lasers operated at CW, pulsed and various repetition rates produced

different c¢ffects im amorphous, polycfystalline and single crystal
materialg'depending upoﬁ the presence or absence of coatings on
surface of diffé;ént microscopic étructqres. For defect and impurity
free surfaces, Qamage thresholds; in terms of the ampligude of the

electric field, were identical to bulk vélues. This intrinsic

Strenggi\N€:Lachieved un r pulsed conditions regardless of crystalline
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oﬁientation. However, when these same materials were subjécéed to
high power Cw.ioading, definite orientation effects were noted. "V

For either pulsed or CW irradiation, alloys or mixtures of two
.materials_tendvto damage at a le&el ﬁgr the two individual components.
Essentially, in all cases cqatings reduces damage resistance compared

to the bare surfaces.

%mghés Research Laboratories reported detailed results on thre

/ ’ “
pri#e cgndidate high power 10.6umyls ‘window materials, namely KCZ,
/ r T :

ZnSe and CdTe. Their results aréy' “in Table 634. Laser used in

their e;periments is quprcionized TEA la§er, operating TEMOO and
emitt%ng pulses of 600 nsec duration. Their primary conclusions aré:-
I. the damages occurred primarily- at the surface for
KCfL and CdTe, but in the bﬁlk for ZnSe,
2. the failufe within-ZnSe was initiated at voids -
surrounded by Zn, or a Zn rich ZnSe region;
3. damage thresholds were gen:rally'ibwer for coated
windows than for uncoated‘windows,
4. KC? exhibited the highest damage thresholds while
- CdTe did the lowest.
Davit35 reported on damagc to‘Ge,‘KCQ amd NacC¥f from TEMOQ,

75n-3cc pulsed CO_, laser. He noted that in these materials damage

1

2

aldays occurs at the surface, and may or may not be accompaniedcby a
plasma. In addition, he observed élasma forma;ion without damage.
1f this is the case one may be able té clean surfaces by slowly.
raising thellaser fadiation levels and tﬂus.remove deleterious

. . 2
particles. Single shot damage on Ge surface occurred a. 13 J/cm™,

while 100 irradiations at 7.5 J/cm2 proddced no visible damage.



Similar results were obfained when employing good AR coatings. « For
thé alkali-halides he observed 'a general‘dissipation of plasma
Breakdown over ﬁhe_firé; 50 expoﬁdfgs at 7.5 d/cmz. For these same
materials hé observed no difference in -damage levels betwegm the
<111> and 100> crystal f;ces.

Posen, ct. al.-;nvestigated the interaction of an intense (W
10. 6um CQZ laser with single crystals of KCL, KBr and alloy ALQLO§\
(KCZO.33—KBrO.67) as a functio& of crystal orieétation. They féund\
a.definite relationship between crystal orientations, and damage

36

levels. Their;re$d§ps'are shown in Ta?le 7°°.  This difference is

o

due to the relatively long tefm wermal interaction in the CW case
as opposed to the transient processes in the case of pulsed damage.
ihe contrélliﬁg failure mechanism with coatéd_wipdows is probably
the initiation ;f Llastic deforma;ion in th¢ weaker elements of either
the coatings or the substrates.
4. High Poweér IR Laser Mirror MateFials.

The basic requirements for high po@er IR laser mirrorg are: high
rgflectivity, High damége thresholds and good fhermal and mechanical °

properties. s -




Damage

Substrate

Table 6

Thresholds of KCY,

156 .

ZnSe and CdTe

ZnSe

CdTe

coatings bulk coagiﬁg damage
absorption absorption thresholds .J/cm
/cm % /surface : ’

none 0.0007 - >75

ASZSB/Thbé 0.00096 0.19 31

ThF , /A 0.0015 0.80 10-6

4/ 5253 v |

none 0.02 - . 5.6

none 0.009 - 41

BaF ,/ZnS 0.0041 0.27 , 27

none 0.0034 - 2.6
- N2 1.2

CdTe



Table 7 i

Damage thresholds of KCf, KBr and ALQLOY

Substrate orientation coatings damage . KW/cm2
L. thresholds .

KC2 i <110> none >38
<111 . ‘none ’ >38
<100» — none >38

<110> 12uGe 14.5

<111~ 12uGe 14.6

<100~ 12uGe e 5.1
KBr ‘ <100- " none . >38
ALQLOY <110> none . >38
A <111> none ~38

\, <100> _ none 28.5

P

- 4

At this point the candidate substrate materials for high power IR
mirrors are established and damage experiments have been carried out.
Presently the main problem is the substrate finish of the substrate
materials and suitable coating materials and methods.
The high reflectivity can potentially be produced in a number

. ’ . 37 . . 38
of different ways. The super—pollshed or diamond machined _
metal surfaces achieve 98% reflectivity. The vacuum evaporated or
sputtered films of a number of different metals can achieve higher

. 39-41 . .
reflectivity . 1In the case of silver, however, a protectilve

dielectric coating must be applied to provide protection against



158.

atmospheric degradation. When reflectivities greater than 99% are
. . . . . 42-44
required, multilayer dielectric, films are necessary .

In the past, uncoated mirrors of baryllium-copper or molybderium
have exhibited the highest damage thresholds, therefore they have
been prefered to low absorption but more easily damaged boated
metal mirrors. The lowest absorption metallic coatings were obtained
by depositing silver in UHV environment on substrate having surface

N 39,40

roughness less than 20A rms However, such coat%ggs can

reduce the damage thresholds of conventionally polished bare metal

mirrors by as much as é.factor of 2.
The\most practical -design for high po&er 13 laser mirror

applications is the enhanced metallic reflector which consists of a

metal layer coated with paiis ?f alternating,’quarter‘wavelength

~ thick, ‘low and high ref}active indéx dielectrics. - In principle

this type of mirrbr caﬁ havé a reflectivity approaghing 100% as have"

been achieved‘in pure dielectric ﬁultilayersas. However,.thé choice

of dielectric layers for use in high power IR lasef mirror coatings

is vefy difficult. For optimum performance one wants ﬁhe largest

poséigle refféétive inde*iratio between the two materials. As

shown in the former chapter{ the éhoice’of low refractive index

matérials are'limited by the fact that most of the méterials‘with

l;w absorption, such as alkali-halidés, have poor physical properties.

The‘choice\of high refractive index méterials is also limited by the

fact that the highest index materialé, such as_Ge, are semiconductors

with small bandgaps. —



o

5. Damage Thresholds for High Power IR'Mifrors.

Hughes Research Laborat;ries have conducted continuodsudamage'xk
exberiﬁents for high power IR mirrors. ' At the 1972 Damage Symposium,
Wang, et. al. repor;ed the mcasurements‘of damage threshold(values
of‘various substrate (Mo, Cu, Ni quartz, etc), metal films (Au, Ag
and Cu) and dielectric coated mirrors by using é multiﬁodé, pulsed
€O, laser. The mirrorvsamplc5'we;e"exposed to 10.6pm pulses of 1

' 2
to!10y sec duration with energy fluxes of up to 200 J/cm" . Their

846.

. g
b

results are shown in Table ?or unéoated metal mirrors, - Cu
or Mo had the highest q§magé threshold values becauée of their ’
high tﬁermal conductivities. Copper wés observed to fqilAthrbugh
localized meiting and oxidation which resulted in noticeable.
discolorations and enhanced diffused scattering.

Since the absorption cpeffi;ieﬁt éf thin films of Cu or Ag is
generall& lowér.tﬁan that of simple_reffactory substrates,
imprbvements in damagé resistanée.might be expected by employing
low loss metallic films over avsub;trate, thus lowering the absorbed
energy47} .However, such coatings did not effeptively increase
damage thresholds as shown in Table 8.. The reasons: for this effect
isvthe‘imperfect surface and coating condiﬁions sﬁch as defécts and
iﬁpurities. The copper coatings upon copper éubstrates exhibited
the bes? ré;istance to damagg. Gold)and.molybdenum substrates
exhibited similar "results. The presence'of.a dieléctric overcoating,

which allows easier handling and cleaning of metal mirrors, reduces

the threshold values moderately.



Tablc 8

Damage thresholds for various mirrors

*

AR

B

substrate coatings Absorption Damage Pulse
% threshold length
(J/cm?2) (i1sec)’

Cu one , w2 > 140 10

Mo hone w2 » 140 2
Electroless none 8.6 10030 1

Ni

Cu sputtered Cu w2 »140 10

Cu vacuum dep.Cu "1 140 10

Cu Ag/ThFA 1 40070 10 .
Mo/blaze ,/_ Au (50u). 1.5 75 10

Mo ~vacuum dep.Cu 1 75v140 10
"Electroless ‘Ag : 0.7 20-40 2

Ni . :
Quartz Ag/ThF4 -1 ~10 - 2
Electroless Cu/ThFa/CdTQ(z)O.S 10 - 2

Ni

Electroless Ag/ThFa/CdTo(b)O.Z 10 3
Ni .

. e, (2D
Mo Cu/ThFA/(,dre 0.5 10 10
r
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They also tested the diclectric enhanced multilayer mirrors which
have thé potential for thc lowest absorption and thus the possibility
for very high incident thrgy fluxes. However, these multilayer
mirrors have maLeri;l limitations stemming f{rom cither poor bonding,
residual stresses,-or thermal expansion induced stress. In addition
to these liﬁitations, there is damage by localized pitﬁing due to

. o : :

inhomogencous thin films. This thin {ilm inhomogeneity mechanism limits
performance of this type of mirror to well below the performanece of
simple metal mirrqrs. It»is expected that removal of inhomogencous
materials from thin films will considerably improve their performance
for laser damage. With the provision that the expected low
absorption of the dieiectriq enhanced multilayer mirrors can be
maintained uniformly over the surface, the ultimate performance of
‘these mirrors may be far superior to metal reflectors, especially
at short pulse-length. . |

In thelr next experiment, Wang, et. al.48 used a pulsed (gain

switched) CO., laser with controlled transverse modes and TEMOO‘opérat—

2 B
ion. ~The pulse length was 0.6u sec. "They investigated the damage
susceptibility of bare metél mirrors and CdTe/ThFA, ZnTe/ZhS‘and
ASZSB/KCZ dielectric enhancgd metal mirrors. They éoncludgd that
under their experimental conditions, failure in narrow band gap
11-V1 semicoqductors, such as CdTe or ZnTe, is characterized by
avalanche impact ioﬂization at very low radiation levels. Micro-
écopic examination showed that threshold damage was”character;zeg by~

microcraters, probably'due to impurities or other defects.. Films-

—characterized by high absorption values failed at low illumination



162,

levels through a cracking and separation of the films, while for
low absorption coatings, damage sensitivity was greatly reduced and
the tailure was characterized by an initial dislocation and subscquent
appearance ot interference patterns within the films.
2
In general bare metal mirrors of Cu and Mo damaged at 35 J/cm™

while narrow band gap 11-VI semiconductors like CdTe and ZnTe

)
exhibited damage thresholds of only 1-2 J/cm™. Converscely, wide
band gap dielectrics such as Asqu, KCY¥ and ThFA did not fail until
A g 2 . .
30-65 J/cm” exposure levels were reathed. Unlike previously reported

results in the multimode measurements, these single mode exposures
showed 'damage levels less than multimode exposures. The absorption

coefficients, particularly for coated mirrors, were of utmost
importance in controlling the resulting damage levels.

53

In thelr most recent experiments, Soileau and Wang investigated the
damage thresholds for metal mirrors with various surface treatments.

They used the same laser system described previously, Their results

)49

are shown in Table ¢ . They concluded.that a significant change in

damage thresholds can occur when unconventional substrate and/or

coating processes are used, and that it may be possible to produce
very low absorption metal mirrors without compromising “the catastrophic

failure threshold for high flux radiation levels. The dispersion-

»

hardened sputtercd copper, the dispersion-hardened sputtered copper

cpated with rf Sputtered silver and the uncoated diamond machined

copper mirrors showed the highest damage threshold values. They

(44 .
ment ioned that the sputtering coatings behaved as if they were heavily
cold worked and also the diamond machined copper showed evidence ol



*Damage

substrate

Dispersion
hardened.
sputtered Cu
on OFHCCu

Diamond

machined
OFHC Cu

OFHC Cu

Mo

BeCu

*

Tab le

9

thresholds for metal mirrors

coating

none

evaporated
Ag

rf.sputter

Ag
r{ sputter
Ag,

none

evaporated
A g

none
none

none

superpolished

reflectance
7

0.9846
0.99+0.002
0.9879

0.99 .

0.9908

0.99+0.002

0.9835
0.9788

0.9801

(K

damage

2
threshold J/cm

127

63

103

63

103

- 34

34

43

51

| &
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cola working.

L. Conclusion o

The most promising matet ial: tor high power IR laser windows e
found amonyg the alkali-balides (KCY, EBr, and NACY) strengthened by
ion doping, polycrystalline tormat ion, cte., and semiconductors
(ZnSe, CdTe, GaAs) produced by hiph-purity methods.

. . . . v hod . .

he most promising mirrors for hiyh power 1R laser applications

A © .
are the (115;1'!‘[‘:%i()}\"’ll.‘,_lkl"(l(‘nl‘(i sput tered G, and the sputtered coatings
with highly pueied thin v bme .

The use of refined polishing or machining techniques can raise
N\

Fhe surface damage thresholds to the buik damage %hresholds.

In thin film coatings, the list of p. ~ters that can influence
ﬁhc damage tnresnold is very long.’ Composition, defect concentration,
structure, residual stress, scattering, absorption, angle of incidence,
and 5ub$tra§c material are some of the factors that may influence
the valucs‘obté;nud. In general, narrow band gap semicondu;tors
exhibit very low thresholds, while wide band gap QielectriaaruiLén

exhibit high damage thresholds.
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Laser Indoaced |).|l£l.|)"(
"Laser Induced Damape in oOptical MJL“F}J]AQ lW/i”.1A.J. Glasa
and AL Guenther, Edeo WGBS Spec. Pub. 387, (ULs. @gi‘(ﬁ;
Washington, .o, 1974, : . .
"Laser Induced bamage in Optical Materials: l‘)/l'ﬂ AL Glass
and Al Guenther, EBEds. NBS spec. Pub. 372, (U, UPU.iE_
Washinyton, D.C., 1973).
"Dampee in Laser Mater:als: P91 AL Glass and ALk, Gaenther,
Fds. NBS Spec. Pub. 356, (U.s. GPO, Washington, D.C.,
1972).

High Power IR Lascr Window Materials

"High Power Intrared Laser Windows'", N. Bloemberger,
National Matcerials Avisory BoardJPub. NMAB-292,
(National Academy of Science, Washington, D.C., 1972).

There are excellent up-to-date articles for High Power IR

optical materials which are only available to U.S.

‘Government agencies.

"Conference on High Power, Infrared laser Window Hatori&ls”,
C.A. Pitha, Eq. AFCRL-TR-73-0372 (1) (11), ( Jorce
Cambridge Resecarch Lab., Bedford, Mass. 1973).

"Third Conference oﬁ High Power Infrared Laser Window

Materials", C.A. Pitha, H. Posen and A. Armington,
Eds. AFCRL-TR-74-0085 (I) (I11) (111), (Air Force

Cambridge Rescarch Lab., Bedford, Mass:, 1974).
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