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Barly sputtering observations were made in the ebnormel

glow discharge at pressures around 1 mm Hg and n@lested that the
mass sputtered per unit charge passed through the dlscharge tube
varied liresrly with the cathode fall of potential, More recently
the suther hop mede neasursnents at pressures evound 10 mm Hg and

2.5

found that the mass sputtered per unit ¢time verdies as (—:’;) , Where

i is the eurrent and p is the pressure.

in order to investipgate the sputtering process sctually
cocurring at the target bonbarded by the ions, measurements have
been extended o lower pressures by applying e magnetioc fleld to
the glow discharge, by irmersing the target as & negetive probe in
an are discharge plasma, or by bombarding the target with o positive
ion bean, _Ey these nethods information has been obtained on the

var%atim of the gputtering yielid with ion encrgy, geas pressure snd
the engle of incidence of the ioms., In addition, the angular dlistribution
of the sputtered materisl, especially from meoncerystalline targets,
has besn cbserved, and the sputtered particles showm to consist mainly

of high speed neutral atems, The phenomenon of gos clesneup has
been shown to be closely velated to sputtering.
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A mmber of theories of sputtering have been proposed. The
most satisfectory appear to be those, iike that of Lamgberg, in which
the energy of the bombarding ion is considered to be transferved to the
sputtered atom by & mmber of two-body collisions, rather than by local
heating of the target surface and evaporation of the atoms. HNo really
satisfactory theory has been proposed for sputtering in the glow
ddscharge.

Sputtering is the emission of atoms from a target when
Whyatmwtm, especially positive ions in & gas discharge.
The majority of the sputtered astoms are normally uncharged, although
Mwhmmm.

The phenomenon of sputtering has been known for more than a

sentury heving been cbserved hy Grove'l) in 1852 and Pluecker'?) in 1858,
A11 early observetions were of the sputtering by pesitive ions at the
msmmgﬁm However, it is difficult under
these conditions to obtain information sbout the actual process oecurring
at the cathode. mmﬁrwummwsammm
all enmergies between serc and that corresponding to the cathede fall of

E : potential, end ell angles of incidence; the secondary enission

coefficient, and hence the sgtwal lon current, is unknown; and the

i sputtered particles tvavel through the gas to a collector by & diifusion

':i . | ,

L
e et el U




process, in which more diffuse back to the cathode than escape. An
sdditional complication is the impossibility of verying the discharge
puanéters , current, cathode fall and pressure independently of one
anothers

Hore recently sputtering measurements have been extended to
lower pressures, where the back diffusion of sputtered material can be
neglected and the ion energy and current demsity varied independently,
by epplying a magnetic fiecld to the glow discharge, by immersing the
“target a8 & negative probe in anarc discharge plasma, or by bombarding
the target with a positive ion beams By these methods considerable
Ainformation has been obtained on the sputtering process at the target, but
it still remeins dificult to relate this to the more complicated

m on aputtering olber Wan by peeiitve fens 58
very meagre. Sputtering by neutral or metasteble helium stoms was
reported by 0liphant'>) and shown to be less than for positive helium
toms. Ja00b'® claimed to have cbserved sputtering of barium, strentium,
omiesiun and soddum by eloctrons, the meterisl being emitted as positive
ions, but this seems unlikely as the elcctron energics were only & few
Bewtraliged dons reflected frem & glow discherge cathode, or electsns
nrmmmaﬁ,wmmammtw
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Short surveys on sputtering have been written by Messey and
Bushop'®), and Frencis’?) and a much move detailed articls has been
provided by Wehmer\"). This dissertation is primarily concermed with
| apntt!m.ng at eneygles typical of zas discharges, although information
| at higher energies will be meftioned.

- The fundamental quantity which is measured in sputtering
experiments is the sputtering yield (or sputtering ratie) S, the mmber
of syutbered atoms per incident ion. Altermatively, especially in the
glow discharge, the mass sputtered per unit charge passed through the
discharge tube §, which is proportional to the yleld, or the mess
sputtered per unit time (or rate of sputtering) M, which equals the
certain authors call the quantities S or Q the rete of sputtering.

In caloulating the yield the measured current should be
subtracted to give the true ion current. As the secondary emission is
frequently difficult to measure simultanecusly with the yield, this
correction is frequently not syplied, the results being quoted as 5/[4Y
where ¥ is the secondary emission coefficient for electrons by ions.
However at low energies Y is nommally constant and less than 0.2.



The yield or rate of sputtering is normelly measured by
removing the target and determining the loss in weight. However this
method has the disadventege that surface impurity layers cammot be
sputtered off before the initicl target weighing. Apperetus in which
the target can be welghed continuously during the sputtering has usually
proved to be insemsitive.

This problem is avoided if it is the weight increase of an
insuleting collector which is measured, the coilector being protected by
& shutter novable under vecuum during the initial sputtering. This
method is perticularly useful if only a relative measure of the yield is
required, but it assumes that nearly every sputtered atom hitting the
collector sticke to it. This is only true for high vecuun eveporation
above & mintmm striking intensity, but Pitchburn'®) showsd there is no
minimm intensity for the sticking of sputtered cadmium atoms, due to
the slow ion bombardment of en insulstor in o discharge.

lany other methods have beon used to obtain a relative measure
of the sputtering yleld, the most important being the change in light
trensmission of a transparent collector during deposition of sputteved
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but is much more rapid in the sbnormel glow owing to the inmcressed
curyent density and cathode fall of potential. Hessurements on
sputtering can be mede over a pressure range from sbout 0.1 to seversl
tens of ma Hge

Nost workers have used gas pressures avound 1 mm Hg end heve
tube Q veries with the cathode fall of potential V sccording to a
| Q = A(V-=Y,) (1)
where A and Vo are constants for any gas-metal combination, slthough Ve
is affected by the condition of the surface and the values obtained have
fallen es improved cleanliness hes been obtained.

Guenthersehukes'™®),  Using & silver sathods in hydrogen and plane
parallel electrode geometry, he showed that for a cathode fall of 1000
volts at a pressure of 0.72 mm Hg, the product of the mass sputtered per
unit charge Q and elestrode seperetion wes o constamts fhe greph



obtadned relating these quantities is shown in Fig.l. Then keeping
the electrodeseparation always epproximately 1.8 times the dark space,
memwﬁtweuz,mepmmmmdw&u
renge 0«33 to 2.18 mn Hg and the mass sputtered, the electrode separation
d end the pressure p plotted against cathode fall voltage V as in
Pig.2. Tt will be noticed that the mass sputtered Q veries lineerly
with voltage as required by equation (1). The product Qpd wes
proportional to the cathode fall as shown in Pig.3, indicating that o
relation of the form

LB ‘ (2)

is obeyed, where B is a comstant, Equstion (1), but not (2), was also
verified for meny other target mesterials in hydrogen and oxygen.

Guentherschulze also investigated the sputtering of o wire
and Tig,! shows the varistion in the mass sputtered with diemeter. The
deerease in sputtering as the wire is made lawser is due mainly to the
incresse in #ffusion of the sputtered silver back to the wire, although
;MWWMMﬁmmmmmh
oblique incidence of the ions (Section 6.3). Cuentherschulse and
material which returns to the eathode is deposited as upright
mieroscopic cones with apex angles charecteristic of the metal. The
effect 1s partisularly merked with Mg, Cd, Zn, Al, Sm, Fb, 5b end Bi.




Fig.l. Yariation of mass gputtered per unit charge Q with
electrode separation.
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HMg.2. Variation of mass sputtered per unit charge Q, electrode
separation d and pressure p with cathode fall voltage.
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The presence of the cones increases the probability of a sputtered atom
becoming trepped immediately after being emitted, and hence the rate of
sputtering decresses with time during the formation of the cones as shown
in Flg.5 for lead sputtered in hydrogen. Also there is often a time
lag before sputtering comsences which cammot always be explained by en
impurity layer.

' In lster experiments Guentherschulse’’2)#{13) juvostigated the
distribution of sputtered material deposited on the anode, in s cylindrical
discharge tube with plane parellel electrodes extending to the walls.

 The result is ac shown in Fig.6, owing to diffusion of the sputtered

Ixperiments on sputtering in the glow discharge do not nommally
enable one to measure directly the yield from the cathode which would
ocour in the shsence of diffusion in the gas. Guemthersehulse!)
suggested that this problem could be overcome by employing a hollow
cathode completely enclosing a small wive anode, serving also as &
collector. The smode would collect & megligible fraction of the
material compared with the cathode which would therefore receive as such
as is sputtered away. An equilibrium presence of sputtered material
would be set up and the yield could be determined from the increese in
weight of the anode. Unfortunately, this s only true if the collector
dimensions sve small compared with the mesn fres path of the sputtered
atons(*®) and 1n Guontherschulse's experinemts this condition wes not
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Fig.b. Decrease in sputtering with time, for lead sputtered in
hydrogen at 1,00V and 0.23 mA/cm®
2ig.6.

Distribution of sputtered deposits on the anode, for
copper sputtered in hydrogen at 57, V.
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Until recently the only messurcments at the upper end of the
range of pressurcs over which sputtering occurs in the glow discharge
have been those by Beckwoed 009(37), gy celgulated the rete of sputtering
from the life-times of some commercial cold cathode tubes. These tubes
contained a mixture of 999 neon - I argon at 60 mm Hg pressure and hed
cathodes consisting of o mixture of beriun and strontium and thei oxides,
on & nickel base. During operation this coating was sputtered away and
so the life of the tube was determined by the amount of meterial present
and the rate of sputtering. A constant current was passed through each
tube until it showed & characteristic rise in voltage, when a large part
of the coating had been destroyed, indicating the end of the tube's life.
Rockwood showed that his results fitted s theoretical fommuls by Townes'i!)
(see Seotion 10.3). PFig.7, which is taken fyom the Townes paper, shows
the theoretical curve drawn through the experimental points. The
sputtering rate was given as 1,000/tube life in hours.

Rockwood alsc made measurements in pure argon, first at
mmmn;mmpmmgimjumw
density. The sputtering rate was then found to be proportional to the
pressure, s required by the theory. Then at constant pressure the
sputtering rate was measured as o function of current, but the agreement
with the theory was less satisfactory than for the gas mixture. However,
the theory is less accurate in & pure gas than in the mixture since charge
transfor between ions snd neutval stoms causes the mesn free path to be
dependent on the jonic velocity.
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Fig.7. Rate of sputtering per unit current as a function of current
4 for 99% neon - 1% argon, The equation of the curve is
% = CL(7 + QO-SA‘?) exp(—ao's/'t’r,)
where J° is the rate of sputtering measured as 1000/tube life
in hours and a is a constant.
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Reoently the author':®) has made measurements of the rate of
Saposition of sywitered selyhitmm filnG Sa Saers geses, SOr the
pressure range 5 to 21 mm Hg. The deposition of sputtered material on
s glass collector was observed contimuously by its optical trensmission
using & photometer celibreted in tems of opticel demsity D, where
» = 193“(-%&‘)m15m1mmmwmmmw
intensities.

To determine the relation between the opticel demsity end the
mass deposited per unit area, a prelimimary experiment was carried out,
in which molybdemum was sputtered on to microscope cover glesses in neon,
&t & pressure of & fow mn Hg, in o demowntéble tube. The optical density
of the deposit on & cover glass wes dstemined in the tube, using an
internal tungsten filament as light source, the intensity of which was
asdjusted to correspond to sero density veading before sputtering wes
commenced.  After sputtering, the cover glass was removed and the mess
of deposited molybdenun determned by chemical analysis, Rxposure to
air would mot affect this mothod of messuring the messs The opileal
density was found to vary linearly with the mass deposited as can be seen
from curve A in Fig.8. Curve B was obtained if the cover slips were
of exposure to sir. It wiil be noticed that it is parailel to curve
A for thick filnms,

S SRR SN
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Fig.8. Variation of optical density with mass of molybdenum
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Fig.9. Di%ffﬁs showing the positions of the anode A, cathode C,
filament F and glass collagtor‘ﬁ in the tube used for
measurements of the rate deposition.
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The measurements of the vate of deposition of sputtered material
were carried out in o tube with a molybdenuz rod cathode €, surrounded by
a consentric oylindrical molybdenum anode 4 (Fig.9). 2 squere aperture
was cut in the side of the anode through which particles sputtered from
the eathode passed t¢ & oylindrical glass oollector G, mognetically
 rotatable so as to ensbls o serdes of deposits to be fomed. A tungsten
filement F mounted inside the anode gylinder wes used as a light scurce.
It ves sufficlently intense for the light frem the dissharge to be
negligible by comperison. The filament was electricelly isolated from
the discherge eiroult to prevent it from being sputtered. The tube wes
scaled to a conventional mercury diffusion pumped system with 1iquid —
oxygen traps, via an Alpert-type bakeable metal tap. It was evacusted
and beked to 450°C and the metal perts outgessed ot ved heats The
cathode was then cleaned by sputtering in inert gas for soversl hours.

1ight being reduced to & minimum, The tube wes filled with inert gas
at the required pressure and the discharge and filament currents switohed
pressure was measured with @ 0 - 25 mn Hg Moleod geuge. The Alpert tap
the pump systems The glass collector was votated to bring an
unsputtered portion befare the sperture in the anode and the filament
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current adjusted to give zero density reading. A series of readings
of the opticel density of the sputtered deposit and the voltege across
the tube at constant current was taken af suiteble time intervels.

A series of graphs of optical density against time was obtained

&t various currents and pressurce inm neon and in the Penning mixtuve 997

neon -~ 1 argon. These craphs were normally straight, except for slight
initial ourveture, and hed slopes which were proportionmel to the rete of
deposition since curve A in Pig.B was linear. These slopes are-roferved
to as the relative sputtering MOMM&&&%W-;&&%%
proportional to the actusl rete of sputtering at the cathode.

The sputtering rate™M = Qi oould not be expressed sdequately
in tems of the voltage V, current 1 und pressure p by means of egquations
(1) or (2) or by the egquation of Townes. lHowever, it was found that
the sputtering rate could be related to the curvent and pressure only.
Fig.10 shows & series of curves of relative sputtering fele against
pressure on logerithnic scales, for different currents, the gas being 997
neon - 1% srgon. Tt will be noticed that & series of parallel straight
lines is obtained of nsgative slope of magnitude ebout 2.5 Fig.ll fer
neon 45 similar and has spproximstely the seme slope. In Pig.l2 the
rete of sputtering ot 10 mm Hg is plotted egeinst current on logarithuic
soales, both the 997 neon - 1% argon and the neon points lying on one
line of positive slope of sbout 2,5. Hemce the rate of sputtering can
be related to the current { and pressure p by an empirical expression
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Tig.ll. Variation of sputtering rate with pressure for neon.







of the form

M= @ = c(%)“*s‘ (3

where C is & constant., - C is epproximately the same for both neon and
99% neon - 1 argon which is surprising since the majority of the ions in
.ﬁwwmmmmafam However the lower voltage required in the
ges mixture nay compensate for the greater mess of the ions.

in attempt wes also made to observe sputtering in heliume This
Guentherschulse’™>) that sputtering does mot veour in helium wp to ion
energies of at least BOOEV. Mma&ms‘mymeﬁ&ﬁm
incressed the sputtering rate to & velue comparsble with that in pure

Tt was shown by ven B3ppe2(®®) that when cadntus, sine or siiver
were gputtered their resonance spectra weee emitted. By comparing the
vapour pressure caleulated from the amount sputtered in a given time with
 that estimsted by spestroscopic measuremsnts, he showsd that most if not
sll the metoricl is sputtered as atoms. This was confimed by Baun(2")
for silver sputtered by hydrogen ions by applying & megnetic field, but
it was shown that the atoms could coalese into aggrogates or become
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charged under the influence of the dlscharge and 8o be deflected by the
megnotic field. Fron the deflection of the ions fomed he showed that

their velocities were compareble with those of ovaporated atoms. However
' cuentherschulse'*2, by observation of the density of aputtercd deposits

a8 & function of distence from the cathode, concluded that sputtered atoms
' aro emitted with much higher energies than cvaporated atons.

The spectrun of the sputtered stoms may be quite intense as
shown in ¥ige.l3 which is a spectragraph taken by the suthor of the
negative glow in & neon dischorge between melybdemun eleotrodes, showing
~ the three lines of the unionized molybdenun spectrun at 3795, 386 end
3903 ingatroms. In the case of e helium discherge no molybdemum lines ave
enitted, thus confimming the absence of sputtering in nelium, as can be
seen from Fig.l3. In this cese the speotrum in the negative glow is

#hen the cathode consists of metals of low iendzation potentisl
likoe cacsium end bariun the sputtering does take place meinly as ions, as
is shown by the emitted speotrum. Also AS shown by Cayless and
rorsterbrom(2Y) using beriun the sputter-d meterial is not deposited
a3 & diffuse area covering most of the discharge tube wall but as highly
localised spots with quite sharp boundsrfes. This is explained as being
mmbers of sputtered jons. If bhere are two veglons of wall of work
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Spectrograph showing the presence of molybdenum lines in

the spectrum of the negative glow in neon, but not in
helium.
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functions ¢, and ¢, to which the ion current demsities (and also the
eleotron current densities) are ), and J, end where the plasma densities
are n, anﬂm.%m

= T\zexp[ Q(V*ﬁ)/ J B [4(4'\—4’1\]

T T pr[ e(v *?)/ ‘] n, kTe

where Vis the potential of the plasma sbove the well, T, the electron
tesperature, - the elsctronic charge and k is Boltzmann's comstant.
Hence regions of lowey work fumction receive more sputtered material then
 these of higher work function. This results in a furthor lowering of the
work function in these regions and hence the effect is cumulative,

This is o completely diffevent sputtering process which was
found by Cuenthersehulse'®2) to seour in the sputtering of cerbon, selenitm,
telluniun, arsenie antimony and bismuth by hydregen. It can also
oocur with certain metals sputtered by cxygen or sitrogen. Uniike
ordinary physical sputtering, where the thickest deposit forms on the
tube well nearest the cathode, in chemicel sputtering it cccurs further
. awey from it. Chemdosl sputtering cen ocour ot me;ligibly small ion
energy, and does not vary apprecisbly with fon ememgy. Hemce it cen also
ocour at any insulator in the discherge and at the smode. The
on of the phenomenon 1s the formation of volatile metel-hydrogen
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(or oxygen, etc.) compounds which decompose and deposit metal on the
tube walls. Small treces of hydrogen in enother gas can cause this
phenomenon since the hydrogen is not lost in the process.

Sputtering was used soon aftter itas discovery as e means of
in a vecuun ia now preferred for this purpose as the films produced are free
of gas, sputtering only being used for metalk which require sn
'Wthoaﬂmmmm.
However, chemical or "reactive® sputtering hes recently beocome
Wmuwwmmm@’).

Sputtering et pressures around 20 ma Hg is of considersble
importance in the production of glow discharges of stable end
Houbis(2)o(25) | g sepect of the sputtering is to remove any
impurity from the surface of the cathode and deposit it on the glass
serves as & getter to remove impurity from the gas and to prevent the
MﬂmhmmewWWhMm By
this method Jurrisanse et 81025 were able to obtain reproducible values



for the normsl cathode fall for molybdenun and zircomiun in various
inert gases and their mixtuves and Penning and Meubis(6) values for
verious motals in meon. This has had considerable commerelal importance
in the produstien of stablliser and voltage referemce tubes'Zl).

mmm‘mmwmmoasmm;m
discharge in 20 of argon as & means of otehing metal surfaces snd this
has recently proved to be of some importance,

Frequently it is necessary to reduce sputtering to & minisum,
" as in glow dlscharge indicator lamps where a sputtered deposit on the
glass will reduce the light output and may eventually result in
short-cirouiting of the electrodes. Onme method of dchieving this is te
use slusiniun or magneshum for the electrode materialsl®®),  Although
the metals themselves sputter readily, & thin oxidé layer on the surface
vmmmhuww&m. The addition of a trace
slowly sputtered oxide layer. An slternative method is to use very pure
helium as the £illing ges, but the lesst trace of any impurity will
allow sputtering to oocur.

~

Since the sputtering process in the glow discharge is so
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conditions at lowsr pressures, end will be described in the succeeding
sections. Theories of sputtering in the glow discharge will not be
considered until after the low prezsure sputtering experiments and
theories.




This method of observing sputtering was used by Pemning and
m@h‘zg)mmmmwmgnamemmu

lower pressures, thus reducing the baeck diffusion of sputiered meterial
to move in spirals, thereby incressing the ionization produced. The
.ﬁeuﬂnuz..mters&mawwmmﬁmwﬂm

cathode, thus maiding ‘he measured current more egual to the sputtering
ion cuyrent. By varying the magnetic field, the discharge voltage and
currvent, and the pressure could be varied independently of each other.

The apparatus used consisted of a cylindrical water-cooled
cathode surrounded at the ends by anode rings, the megnetic field
“eing pavellel to the cathode. The cathode was made of copper or
alusinium, or copper plated with nickel or silver and the messurements
were carried out in awvgon and hydrogen,

The sputtering yield was determined from the weight increase
~of smell mioe plates, which could be moved by & magnet outside the
discherge tube and successively exposed to the sputtered particles without
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The most extensive measurements were for copper in argon and
extonded over the pressure range 0.003 to 0.3 nm Mg, the voltage range
400 to 1400volts and the current range 0.5 to 3.5 ampse After
correction for the secondary emission coefficient § the sputtering yield
was found to be roughly proportional to the veltage, but to decrease
slightly with imcreasing curvemt. This latter resuli is surprising and
has not been confirmed by sputtering experiments using other methods.
Tt Bas bosn explained by Vehsar'®) as being due to the dscreasing
probebility for cblique angle impacts, since the retio of the cathode
fall thicimess to the ionic mean free path decresses as the ion current
density inereases. The yleld showed & maximm with pressure at sbout
0.02 mm Hge. Fenning and Mouwbis suggested that the decrease in vield at
ends mhabte of the cathode, giving the discharge an sbnormal charscter.
Velmr'® sgain gives sn wplemiion beasd e the vardetion of yiaid
with angle of incidence. He suggests that below 0.0l mm the incidence
mmeﬁemm,ms.mme.eaumﬁm
inorensed due o the inoressing mumber of obliquely bombarding ions and
above 0,02 mm the yleld decreased due to the decrsasing average ion
energy and inoreasing back diffusion of sputtered atoms.

Although the accuracy in these measurements was poor (Pemning
and Moubis estimated it as 257 for copper in argon) the experisent is
interesting as the pressure range covered extends from that used in
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glow discharge measurements to pressures typical of measurements in
ave discharges, as described in the next secticn. There have been no
attempts by other workers to meske sputtering messurements by this
nethod,



By reducing the pressure in the discharge tube to about 1 microm
the problems of diffusion of the sputtered atoms, and the indeterminate
energy of the loms bombarding the target are eliminated, since the mean
free paths of the ions and the sputtered atoms become greater than the
tube dimensions, Since a glow discharge will not operate at this
pressure (except in the presence of & magnetic fisld as deseribed in the
- previous section) the discharge must be an are with s thermionie or
mercury pool cathode., The target is immersed in the plasma produced, as
& negative Langmuir probe, and is bombarded by ioms all of which have the
energy correaponding to the potential difference V between the target and
the plasma (which is approximately at the anode potemtial of the arc).

The target is surrounded by a dark sheath, the Lengmuir dark
space, of thickness d_ whith for a planc target is related to the ion
current density j, and the potential difference V between the target and
plasme by the Lengmuir-Child squatiom (in es.)

L 1
gy,
2 ﬂndgf (4)

vhere e is the charge and m the mass of the ions. Positive ions whose
thermal motion carries them to the sheath edge are attracted to the target.
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Henee the ion current is given by the relation

. N eC,

N (5)

where N, is the positive ion density in the plasme near the sheath and
c, is the mean thermal speed of the ioms, The ion density N, is
determined by the aroc curvent. Hence, unlike measurements in the glow
discharge, the ion curvent density s given by equation (5), cen be
controlled independently of the ion energy, which is determined by the

- potential applied between the target and anode. At low energics

(velow 100eV) a correction is made by probe measurements for the
contact potentiel difference due to different anode and target work
functions. Yor a plane target, large compared with d_, the bombardment
is perpendicular to the surfece, but for smaller targets oblique
bombardnent ocours. It is not nommally possible to measure the
secondary emission coefficientland so the yleld mst be expressed as
T%vyuazpminmmld.

Thege have been very many experiments using this method,
which will be desoribed in more detail in later scctions where the
varistion of yield with energy, current demsity, gas prossure, sngle of
incidence, ete. will be considered separately.



Sputtering measurements can be made by bombarding a target
with a monoenergetic ion beam in & high vecuun, This has the sdvantage
over the method desoribed in the previous seotion that the angle of
incldence can be more e:zsily varied and the secondary electron current
from the target can be collected by a suitsble electrode or returned to
tww;mmmenam(s)umzfm%g to be
determined. However the ion ocurrent densitles obtainable are mush
amaller than for & probe lmmersed in a plasma (obout 10 wi/cn” compared
with 10 mi/on®). Thisresults in longer sputtering times and the
greater visk of contamimation of the target by impurities in spite of
the lower pressures, than for te probe method. The ion bean method is
more suitable for measurements et high energies, the probe method being
better at lower energles (i.6. up to a few hundreds of oV). As with
the probe method, the individusl experiments will be described in later



imong the eariiest yleld measurenents in are discharge

plasmes were those carried out at the laboratories of the General
Hlostric Company, London'®), The target was in the form of & tungsten
filanent wound imto s heldx and the loss of material during sputtering
wes measured as & change in resistance. Unfortunately the use of &

- helix cauwies large differences in the angles of incidence of the ions
and also yvesults in a high proportion of the sputtered atems returning
to some part of the wire. The lon current density was small (less than
5 uwA/en’) making the sheath thickness of the order of the tube dimensions,
again cousing. angle of ineidence, and also the ion energy o be
indetorminate. The low current demsity could slso result in the formation
of surface impurity layers on the target during the sputtering., The
gases investigated were as follows, in order of increasing rate of
sputtering: hydrogen, helium, nitrogen, neon, mercury vapour and &rgon.
The sputtering yields inoreosed lineerl  with ion emergy.

Kingdon and Lengmuir'>Y) cbserved the sputtering of &
monolayer of thordum from a tungsten filament by the decrease in
thernionic emission, the emission from thordun being 10° times higher
than from tungsten., The metlod was very sensitive since e monolayer
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is equivalent to a tenth of & microgram per squarve centimetre. However,
as with the G.E.C. measurements the ion current demsity was small. The
tube used had & straight thoriated tungsten filament cemtrajly moumtod
between two parallel tungsten filaments and the walls were costed with
tungsten c<vaporated from the outer filaments. The outer filaments were
heated 80 as to emit electrons which werz colleted by the tungsten layer
- on the walls of the tube. The electron current produced ions in the
filling gas which wes socelerated to the ¢old central fllament. This
filament was heated when it was required to determine the amount of

- thorium sputtered.

The ions used to bomberd the filament, in order of imereasing
sputtering, were hydrogen (no sputtering at all, even at 600 volts)
helium, neon, mercury, and argon and caesium. The spubtering did not
mﬁammu&:ﬁ'mﬁcmmmm
with thorium than when it was completely covered. The suggested
explanation was that the removal of thondum teok place mainly round the
edges of holes or depressions in the thorium costing. For the removal
of the first fow atoms, two successive impects on the same thorium
surface while at the second impact the ion was reflected ffom this
depressed atom snd kuocked off ome of the surrounding atoms. A different
mechanism must apply to the slow sputtering in helium,
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Puch more satisfactory conditions were present in the
axperiments of Guentherschulze and Eieywcj?‘) « An arc discharge of
soveral amperes was produced between en oxilde ocathode and a cylindrical

it
ounded Aé'c ges pressures below ten microns. Ions were

anpde which sur
pulled out of the dischorge and cccelerated to a sputiering target, in
the form of a disc of 5 on dlameter, 2.7 om from the cathode, The
target was suspended from & spring balance. The plasma density was

80 high that an jon eurvent Gemsity of about 1 mi/en° wes obtained, and

. with o sheath thickmess at 1,000 velts encrgy of the oxder of 5 mus,
~ esgentially normal bombardment of the target cecourred. The use of &

spring balance in the tube cmabled surfece layers to be sputtered off
beflore measurements were commenced, hut the sensitivity of the balance
was not sufficient for adequate messurements near the sputtering
thresholds For this reason the balance was dispensed with in later
experiments by Meyer end Cuentherschulse'>>), the tubo then being
broken open to enshble the target to be welghed. In the sariier
experiments sruttering neasurements were made for copper and silver
targets 4n heliun, hydrogen, nitrogen, noen and argon end in the later
experiments for sixteen metals in mercury vapour, the vepour pressure
being controlled by the tempersture of an oil bath surrounding the tube.

No sputtering was detected in helium, et all evenis wp to
800Ve 1In the other gases curves of the mass sputtered per unit charge
Q,against lon energy were plotted, but only for the ase of copper in
argon was the effect of secondary emission on the measured current
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determined. love recently, Cuentherschulzel *>) has found that all
these eerly results can be related more satisfactorily to the velooity
of the ions (or the square root of the energy). In 81l cases graphs
anagaMtthethyofmmwmm,aammoufw
tentalun in meroury vapoul. m,mmmm
cosfficient to be constant the yleld was related to the velscity of the
jonsv by an equation of the form

$=A (vevo) ©

. wheve A and v, are constants. For the eight metals Al, 81, im, Fe,

%¢, Mo, Ta and ¥ in mercury va our the constants in equation (6) are

the same, the squation becoming
§ 00629 (v-133) (6a)

mmtyermm(v)muwm. Eight further metals
mmwmmm.mmmm-m

were only made at 1000 eV energy.

mwmam&mm mnc?w“
mmmhmmtmtfwwama
mmmmmmmmwmmm
the target.




Fig.l).
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Mass sputtered per unit charge, Q as a function of ion

velocity v for tantalum sputtered by mercury ions.
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Meagsurements at low ion energies hove been made by Vehmer
and tedlous'™), by a method based on the chamge in charecteristic of &
Lengmuir probe when materisl is deposited on it to change the work
function. The appavatus consisted of a demcunteble, bakesble tube with
a tungsten cathode capable of emitting a current of sbou: one amperve,
surrounded by & coaxial anode cylinder which also enclosed e platinum
target and s movable spherical tungsten probe. Yenon was admitted
through & bekeable valve, mpmmmmwmﬁngmm“ﬂ
by electron bombardment and its charvscteristic recorded using an XY
plotter. The platimm target was sputtered and the probe characteristic
agein recorded. The change in work function due to the platimm
deposited on the probe resulted in a shift of the characteristic along
the voltage exis., The time required for a given change in work
function was essumed to be inversely proportiensl to the sputtering
ratee By this means sputtering neasurements were obtained for
bombarding energies of from 40 to 200 éVe The energy range was
extended down to 30 eV by observation of changes in the shape of the
probe characteristic near pleama potenmtial probebly due to changes in

The measurements, which were only carried out for platimum
in xenon, showod that at low encrgies iy was roughly related to the ion




f

AR -
energy (V) by & relation of the form

S - cluny
| €y

ﬁrﬁrmmx;

S 5 (V"Vﬁ)l : (N

mra\/, = L0 ¢V and C and S, are constants.

This method of meassuring sputtering suffered from the
‘ disadvantages that only one side of the probe was exposed to the
sputtered platinum end a relieble calibrution between the work-function
change and emount sputtered could not be cbtained. Alsc the probe
characteristic was lisble to "cresep” along the voltage axis due to the
formation of surface impurity layers. However the method was
sufficiently sensitive for measurements to be possible at low energies.

Wobaer (0605 007) i & Gomoumtabis posiedype mevoury sve dSsshengs
tube as the source of jonss This type of discharge tube has many
advantages as no procsssing of the csthode 1s required and the tube can
| be connected directly to a mercury diffusion pump without a cold trap,
thus ensuring pure conditions, Also no diffieulties due to gas
elean-up can ocour (see section %.2) and the gas pressure can be contrelled
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by temperature. The plasme density wes imoreased by inserting s fine
Mgmpbitegrmmmmmﬁmm. This caused the
discha:ge to have an imcressed voltage m;;, which was logalized within
an electrical double layer in or near the grid holes. Eleectrons

hing this layer frem the cathode were accelerated towards the anode
giving increased ionisation. The energy of the acecelerated electruns
could be controlled by the grid potential and wes usually around 40 &V
where doubly charged jons were unlikely to be formed, The plasma
density was further inoressed by & negative electrode which repelled the
~ electrons back towards the plesma before collsetion by the snoce, and by
epplying o magnetic field, Flesma densities of 10 to 10%2 per ew

about abouk

were achieved at pressures of one micron and discharge currents of, one

ampere.

Sputtered material, from e target immersed in the plasma,
passed through & slit in & cylindrical opague shade to & surrounding
oylindricel glass collector'> ), This collecter oould be rotated
megnetically so that many exposures could be made to the sputtered
particles without openming the tube. The sputtering yield i: relative
units could be found from the decrease in the light from the discharge
by an external photecell. nmm"‘)wmqm
wes replaced by s movable glass ribbon and a tungsten filament light
Absolute yield measurements were obtained from the welght 15:s of the
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emission. To prevent condensation of mercury on the target, the
latter was heated to above 300°C.

The initisl measurements were epproximste determinations of
the "threshold"” emergles for mumazsmm)wrem
mﬁma@auxnamammnumwm.
Bﬁmamimwwsﬂﬁmﬂ. the deposits did
not ocecur, mﬁatmg the threshold energy. It was tm"f’)'(g)
that the product of the momentum trensferred to the target atoma at the
thresheold and the bulk sound velocity of the metal wes proportional to
the heat of sublimetion. In terms of the threshold emergy (V,) the

V. 2(1-7 x 105 [m+M) H)m

m2 My, (8)
where V_ is in eV, m and M are the atomic weights of the ion and metel
respectively, v, is the bulk sound veloeity of the target metal in
on/sec and H 4s the heat of sublimetion of the metal in Koal/mole.
mu.mmmmwmmmm”(mum
this was reported and & lster nore extensive article'’®) regariing the
velues of V.« In the former case the difference between the iomisation

: potential of the gas \I; and the work funotion of the metal ¢ is added to
mmmawvﬁ,ammmtmmmm
Mmamﬁ&hmmtm&uﬁudmmﬁmmm;h
the sputtering, This was later(*) considered unlikely as the
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Fig.15. Variation of sputtering yield with ion energy for gllt;g!!
sputtered Q% nercgfﬁ i . e curve is plotted from
eoret

Langberg's wquations (20) which are effectively
equation (7) below 116 eV and equation (9) above 116 eV.
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determinations of the "threshold" energies . can be roughly
jdentified with the "cut-in® energles V, in equation (9), but this hes
been queried by H.ensc'hke(m), who considers that the "thresholds"

correspond with V, in squation (7).

The recently determined values of the "cut-in" emergles have
not been related to the sound veloeity by the empirical threshold
relation (equation (8)) but have been shown to obey roughly the

relation

/e
w
N

(30)

where H 4s the heat of sublimation and N is the emergy transfer factor
at & collision between an ion and & target atom (Te v—(f;:{“v where

m and M are the atomic weights of the ion and target metal). Some
experinents of Laegreid, Welner and Bzeehl(l‘l), using germeniun ta:gets
in thernionic arc discharges in the inert gases, have shown the above

rough relation to be expressed better as
1 )
\/' v B H__r_'}”‘ (11) »
=2
Recently sputtering yield measurements have been extended by

Laegreid and ?c'ehxer(l“z) to 28 mstals and semioconductors in argon and
neon. The yleld curves obtained showed only very idmited linear

portions, the slopes decreasimg with increasing enmergy. The resulis of
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the yleld measurements were expressed in tabular form and are
reproduced in Table 1, which has been extended to include Wehner's
meyoury results.

Wehner has shomn thet if the yield at the same ion energy for
2 given ion is plotted against the stomic mmber of the target element,
the yleld incresses in any ome period of the periodic table with the
increased filling of the d shells; copper, silver and go'\d: giving the
highest yislda. Mum&m.ﬁﬁrmﬁmnm. As an
alternative in mercury, where the yleld curves are straighter, & am
rumitmbsahtsﬁm&bygh%ti&g%mﬁs&éﬁmwe(%,
§ where S, is the slope and % the enmergy transfer fector) against atomic

snber' 21,

Stusrt and Wehner'™) have made yisld measurensnts st snergles
close to the threshold by observing the imtemsity of o spectral lime of
the sputtered materisl excited by spilling electrons in the plass,
using a monochrometer end photomultiplier. Yieldsas low es 107 atoms

per ion could be determined. Ileasurements were made in mercury vepour
 using the mereury pool discharge and in argon by freesing the mereury
were in the ranmge 15 to 45 &V, i.e. lower than those in Wehmer's previous
experiments, but not as low es in earlier work by other authers, to be




Target N eon

Elai ent 100 200 300 600

€ eV ev| eV

4.
’CBe 0.012| 0.10{ 0.20| 0.56]
Al 0,031 0.24 | 0.43] 0.83]
si 0.034| 0,13] 0.25] 0.5,
i 0.08 | 0.22] 0.30| 0.45]
v 0,06 | 0417 0.36{ 0.55| ¢
Cr 0.18 | 0,49 0.73| 1.05|¢
Fe 0018 00}8 0062 0097 (
Co 0,08y | 0,41 | 0.64 | 0,99 | ¢
Ni 0.22 | 0.46 | 0.65 | 1.3 | ¢
Ge 0.12 |0.32 |0.48 | 0,82 | ¢
Nb 0.051 | 0.16 |0.23 | 0,42 | C
Mo 0.10 |0.24 |0.34 | 0.5, ¢

Ru 0.078 | 0426 |0.38 | 0,67
Rh | 0,081 {0.36 |0.52 | 0,77 | ©
Pd 0.1 |0.59 [0.82 |1.32 |€
Ag 0.27 11,00 |1.30 {1.98 }€
A 0.057 {0.15 {0.22 |0.39 |¢
Ta 0.056 {0.13 0.8 |0.30 |°€
W 0,038 |0.13 [0.18 |0.32 | €
Re 0,04 10.15 |0.24 fo.42 |©
0s 0.032 [0.16 |0.2 |o,41 |
Ir 0.069° [0.21 [0.30 0416 |€
Pt 0.12 10.21 |o.44 0,70 |°€
- Au 0.20 0.56 (0.8, |1.18 |€
Th 0.026 0.11 [0.17 0.36 |°¢
U 0.063 [0.20 J0.30 [0.52 }C

The neon and ar Bn yiel i 2
The mercury ylel & are o ke

* Extrapolated valu <

® G raphite




N AND MERCURY ION BOB

ER N MENT
Argon Mercury
600 | 100 | 200 | 300 | 600 100 | 200 | 300/ %00
eV eV ev ev eV eV eV ev! eV
056 0.074 0,18 }0.29 M '
0.02 | 0.05 ] 0,09 0,13
83 1 0.11 ]0.35 | 065 | .1e24 0.1k | 06301
W54 | 0,07 |0418 | 0,31 0.53 0.04 0.08',
‘0105 00081 0.22 0.33 0058 0005 0014 oozzl 0.}1
"55 0.11 0051 ochl 0.70 0.01 il Oozll 0031
+05 | 0,30 [0.67 |0.87 130 | 0.02 |0.22 | 0.42]
497 | 0620 |0.53 {0476 1,26 | 0,01 |0.13 | 0.30] 0.48
299 | 0.15 |[0.57 |0.81 1,36 : 0.18 | 0.38!
o34 ] 0,28 10,66 | 0.95 1.52 |0.04 | 0.25 | 0.,48] 0.70
200 } 0.48 [1.10 |1.59 2.30 | 0414 {0454 | 0,941
\.82 0:22 0050 00710- 1.22 0.21 0.’-&2 0-63
‘OL}2 0-12 0.28 O.I;l 0075 0.02 : 0-l3 0.214- 0.55
‘nldz 00%8 0025 0.1:.0 0.65 0.09 0.30 0051
W54 | 0,13 |0.40 |0.58 0.93 0.09 | 0.26 | 0e43
;.67 0.14 |0u41 {0468 1.30 l
077 10,19 |0.55 |0.86 | 1.46 |0.08 |0.37 o.66§‘
432 10.42 §1.00 11,41 2.39 {0.13 |0.51}0.89
298 | 0.63 |1.58 [2420 { 7. Bek0 |0.22 |0.85
¢39 | 0.16 |0.35 |0.48 0.83 0017 | 0344 052
¢30 0,10 {0428 |0.41 0.62 |0.,02* {0.18 | 0.33
032 | 0.068 {0429 [0.40 | 0.62 |0.015 | 0,15 | 0435 0u54
042 | 0.10 {0.37 |0.56 0.91 0.26 «£18 ;
41 10,057 {0.36 {0.56 0.95 :
046 | 012 0443 |0.70 1.17 | 007 |0.4s
+70 | 020 |0.63 {0.95 1.56 | 0,07 {052
«18 | 0,32 [1.07 {1.65 2.43 |0.29 |0.99
(500eV)

36 | 0,097 {0427 |0s42 0.66 (0,03 [0.23
052 1014 (035 (0,59 0.97 |0.09 |0.38

elds are from lef.hé.

¢ obtained from the graphs of Refs.36 and 37.







Norgulis and Tishohenko(**/2(45) yses retisastive traser
atoms to detercine the veristion of yleld with energy, and the
sputtering threshold, the intensity of the U -radiation from the sputtered
deposits being 2 very sensitive messuve of the quantity sputtered. In
the original paper'™*) yield curves were given for an allay of micked

mmnﬂmﬁn%&nma&mvmmﬂfwm

electroplated layer of Co™ on mickel in meroury vepours In later
eperinents ™) & yield ourve was sbtained for I¥V2 in argen (Fig.17)
tagged by the radioactive isotope indicated, in argon and in most cases
in heltums Go™, 2052, 207, a0, P, padB2, 05, 1 A92 oy

1%,  Tho threshold energies are plotted against the heat of sublimation
in Fig.18 and are seen to be between 3 and 21 oV, i.e. much lower than
those obtained in Wehneor's measurements. Thet is particularly
surprising is the low values for helium. The yield curve for Ir° in
ergon in Fig.17, which is typical of those obtained by Horgulis and
Tishcheniko, shows not only the usual lineer region, in this case sbove 5067,
but also & second lineer regiom between 25 ¢V and the threshold energye
In plotting this curve o secondary emission coefficient (not messured) of
Oul was assumed. The yield at 60 ¢V sgrees approximately with that of
Jeegreid and Wehner™2), The yis1a curve in mercury vapeur i probably
not reliable dus to the presence of a film of mercury on the target.
Since measurements were made at very low energies it wes necessary to
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Fig.1l7. Variation of sputterimg yield with ion energy for an Ir19 .
target sputtered by argt® ions. Insert; initial section

of curve plotted on an enlarged scale.
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Variation of the threshold energy for sputtering by helium,

argon and mercury ions with the heat of sublimation H of the

target metal. The points marked T.K. and 0.K. are
respectively for Th on thoriated cathodes by thermionic
emission measurements and Ba on oxide~coated cathodes by
contact potential measurements, previously determined.
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moasurements, s stated in section lL.1. In obtaining the yield curves
from the measurements it was sssumed that the sputtered particles were
enitted with a cosiwe distribution. As will be seen in section 7.1
t&isuwtatﬁstlyme{

Strachan and Herrts'%®) carried out sputtering measurencats
on tergets of carbon and iron sputtered by mercury and argon ions, by
~ the direct weight loss method, the targets being removed from the
 secondary emission veried linearly with emergy up to o few kilovolts
where the variation changed to proportiomality with the squave root of
the enorgy, i.e. equstion (6) was obeyed with V.=O ., The thresheld
energiecs were leas than 30 &V, the sputtering epproaching zewo
ssymptotically. By observation of the sheath surrounding a spherical
terget, the sctual ion current to the target L, (i.e. the total current
minus the secondary electron current) wes caloulated using the
Langmuir-Chiid expression similar to equation (1), sppliceble to

< (48)

sﬁu;ok* aamw{m&myimmtm)w
mathematically., It wos then found that above & few hundred volts
energy, the sputtering yleld wes given by the following relation:

§=5; ]:n(\./ \) (12)

A
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where S, and N arve comnstants. FHowever %’em:'(%) has cast doubt on
the reliabiiity of this method of determining the sotual ion current.
leagurements were also made for Be, Al, 51, Wi, Cu, Mo, W, Fb and U
giving similar resulis, although no correction wes made for secondary
emission. The yield was found to inorease youghly as(the atomic
wedght of the tamget)l*” end was greater for the hesvier iom.

S8puttering mcasurements on single orystels of germenium end
mmmmwfmwww(u),wmaw
microbalance to determine the loss of weight of the target during the
sputtering. Although this experiment is included under "arc discharge
neasurenents of yleld" the lon currents used, 1 to 12 pi/ox’s were more
typieal of fon beom measurements. As & wesult, to obtain olean
systen being evacusted to 10”2 gm Hg defore Filling with 10~ to 10~" mn Hg
of argons -

were found to very linearly with emergy sbove 300 V in silicon and
100 & in germanium, but & sherp drep in yleld oocurred belew 100 &V

in germaniun, & threshold energy of 16 oV being obtained, This
'awmmw‘m.mmgm linear varietion
at low encrgics. They suggest that the plasma potential, and hence the
bosberding energy of the iems, ws rather undeteruined in folsky's
discharge, due to the low iom current density.




Reoently Wolsky and Zdsnuk'*3) have compared the ylields for
silicen sputtered by singly end doubly cherged argon ions, the relative
proportions of the two types of ions being varied by means of the main
dscharge voltage. If sputtering were determined purely by the idnetic
energy of the fons, the yield S, (A™) for A'' ions scoelevated by
potential difference \ would equel the yield S_ (A') for A' ions
asccelorated by V. T.e

S (AT =5, (&%)

However it was found that at low energies

s (A*) ~ 45, (A7)

The threshold for A lons wes 15-206V. It wes thevefore suggestod
by Vielsky and Zdanuk that the unusual shepe of Wolsky's yleld curve
1a grimanius wae S0 0o 1he gunstnes oF A fSane foe $ho 15V snia
ddscharge.

The yields obtained by Wolslky and mm in
argon were groster than those of Lasgretd et 83¢4%) ahove 100av due,
1t was susgested to the high temperature (400-500°C) attained by the
latter's targets during bombardment.
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Koodan(®") carried out yield meesurements on polyorystalline
silver and single orystals of copper and nickel in neon, argon and
krypton. The targets were immersed in & plasma created by an electron
beem, which was prevented from spreading by an axial megnetic field of
ebout 800 gauss. mmwwmtwsﬂmrmm
¥ with an energy spread of sbout 10eéV. The ylelds were determined
from observations of the opticel transmission of the sputtered |
deposits on & glass plate 35,470 4 and 6,700 & in sheolute wilts for
silver but only relatively for the single crystals. In the cese of
the single erystels it was the (110) surface which was bombarded with
normally incident ions and the sputtered material was collected normally
to the (110) surface. FHowever, with copper the seme yields were .
obtained by bomberding the (111) surface, the sputtered material still
being collected normally to the (110) surface. The yleld curves were
linear over most of the energy mange, except for s low energy tall.
In the case of polyerystalline silver, however, the ylelds in neon
and avgon weve lawer fhan those of Usegreid and Welmer'™2), e

M,mmmmm)mmm
measurements to copper, nickel, irow and molybdenum in neon, argon
krypton and xenon, over the energy remge 100 to 10006V, Fig.19 shows
the yield ourves obtained. mnmmwmamm
of Loogretd and Teimer"?) for copper and mickel in neon end angon,

-




Fig.19.
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except at high energies where the neon values fell below those of
Laegreid. In the case of iron and molybdemum the yields were below

those of Laegreid and Wehner,

One of the first attempts to use an iom bean for sputtering
yumwﬂmmbym(@. An argon ion beanm of
mmupte&ev;fmaupznmymmmmmsm
target in & chanber evacusted to 5 x 107 mu Hg. The sputtering yield
was determined from the weight loss of the target, the amount apubttered
being large (seversl milligrams). By epplying sultsble potentials
between the target and the ion focusing cylinder, secondery electrons
were returmed to the targets Part of the ion current, which was
sbout 200pA, passed to the tawget holder and the actual sputtering
mmwwwm&mmmemmwwmtw
that of the beam, assuning uniform curvent density. This wes shown tc
be so by means of comceative diaphregms placed in the ion besm., The
m«mna&%ammmmmummu

xm@”wumm:mamn»mw
argon

discharge to sputter a silver target with ions, The target was




Fig.20.

Fig.21.
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surrounded by a ghield at a more negative potential to return secondary
electrons to the target, but the shield was not used for ion energles.
below 5006V, The fon current density was of the order of 50ui/on” at
a gas pressure of 1.2 niorons and yield measurements were obtained for
the ion emergy, i.e. equation (12) was obeyed, and Keywell explained
this by a sputtering theory based on that of neutron cooling (see

section 10,2.1). The yleld curve is shown in Fig.20 along with that
of Timoshenko,. Welmer'®) has poimted out thet the 1,800V Philips

ion gauge @ischarge would have resulted in multiply charged ions being
formed, and would have given considersble emergy spread to the ion beam.

Kaywedd ). later extented Ma experinents to silver in
krypton, neon and helium, copper in krypton and argon, and lead in
mku@:;mmm“x;mdamm
theory (section 10.2,1) whieh was an extension of the meutron cooling
theorys Pig.2l shows the theoretical curves drewn through the
experimental points for the sputtering of silver, but on comparing
this with Pig.20 the fit is seen to be mmmh less satisfactory (although
Wﬁammmx The magnitude of the
sputtering in heliun is surprising end suggests the presemce of
impuritics in the ges.

Singly charged ions of helium, neon, argon and xenon were
mwm‘”’aw«wsmmm
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prepared by vecuun distillation. The ions were of O to 18006V energy
with 2 to LoV emergy spread, from a Finkelstein type ion source with & hot
cathode and a mognetic field of 200 geuss. The impurity gas pressure
under operating eonditions d4d not exoeed 5 x 10™° mm Hg. Secondery
Mmmmmmwmumwmmwmu
positive to the target. The sputtering yield, in arbitrery units,
was determined with a surface ioniszation detoctor, comsisting of a hot
platinun electrode which csused inecident sputtered stoms to be ionized
positively and attracted to an eleotrode at a negative potential.

This was a very sensitive method of measuring sputtering, but
Wi&mwuwwmmm,mn
wori: function of the hot eleotrede. A smsll current to the ion
current in helium and 50 in zemon. The ion curreat density to the target
was only of the order of Yu\/en® and hence the formetion of surface

Sputtering of sodfunm by neon ions was detected at 5 volts
w,wmmmnmmaﬁaymﬁxm The
sputtering ylelds for heliun and neon ions varied linearly with the
logarithn of the energy (equation (12)), as in Keywell's experiments,
but Por argon end wenon the yield was move linesr with the square Yoot
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of the emergy, or the momentus of the ion (equation (6)). At low
mmn@&awnmlstbmﬁrmim)nmm
pomentun relative to the centre of mass of the ion and its tavget atom.
This suggests that the yield is determined primerily by the momentum,
and hence kinetic energy, tranaferred to & single target atom in a
single two-body collision. 4t high energies the yields were in the
order of incrcasing ionic moss.

A mmber of workers heve made yleld measurements at high
energles using electromegnetic isotepe separators as ion sources, the
7ields being determined in most cases from the weight loss of the target
mounted in e Faraday cage, arrenged so that sutomstic compensation
ocours for the secondary electron emission. In perticular mention
mumcmm«rm,mmm""

Touts ot 83°°6), using copper tavgets, founi thut sherees
for argon ions the yield inoreased with energy between 5 and 27.5keV,
with deuterium the yleld decreased between 10 and 4ike7, and with
 heliun between 15 snd §0keV, However the reliability of the
measurements is reduced by the observation of e pressure depemdance of
the yield, which would not be expected at the pressures used (about 0™
mn Hg, see section 6.2). It was explained es due to the formation of
surface impurity layers and wes considered Purther in & later paper\>),
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Ginlund and Noore'O?) sputtersd silver omntaining the
radio-cctive isotope Ag'" with 1", D%, B,’, 0,7, 0,", H', ¥, 0° and
Ne' ioms over the energy ramge 2 to 1%eV. Broed mexime in the yleld
curves were cbserved at L to GV,

nol ot 81¢%%) chtatned yisld curves for copper targets
sputtered by the following fons of 5 to 25keV emergy: N, Ne'y Ha', 81",
P, 8, o, 2%, B, o, mn’, 0d”, 17, Hg' ana 71'.  The yielas
Wuwmm)mm&mzwma&mmm
greater for the heavier elements than for the lighter. In'the latter
case the yields passed through & maximum or tended to o constent value
at high energiss. The argon curve could be extrapolated through the
m;am()“)mmmsmmmme‘
dspeniancs Shan the Jass Mitedls surve of Tomts ot 1OV, o
mereury curve showed abmormally large energy dependence, probably due to
contaminetion of the copper with meroury, and did not agree with the
mnwmmm‘wmhwm

Mmmm)mmmmah Ag, Ho,
Pa and Sn sputtered by Ne', 2", K" and Xe' and in some cases ' ioms,
at energies up to GSkeéV. Where comparison is possible very good
agresment was shtained with the results of KeywelllS® ant 201 et a2(%9),
Yields for 45keV krypton loms incident on 28 different target elements
are showa in Fig.22, indicating the variation within the perieds of the
periodic teble, in o similar fashion to Figsd6 for 4006V neon ions
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s observed by Lacgreid and Wetmer''?), Fig,23 shows the varistion
of yield for copper, silver, and tantalum targets, sputtered by 68

different ions of 4SkeV, A similar diagram was alse glven for the
sputtering of various tergets by ions of the same element.

Wehner and Bosenberg'*>) have obtained yleld curves for
fourteen metels of the fourth, fifth end sixth periods, sputtered by
& mevcury ion beam of L to 15keéV from 2 modified version of the
demountable mercury pool cathode tube used in Yehner's lower energy are
d scharge measurements. The sputtering yleldswere caloulated from the
time required for the ion beam to penetrate the target in the fomm of
a thin foll of lmown thickness (0.025 mm)e An lon collector plate
behind the foil et the same potential, collected ions penetreting the
foil, and the time integral of this current was subtvected from the
measured lon current. After a series of holes had been sputtered, the
foil wes removed and the areas of the holes measured with a shadowgraph
at 20x megnificstion. The yleld curves were of a similar fomn to
those of other ion beam mcesuvements, although no maxima were observed.
Unfortunately no meesurements were mede below lkeV end hence it is
aifficult to compave the results with Wehner's erc ddscharge
No oervection was made for secondary emdssion as measurements of the
between the foll and ion collestor plate, indiceted that ¥ was less
than 8.
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fecently measurements have beon made of the yiald for

mmmmmuquﬁymmww.

This is probobly the only axperiment on the sputiering of insuletors
which warrant: considerstion. The targets were ground and polished
was incident nommelly on the terget and had & curvent density of
500u8/en® in & veoum of 10”7 mm Hg. The current was measured by
placing & Pareday cup connected to & galvenwmeter, in the lon beam.
The charge deposited on the inmsuleting target was neutralized by
m‘mamwm The amount of material
sputtersd was measured by observstion of the reflection interference
fringes under vertically incident sodiun light (589m:) between the
sputtered surface and en optically flat reference plates The ares of
esch light and dark frince wes measured with o planimeter and the
yield values obtadned were st 20keV, O.71; 30keV, 0.85; L0keV, 1.78;
Soke?, Le7h; GikeV, 1.31. Tt will be moticed that as with meny metal
targets ot high snemgios, o meximm in yield wes obtained,

Finally smention must be made of o uew meilod for measuring
mmwmf"’, An srgon ion bean, from 8
. Finkelstein ion sowrce, bombarded o gold plated layer on a 10 Mo/s
quarts orystal cosnected to on oscillator. The sputtering of the gold
was cheerved os & change in frequency of the oscillator. Although
HoKeorm wes wosidng in the emerg region below 1006V, with & beckground
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gas pressure of 10™ um Hg and a been cwrrent density of Jui/en” the
¥ield curve obtained agreed with that of 7ehmer over the cnergy range
50 to 1006V, but the threshold was about 106V, The yleld vealues were
agreement was the presence of a 0 to 2706V neutral beam in the ion bean,
which did not vary with the ion beam. This neutral beam kept the
target clean, even at low encrgies. The sputtering due to the
neutral beam was subtrocted from the total to obtain the yield curve,
606V, Mo imformation is availsble on the yield for the meutrel beam a8
the intensity and energy distribution are not given, only the energy
limits (0~—10eV) being quoted.

This method of measuring sputtering can be used for all
. target materdals, it gives the yield absolutely bessept—ses=simtermminny
estm—mmeebien: and continucusly and it cen be used when the amount
sputtered is extremely smell, It is thereféwe cepsble of much nore

" It is to be hoped, however, that in future more sttention will be

given to obtaining clesn conditions, without the need for & neutral
beat.

5«5 Summary of the Results on the Variation of Yield with ITon

Wmmmmm;ﬁms@%‘) as a function
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of ion energy V or velocity v

S = So (\j “\IO)-a (7)
$=5, (V-V) )
> V (12)
S=5,In (\73
< AbewF sl - &) )

The most useful equation is (9) which can frequently be applied over an
energy renge in the several hundred & region. At higher enevgies,
up to several keV, the results can better be expressed by equations
(6) or (12). At higher emergies still the yleld tends to &
saturation value as the energy is increased, or exhibits a maximum as
the ions tend to penetrate further into the terget., The maximum seems
to ocour st lower energies as the ionic mass is decressed., At emergles
below the renge coveredl by equation (9)the yield tends assymptotically
to sero as the energy decresses, and can sometimes be expressed by
equation (7) over & linited reglon. However Morgulis and Tiskchenko'¥)(45)
observed a second nearly linear region at ylelds below 107, which would
not be detectable in the other experiments described.

Although the constant V, (or V; of a lower energy linesr
region) can be considered as & threshold energy, there is probably mo



definite threshold as there are always some loosely bound atoms on the
surface which san be sputtered by very low energy ions. [Hence the more
sensitive the detector of sputtering, the lower the threshold appears
to be. The constant V; (for the higher emergy linear region if the
yiela ourve s two straight 1ines) is known as the “sut-in" energy’ ).
The lower energy limit to the range over which equation (9) can be
applied has been oslled the “ankle” enevgy'"™.

The most reliable yield measurements in the energy renge of
wmamwmu, are probably those of Welmer ot al
(Tabie 1) or Weijsenfeld ot al (Fig.19). The early threshold energies
obtained by "ehner are definitely much too high, being more
identifieble with the energies Y, or V;, much lower threshold values
having been obtained by Horgulis and Tiskhenke (Fig.18).

The veristion of yield with the stomic mmber of the target
metel is shown in Pig.16 for 40067 neons fons snd Fig.22 for 45keV
krypton ions, where it can be seen that the yleld varies in & similar
foshion in the different periods of the periodic teble. The varietion
of yleld with atomie number of the bombarding ion et ASkeV is shown in
Fig.23 for 68 different ions. At the lower energies typieal of
seems in general to inerease with stomlc mumber, being perticularly

/
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smell for helium, but as can be seen from Fig.l9 for the inert geses the
order of the guses for incressing yleld vorics with the ion energy.



The determinations of yield described in previous sections

assume the yield to be independent of the current demsity. This is
found to be so for noymally incident ions, provided the current density
is high enough to prevent the formation of surface impurity layers.
Fig.2s shows the variation of yleld with current density observed by
Wehmer'™>) for platimm bombardsd with merousy fons of 100 snd 2006V
energy at 300 and 650%. it 650°C and 2006V the yleld is independent
of current density sbove lmi/em”, At 300°C end 2006V, however, the
yield only reaches the constant value at 3mi/on’, due to the presemce of
an impurity lsyer, probebly & mercury fils, on the surfece. It must
be emphasized thet the independence of the yleld with current density
in any sputtering experiment is a valusble check on the purity of the

8e2. .. Gos Presguze

it low prossures the yleld is independent of pressure but at
pressure, as required by equation (2) for the glow discherge. Similar
vardations ocour 4f the tube dimensions eve varied, This is shown in
Fig.25 which was prepered by Penning and Noubis'?®) and combines - -
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Fige,2h. Variation of sputtering yield with ion current demsity j* ,
for platinum bombarded with mercury ions, at different

temperatures and ion energies.

3
i'%! A AT
T SPEISN SEp— - Sp— =
T ’%—40— —— L‘\_ 53
s ‘N\
b s a3t \ |
:_;:__—4:_——-4 ........ \4L ‘
0———r—Sp==———= " 4
' Qﬂ. 1
Cy, Pl
o1 \\ . 1
| \ 1‘\
\ m,lla\ \f‘\ \\
‘ ‘\ : \o\
‘ L
IS s
5 N
v Al ——— A | \\
a M —_———— '
oo ®e QU okl ’V E— ,:l” 2 ,,4,.__, ,_i
- ® " ——— ”3 : 3\‘ ‘
G g S e NG ; R}
|
0003} < -+ e ey
| \
f l l N
£ | | |
awd’wl Q003 ao1 Q03 o1 03 ! 3

Fige.25. Variation of sputtering yield at 500 eV energy with the
product. of pressure and electrode separation p.d




-75 -

commences at higher pressures than would be expected 1 the effect
were due only to collisions of the lons and sputtered atoms with gas
atoms. For example, Penning and Houbls found that for copper in argon
the yield had deereased by a factor of a half from the constant
low-pressure value when the pressure was increased from 20 to 200
mieorons, although the decresse would have been expected at & pressure
45 times lower! The probable explanstion is thet et higher pressures
there 1s an incresaing probabllity of obligue imeidence of the ions

on the target, with & resulting imcreased yleld (See section 6.3). This

mey compensate for the expected decrease due to ions arriving with

to the target. Imperfect compensation may account for the muximum in
the yield versus pressure ourves of Penning and Houbis referrved to in
section 3, which can be seen for the solid squave points on the
copper-argon curve in Fig.25.

If an attempt is made to calculate the yield at low pressures
greater than that obtained by direct measurement. For instance,
Guenthorschulae X"}, £ron cbservations on silver sputtered in e hydrogen
glow diseharge at 2 mm Hg and 550 volts cathode fall, obtained a yield
of 9.6 stoms per don, However Gusntherschulse and Neyer\ ) messured
& yleld of 0.6 et low pressure for 6006V ion energy. The discrepancy
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Ag mentioned in section 5.4, an apparent veriation of yield
with pressure was observed by Yonts et ﬂf%)'(@), between 0.0 and
0«08 microns for copper sputtered by 30keV argon ions in en :
eloctromagnetic isotope separator 4  Sinmce the mean free paths of the
ions and sputtered atoms were greater than the dimensions of the ayparatus,
this was explained as due to the competing effects of contemination of

the target by background gases and the cleaning of the target by the
ion beame

Mn(s§>mmammmammryml
discharge at 1.5 microns pressure and showed that the yleld decreased
8s the diemeter of the wire incressed, approaching the value for a
plane tergets By hesting the wires electrically he showed thet only
part of the effect wes due to the different temperstures reached by
the wires. The explanation given was the inereasing probability for
e large plane target is bombarded essentially normally, becsuse the
initial veloeity of the ions on entering the sheath is small compared
with thet gained in falling through the sheath, with a fine wire
target the ions spiral round with constant angular momenmtum so that they
srrive with & tengential component of veloeity v, , related to their
tangential veloeity et the sheath V. , by the equation



—
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where *,_ and r. are the redii of the terget ond sheath respectively.
Since for a fine wire r, <<rf. the tengential velocity component
of the ion on hitting the target can be large end inmoreases as the
wire becomes finer, As expected all the yleld results lay on ome
ourve when plotted against & , whether X wes varled by

means of the wire dismoter or the plasue density.

m(}fp),(ﬁé) sputtered a polycrystalline metal strip in
& low pressure mercury pool discharge and collected the sputtered
material on & surrounding oylinmdricel gless collector. The sputtering
was greatest, not on the actual edge of the metal strip, but from &
region near the edge, due to the heavy ions not being sble to follow
edge. DBy protecting one target edge with aquadeg to provent sputiering
and observing the effect on the sputtered deposits on the glass, it was
shown that the difference in the angle of incidence between the edge
end the fist portion of the target had s merked infiuence on the
sputtering, At low ion energies the sputtering was much grester from
bombarded middle portion of the target, but et highor energies the
incidence of the ionsy '

Hore direct Snfermetion on the effet of the mgle of
inoddence on sputtering ylelds has been obtained by Wehmer'°l), Ton




beans were extracted from a low pressure (0.2 mieron) mereury plasma
through small holes in a graphite plate negative with respect to the
plasma, With hole dleneters smell compared to the ion sheath thickness,
approximately parallel beams enterecdthe field and plasma free region
beind the plate, and could be chocked for bean width and uniformity
by cbserving the sputtering of a silver disc behind one of the plate
holes. Small polyerystalline metal spheres, with diameters less than
the bean diameter, were mounted opposite the holes in the grephite
plate, but were comnnected eleotrically to the plate. The spheres were
sputtered by the mereury ion beans and the angle effect studied by
measuring the thickness of material removed in different zones using
125 to 800cV, with & beam current density of lmi/en” at 150eV. The
metals studied eould be divided imto three groups: (1) gold, silver,
copper and platimum, which showed only & slight veriation with angle
but fairly high ylelds at nommal incidence; (2) nickel and tungsten
with a moderete angle effect; end (3) iron, tentslun and molyblemm
with a very pronounced effect.e In most ceses the yield showed &
maximu for sn angle of incidence of 50 to €° from the nommal. Fig.26

argon and thalium ions from an electromagnetic isotope separator, &t the







much higher enevgy of 20keV., The angle of imcidence was only varded
from 0 to 50° to the normal and was mot well defined due to eonvergence
of the ion beams The yleld S, varied with the angle of imcidemce ¢
agoording to the relation

e SRR T

cos ¢

vhere S, is the yleld for normal incidence.

The copper-argon combination has also been studied by
Molohanov and Tel'kovekii(®) at 27kev. The angle of ineidense of the
ion bean could be varied from O to 84°, the exror in the angle not
exceeding +1° et 84°, The yield was determined from the less of
weight of the target. The yield was inversely proportional to the
cosiwe of the angle of incidence up to 70°; mexdmun yleld wes cbserved
at sbout 80°; after which it decressed when fest reflected particles

sccording to the relation S, - ;ka_r uwp to an angle of incidence

on polyerystalline targetse In the cese of single erystels the effects
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are nore complicsted. Rol. ot 81°57) nouberded the (100) plane of &
copper monoecrystal with 20keV argon ilons and observed & yleld maximum
ot en engle of incidence of 2.° and minine at 3° and 38°. The
hmmtgmwmeza@)mmvmimmmmo)m
of copper and nickel. Minimun yleld ocourved at 00 35 & 1° and 55 3 1°,
.00 in the [100), [131) end [112)airections. Recently Almén and
Bruce’??) pesbarded the (111) plane of copper with 45keV keypton ions
and obteined siniler results.

Early experiments, for instance that of the Gemeral Electric
campary>®), suggosted that the target temporature had little influence
on the sputtering yield. However Pets'*>) found the yleld from o
nolybderun target bomba:ded by mereury ions practically doubled when
the target temperature was reised from 190° to 1000°C. The explanstion
may be comtamination of the targct since Venmer\>>) found temperature
effects st low current densities, but not ot high, for platimm
sputtered by mercury ions (sce seotion 6,1 end Fig.2.). As mentioned
in seotion 5.3 the dlscrepanty between the ylelds for silicon in argon
petwoen Lasgresd ot 82$%2) and wolsky and Zaamik’®®) has been explained
by the latter as being due {o the higher temperature of the target in
the experiments of Laegreid et al.

It must be comoluded thet infomstion on the influence of

 tempersture is very Mmted, most authors ignoring the possibility of

any temperature effeot in their experiments.



The earlicst attempt to detemine the anguler distribution
wwm-:audehwwmmc‘n). A been
of canal vays, of energies from § to 10keV, fyom an exgon discharge,
entered a mica cylinder and was incident on a strip of silver or
molten gallium along the cylinder walle The mice oylindor becase
covered with a unifown deposit of sputtered meterial, indicating e
cosine distribution lsw, for any angle of incidence of the ion beam,

The cosine dstribution & sputtered materisl for silver
bombarded nmommally by high energy lons hes been confirmed by 0'Briaim,
mmm‘”’mmwmma‘.n;un’m. The
silver target contained Ag' as Lraer 5o thet the distribution of
sputtered silver over the collector could be determined by its
radicactivity. The measurements were later extended by Grémlund end
oare'57), o D* and Ne® ions imcident on silver at 60° to the normel.
Mmmwﬁﬁwmhwﬁw*
additional sputtering in the forwand diveotion. for D’ foms.

Gobié and Perovit(’>) seternined the sngular dlstritation for
copper and lesd tergets bombevded with i7kev A", Kr' and Yo' ionms.
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wore cooled with water or ligquid sir, the distributions being
"over-cosine”; i.e. more meterial wes emitted normally than for a
cosine law, Rol, Fluit and Kdstemake'?0) meacured the engular
alstridbution for copper sputtered by argon ions of 20ke¥, They found
the distribution was Coussien ("over-cosine”) rather than cosine and

At low Son enswgiss, Wehner'%®) had previcusly obtained
ovidence that obliquely ineident ions coused preferential sputtering in
the farward &lrection, Resemily, Wehmer snd Ressxberg'’™ have
measured the angular distributions for several metsls bombarded by
sorsally or obliquely incident foms of 100 to 10006V energy in a
mercury pool discharge. A ribbon, placsd round the imside of the
eylinder surrounding the central target, colleoted the sputtered
mmmm#mwf:ﬂﬁhﬁ?m
photometrically. The angular distribution was “under-cosine” bdut
iron had a much grester tendency than alckel, platinue or germenium %o
be sputtered to the sides under mommal bombardment, particularly at
low snavgiss. Fig:27(s) §s & polar dingrem of 4he distribution for
moly-denum. Fig.27(b) shows the distribution for molybdenum under
oblique bombardment. Nickel showed less tendency than molybdemus to
eject materisl in the Porward ddrection.

stetn ond Furdbut(’>) have messured the enguler distribation
cfm”wwm#k Be', A*, Ke' and Xe' ions
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(b)

Fig,27. Polar diagrams of material sputtered from molybdenum targets

by merc ions of various energies: (a) normal incidence,
Zbi oblique incidence.
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of 50 to 2406V cnergy and various angles of incidence. The sputtered
atoms were detected by a surface iondzation detector similar to thet
of 3mdley®®) (seotion 5..). The sputtered stems egain tonded to be
ejooted in the forward divection, especislly at the lower energies, but
the distribution beceme more nearly cosine et the higher energics.

‘The distribution of sjuttered material from single crystal
targets was fivwt cdserved by Welmer'TS), Ths targets wers sputtersd
h by low encrgy (50-1506V) mercury foms iIm a mercury pool discharge at
1 mieron pressure, the sputtered material beins deposited on a glass
collector plate. The deposits were in the forn of simple patterns
characteristic of the erystal structure and the plane being bombarded.
In the case of silver or copper,which have face centred cubic (ficec.)
structures, bombarding the (111) plane geve a deposit of three rather
diffuse patches in & symmetrical pattern, the (100) plane four
symmetrical petches, and the (110) plane a cenmtral deposit surrounded
by four patches in two-fold symmetry. In every case the patches
corresponded to emission in the {130> airestions = the close-packed
direction for a £40.0. structures For 7, Mo and o <Fe, the enission
wes in the <211 directions which ire agaln the olose-packed directions
© (beCoos structure). Tor germaniun (dlamond structure) the ejection
wes again in the 111> close-packed directions. The deposit patterns
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were not aifected by the development of etoh patterns on the target
surface.

In the cone of silver, Melmer'>?) chesrved thie daponis pattem
at three different energies: 50, 100 snd 1506V, The langest vardstion
in pattern with energy oceurred for the (110) plane, the centre spot
tending to disappear at very low energles; Sputtering in the | 110)
direction normal to the surface requires s 150° chenge of the direction
of the origimal momentus, while the four other <10 drections
mmmmmmmmm. In sddition at
very low energies only atoms with a close-packed direction not obatructed
by meighbour atoms can be sputtered, wheress at higher emergles atoms
Wm The obstructing stoms deflect those sputtersd
and cause changes in the depoelt patterns.

The cbesrvations were later extended by Andsywon and Wetmer'!?)
end the deposit patierns ezamined in more detail. At higher energics
bombarding the (111) surfaces of Au, Cu and Wi gave six deposits instead
of three, due, it was suggestod, to disorientation of the surfoce
layers. m*m*muhmmwwmmam
nearest neighbours were observed. With germanfun the patterns were
similar to those for b.cec. orystals, due presumably to the formation of
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Sintlar results have been ebtained by Koedsu'®) for cspper
sputtered by neon, argon and krypton lons. Bomberdment of the (100)
surface gave the four 110> deposits, and ot high energles o depesit
mm[m]mwmmtmmmtmm
above 2:eV,. m(m)mawapmgﬁn<m>
mu(mmm:mfmml)mﬁwmmaf
t-a<zee> deposits. The (111) surfece gave the six deposits observed
Ay Andesson and WelmerT7), three in the <210> disections and thres
roughly in the <11,> directions dus,it wes suggested, to stecking
faults ceused by the ion bombardment. Similar results were obtained
for nickel but germanium gave only & vague deposit pattern. The
subject of deposit patterns from monoorystalline targets wes considered
by Koedan in considersble detail in his thests’™),

Deposit patterns can still be observed at much higher energies.
2ol ot 83°6%) Ghserved the patterns prodused by 20keV angon fous
incident on the (111) and (100) surfaces of copper and obtaimed similar
petterms to those st lower energles. Yurssove ot s1/®) used ergen
Mnﬁ{m}mam.mwmhuw
four 110> directions, the [ 100| nomel end alse four directions near
the <113> and 112> Wrvections. The demsity ddstribution of
naterisl in the <110) and [100] deposits was found to ebey the cosine
law,



Closel; related to the angular distributionof sputtered
material 15 the etohing of the target. Wehner'>>) has shown if &
polyorystalline material is bombarded by low energy ions, crystallites
with different orientation are attacked at different retes. &raim
boundardies are gemerally sputiered at a higher rate and appear as
W. Oriented pits or hillecks are of'ten observed, characteristic
of the grain orientation, In fact the appearance of the surface
frequently resembles thet due to certain chemical ctchants.

The effect of bombarding single crystals wes also obscrved.
The (111) surface of & silver single-orystal rod, sputtered with 150e¢V
meroury lons, tended to develop {110 facets. It wes suggested that
this was due to erystel growth rather than etching. To show thet this
was possible, a tungsten single-orystal wire was arranged on the
exis of & polymystalline tungsten cylinder, the wire being at -70V and
the cylinder at -400V relative to the plasme produced by & meroury
on the wire at a higher rate than they were sputtered off and the wire
grew as & single crystal from O.3mm to 0.7mm diemeter in 40 howrs, If
to keep the surface free of impurities.

\
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‘The etch effects due to obliguely incident lon beams have
bosn chserved by & mumber of workers, JPor exanple, Negouson et al\’®)
bambarded polyerystalline Cu, Au, Al, ¥, Ta, Mo and Wi and single
orystals of Cu with 500eV mercury ions and observed patterms of
hillocks sridnted parellel to the direction of the ion beam, and in the
case of Cu and Ni steps perpendicular to the beam,



Information obtained in the glow discharge, referred to
in section 2.3, had suggested thet sputtered msterial was mainly in the
form of unchanged atoms. Information on this has now been obtained
vy Honte' ™) using an don been of energy 30 to 400V end of current
density up to 30ui/en® at 1006V,  The loms used were Ne's A s KX
and Xe' and the targets polyerystalline silver and the (111) plane of
by means of & 180° mass spectrometer, neutrals being ionised by a
100uA electron bean which wes turned off for cbservations on ioms.

Vith the silver target Ag', A8, s 485 » 46,07s g, end
28,0, sputtered lons were observed, in order of decreasing intensity,
reflected bombarding ioms, and & very long list of impurities, but
neutrel ig was not detected due to the experimental conditions st the
time. However, sputtering of the gemaniun target suggested that
neutrals were shout ome hundred times more abundant then ions,
although only sbout 10™" of the meutrels could be lonised by the
electron beam. The particles identified were Ge, Gey, Ge', Go, ',
Geli”, GeoH'. Ge,0", and various impurity molecules and ions. The
intensity vatio of Ge, to Ge' was 1 to 50 for 400eV 4" ions,

Although this work is interesting it was cerried out under
rether impure conditions. mmmmmmm"am
which would require a higher bombarding current density to keep the target
clean.



Simdlar observations have been nade by e mumber of workers on
the ionic component only of the sputtered particles ("secondary
posbsimy ion endssion®). Mention must be made of the work of
svedley'®®) who bombarded Mo, Ta and Pt with inert gas lons of O to IkeV
wmmmmmmm:,msm(&)m
Be and other targets and inert gas ions of 0 o 3keV.

' Glow ddseharge cbservetions of Baun'2®) referred to in
section 2.5 had sugsested that sputtered atoms were emitted with
velocitics of the order of those of evaporsted atoms. Towover) the
cbservations of Guentherschulse'l?) suggestod that sputtered atoms
have much higher emergics than evaporated atoms.

Reterding potential measurements on secondary positive ions
have boen used to determine their velosities. Hontg ") founi the
most probsble enission energy for Ge ions sputtered by Kr' ions of
mhwwmmwﬂmmmmwﬁ
sbout 20V. Stamton'®2) for Be' lons sputtered by 10007 Ne® fous,
could detect lons with emergies up to 3006V, although o large
fraction of the ions had emergies below 1067,

Reoemtly vehnor ) (8) 1oy moasured the emtsson velsetties
of suttered atons by twe differest methodss In the First methed'®>)
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amwmmamﬁuawwluwwm
were deposited on the underside of a quertz pan suspended from &
quarts helix. If the mass deposited per second wasmand the average
velocity component noxmal to the pan wasV the force displacing the pan
upwerds was mve The continual deposition imereased the weight of the
pen and after a certain time t the pen returmed to its origimal

my = m‘:g

where q is the acceleration due to gravily, sssuming that all the
sputtered atoms reaching the pen adheredto its swrface., Hence the
velocity v could be found from o time measurement only., The target
and pen were kept at a high temperature to prevent mercury contamination.
M, 6.5 x 10° an/sec (12.767); ¥, 3.5 x 10° an/see (1267) (5.5 x 107
on/sec or 286V for endssion at 30° to the normal); Pt,kxlﬁsu/m
(26ev); m(m)motmmu.nn’wmmh
mmvmmwxmmmmmm:
600 to 9006V for Ml and W and 200 to 9006V for Pt and Au.

The second nethod(®") required the measurement of the forses
on an jon-bombarded electrode in a meroury pool discharge plasma.
Tens bombasding & target exest mo met forve, since the altrectisn of
the target by en lon crossing the sheath is exactly balaned by the
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impulse exerted by the ion vhen it hits the target. Forces can arise,
however due to rchounding neutralised ions, sputtered neutral atoms and
mum:m. The latter were kept small by using ges
pressures of less than 0.2u. The target was in the form of & metal
vene suspended from a guarts fibre torsion balance. One side of the
vane was covered with guarte paper to keep the force on that side
small and constant. Torce curves Yersus emergy were obtained for
22 metals for ion onergies of 20 to 300eV. The force curves-for clean
the forces weve due to sputtering. Fron the yield curves, and
approximating the sngular distribution of sputtered atoms with a cosine
law, the average velocities v of sputtered atoms could be caloulated

v = 3x|08F
AAS

vhere v is the veloeity in en/see, F 1s the force in dynes/ni i
Saswmm) A is the atomie weight and 5 is the sputtering yleid.
3.1 x 10 a/see (3.36%); Ag,3el x 20° en/seo (SuneV); end iu,

2.2 x 10° on/see (5.16V). Yor other motals the velocities were higher
and in somo cases increased to unbelievably high values as the energy



It was veported by Asada &ﬁ@uase‘hrth(%) that a copper
cathode comtaining & trace of gold, when sputtered in a mercury glow
discherge, became depleted in gold, due to preferential sputtering of
the gold fyom the surfece and its replenisiment by diffusion from inside
the cathode. ﬁammmmm(%)mmmw
brass and stainless steel, sputtered in s kiypton glow discharge, that the
sputtered deposits had the same composition as the original alloy.

c1122a%7) has sputtered thin sheets of Guyiu and cbssrved
the chenges in the composition of the alloy by the transmission clectron
diffrection patterns. After bomberdment with engon iems of wp to
SkeV energy the pattern consisted of doublets, showing that o layer of
aifferent composition had been formed. Initidlly the sputtering
produced & layer more rich in gold than in Cuglu. Subsequent
sputtering evoded three times as mueh Cu a8 Au. By using helium and
xenon ions it wes shown that the composition of the layer depended on
both the don and its energy. Similer effeets were observed with other
alloys.

If a discharge is paased in a low precsure of inert ges it
hgthmmttbgummmm Itm
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mmw&mszm&umumm,
is comnected with sputtering and the mechanism has recently been
mmwmmwwmvm‘“’mmb
ma11(%9), '

Cleen-up cocurs at any surfsce on which sputtered msterial
is being deposited, by trepping ges stoms under the deposits. A small
negative potential on the surface assists the clean-up by attracting
positive ions which are then trapped. However, if the swfece is
Mwﬁumwmwmunmw
to cause resputtering of the meterial, an equilibrium state iz soon
reached, after which no more ges iz trapped. Hence clsan-up does not
ocour at the cathode of o discharge as long as the ion current density
is unifors (unless sputtered material is received at a greater rate
fron another electrode than it is being sputtered off).

. Helium is an exception to the above mecheniam, since
sputtering s megldgible ot low ion emergles. In this case clesn-up
does ocour at the cathode, by penstretion of stoms intc the letbicel”),
clean-up occurs mainly by pemetration of the smrface layers of the
glass, since the majority of the lons and metastables travel to the glass
'wall yether then to the eleotrodes.



Sputtering theories fall into three classes: theories in
which the momentum of the bombarding ion is considered tc be transferred
to the atoms of the target in a small mmber of separste two=body
collisions between the ion and an atom and between two atoms, the total
rmumber of collisions considered being ome, two or three; theories in
which & large number of collisions are coasidered; and the theory of
evaporation of atoms from localized regions raised to a high tempersture
by the impact of the ions. The only evidence in support of the
evaporation theory is the cosine angular distribution of sputtered
material from polyerystalline targets at high emergies (section 7.1).
The angular distribution at low energies, and the deposit patterns
fron single orystals (section 7.2) ean only be explained by collision
theories. Also the high temperatures requived by the evaporstion
theory would result in a much larger thernionic emission than that
observed. In spite of these objections, the evaporation theory will
be cobaidered in some detail after the collision theories since it was
the dasts for Townet’(37) theary of sputtering in the glow dlscharge.

transferred from o normally incident ion to e target atom in an elastic
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collision must be at least equal to the binding cnergy of the atoms.
Hence the threshoid emergy for normal incidence is

v, = maM)? (23)
bm™M

where M is the mass of an fon, M 18 the mass of & target atom and
H 4s the heat of sublimation in oV (This notation will be used

throughout the sections on sputtering theories). The values of Y,
fron this formula do not agree with sputtering experiments end it wes
not possible to obtein o formula for the yleld, Also the "sputtered"
atom would be driven into the lattice, not released from the surfscel

Kingdon and Langmuir)) considered the sputtering of
thortus fyen & twngeten Buse 88 roquiving e Ssesasive elastis
impacts on the same targot aton (see secton 5.1)s The resulting

l'.
N = k’m-\- M\ H :
e (m-MY (1)

Rowever if m end M are approximetely egual, this formula gives very
high velues for V, , which has never been obser

P QE"

Hensctike(9%) considered the bomberding ion as undergolng
hard sphere elastic collisions with the target stoms, with energy losses

& ; | =




R R

due to the excitation of Debye waves in the lattice during the
coliisions. The radil of the spheres were sssumed tc be determined by
the langest closed electronic shells of the ion or atome The
threshold energles were calculated for three different collision
mechanisms shown in Fig.28(s), (b) and (o).

Hechenisn (a) in which the ion is obliguely ineident on a
surface atom has threshold energy

v et

|
m M HA&Q (l+ SY' ot ¥ cosi< (15)

where 4 is the angle of incidence relative to the centre line between
the ion and atom at the moment of impact, U is the angle between

the emission direction of the stom and the normal to the surface,

is the heat of veporization for the appropriate surface crystal
on coefficient.

Hike
plane (AkQ) and § is the Debye wave dissipati

Lowest possible threshold ocours when

(oS(K«-Q: = C_SH (H—sim i)

where <, = ¢, +C, , the sum of the collision redii of the lon and
atom; and S 4is the separation of the cows of surface atomse

Fig.28(b) shows the simplest case of sputtering by nomally
Wm,mmeommwmmnamm
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Fig.28. Collision mechanisms for sputtering: (a), (b) and (c)
considered by Henschke; (d) considered by Langberg.




The first collisien is with a "lower surface atom”, which is assumed to
have a very large effective mass since it is prevented from moving

by the very large mumber of atoms behind it in the target. On
rebound the ion hits en "upper surface aton’ ejecting it obligquely.
The threshold energy, which is greater than from equation (15), 1s

v o g '

m M el (\+S)1C-°szxr.o€‘ &,D_Q—g’) us‘{_—_)

(6)

4, @nd <, being the angles of ineidence for the first and second
collisions.

In Pig.28(c) normally imcident ions cause normel ejection
of atoms after three collisioms, requiring slightl; higher energy
still:

= s +M\l \ : l—-’
N, = 'r:‘ M HMQ b+g\1cos‘?f[l—(l—S‘)cos"i,_][l~(\-S")Cas‘«;,] (17)

The quentities W, have never been measured, end Herschie
had to estimate them from the average values H for polyerystalline
materials. The values of { were found to be sbout 0.5 to 0.6 for
betecs metals and O to 05 for r,c.a.,.baMHw
mﬂVOMW(lé)ﬂthW'nmkwm
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By means of mechsnisms(b) and (¢), end allowing for the
attenuating influence of the different electron demsities in the ion
paths within the lattice, Henschke'’>) was shle to completely explain
the deposit patterns from single crystals. For instance in sputtering
the (110) plane of an f.c.c. crystel mechanisn (b) sives rise to the
four outer spots wheress mechaniss (¢) expleins the centre spot, which
occurs at slishtly higher energles.

' For mechanisn (b) Hensehke'"2) ohtained a sputtering yleld
formula at low energies by detemmining the ratio of the "favourable
areas” for sputtering on the crystal surfece to the total srea, as e
function of ion emergy, and sumwing over the various crystel planes on
the surface of a polyerystalline material. The result was

b
e \1>\/.}

Ap (18)

and $ = & for YV

where the threshold value \1;3_‘?_3 and p=Y, ¢ end t being constants
for any one orystal plane but could vary somewhat with energy when
averaged over all planes, S, ﬁmmammw
N, 5 i.e. the threshold is here defined as the lowest energy at which
gsputtering ean be detected, not the energy at which the yleld becomes
sero. This equstion can be compared with equation (7) which applied
approximately at the lowest ion energles to Wehner's results, but
dif'fers from it becsuse of S, . Henschke found that, to fi¢ his
mmuWamammhmmmwﬂh
2006V, several parabolae with different values of b were required.

P
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Henschie oaloulsted c_ , the collision vadius of the target
aton, from dats on the radii of the largest closed electronic shells,
for various elements. Since \,= 3", he plotted ¢} multipiled
by an arbitrary factor against am:m and obtained good
agreement with Wehner's threshold values (Fig.29). This is surprising
owing to the approximste nature of these values and the fact that other
workers have obtained lower threshold values (section 5.5). The
sgreement, and the periodiecity of the thresholds is reduced if Webner's
move recent "out-in® values are M(m).

mm:»nmmmmhmmam
considered by Hemsehke and Fig.28(d) shows thet used by Langberg’™,
for normally incident ioms. An incoming ion coliides with a surface
atom (mass M ) causing it to be displaced and collide with a second
surface atom (mass™ )¢ This second collision, between two surface
atoms, is considered, not as a collision between hard elsstic spheres
but as under a Morse potential interaction; i.e. the potemtial energy
U (r) mmumn'.mr is given by

0 = b fexelatem) -1}

where ¢ is the energy to breck the bond between the stoms, d is the
mm&ma{mam‘aa auaw&em
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elements bombarded with mercury ions, as determined by

Wehner, compared with Henschke's theory.
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related ko Compressibiliityrs For the conditions shown in Fig.29(d),
Conservation of energy and momentum indicate that the maximun energy
skoped yp the second collision is

uR) = M et ¢>
e

where \| is the initial ion kinetic enmergy, ™ = L(mh\a

m+M,
and R is the closest distance of approach of M, and M, . The
energy teansfer oohditions are optimized with respect to the recoil

mh A’ —f'P{ M‘ {rom LLQ mormal tu the Skr'fice ) l;éer (“\e "";rr‘ collisioﬂ, By

MolRY
Y (cofa)

giving the required walue of o when

Rl
adr

Cos"‘ok =

Hence under optimun conditions of recoil

=1 M . =
Us=1 - e

The kinetic energy scquired by the second swrface particle under
optimum conditions can be shown to be

A N N R*
= - -~ NS
k 3 MRy Y a
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where J 4s approximstely constant and equal to 0.63 and

e My
s e
(M.+Ml\
To sputter the second surface particle, tied by N bonds of
energy ¢ , vequires an escape encrgy of
e N$ = K= My R*
3% P
where O 2 (-| h&a@amtmaferef‘mkmaﬁewte

neighbouring atoms. ‘
M,m&cmmmw H=1}’ s where M is the mmber

of nearest neighbours, the required ion energy is

\l"* 16 H N &> o-
% a
> '\'qlxk,

To fyree the first particle its binding energy, on average
equal to H , must be supplied, requiring ion emersy

s Sud’
N, tos? =T

|

Ny o=

Fron the Hopse potential fumstion U(r) , with b= K

= \ TN =¥ (M +MY] 2
‘J‘\“\Txlh{u{ - a] }
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Hence the threshold emergy for & lattice atom tied by N bonds s

N =\'+V' = 1OH \HN.
N T m

iy o

+o-:)[\-qd T\LH-D-B?N )] (1)
assuming M, =M, , _=1  and using the mmericel values of U and
0"« It can be shown thet the final direction of the second atom is
such that it will in feet leave the surface,

: LWM&&MWWM
bombardment in which many surface particles have been removed or
e e .

N_ =N, +N + N,

N, = | +N, +Ng

where N_ is the maximun number of bonds to other surfece atoms, one
is the minimun number and N, and N, are the mmbers of bonds to the
underlying first and second layers. The values of N, N, and N,
for aifferent crystal surfoces are given in Tble 2 below and the values
of N_and N, for polyerystalline materials by selecting the lattice
planes glving the largest and smallest mmber respectivelys The values

of m are Also given
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The yleld S, for particles tied by N bonds can be shown %o
be given by

S

/)

e PN (V "VN) for N2V
SN =0 for V é\/N

whore P 15 & constent

Henoe the total yleld for values of N between N, and N,
N=Nq
=§ = Z PN (V-VN\
N =Ny
Na

v ( PV (v=Vv ) a\,

%



where Vo and N, are the highest and lowest thresholds, corresponding
to N, and N, '

Assaming P(v\)=b = & constent for Vv, &V &V

it 1s found that

S=20 for\IQ\(b

S

1]

Lab (,V ‘VL‘1 f-or Vb é\l é\‘q\ (20)
S = b(qu(b)[y-&(vn\(dj for V )VQ

Equations(20) for the yield are seen to be of the same fore as equations
(7) end (9) which cover the two low emergy renges, The threshold
energy " V.=V, and the "cut-in" energy V, = ‘1(\1“ +Vb\_

V. can be identified with the "ankle” enemgy.

The equations were fitted to Wehmer's platinun-mercury results
by suitiably  chossing the value of b, '
with AR =V = S41 eV, N = 856eV and Vaz= libeV .

Fig.1l5 shows the curve drawn through the experimental points,

Yelner's early threshold values tended to lie between the

calpulated values of V, am V, . It was shown that Wehmer's
threshold lew (equation (8)) could be expressed as
Ve = i C
e G (a1




with C =137 for f.0.ce and B.Gypo lattices and C:(B‘I for Dete.0.
hﬂm,m the caleulated thresholds N, Vo 1nd N, could be
expressed by an approximeted form of egquation (iq):

v, = _'"‘.[AN + Bua\ (22)
L= (@ d)

where A, and B are constants. Fige30 shows the effect of plotting

Vo versus (@d)” for the three caloulated throsholds and compares

ﬂ;n with Wehnor's n&ﬂm for f.ce0. and hetep. lattices. It

vill be moticed that Wehnor's results nearly all fall between the limes

for N, and VN,

Langberg's theory seems to be the most satisfactory of those
involving only & few collisions, particularly as it derives the yield
equation for both the two low encrgy regions (equetions (7) and (9)) asd
has no edjustable constents in the threshold equation, but it is
possible that Henschke's collision mechanism (b) might be the more
appropriete for the lowest cnergics, Unfortunately the Henschke
(18) differs somevhat fron the experimentel equation (7). It will be
noticed that the threshold equations from most of the theories
(equations (13), (15), (16), (17) and (19)) sre similar to Wehner's
"out-in" equation (10) with different values for the comstant B.
ehner is believed to heve replaced his carlier threshold law

L}
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Fig.30. Normalized threshold energies of f.c.c. and h.c.p. metals
sputtered by mercury ions, as determined by Wehner, compared
with Langberg's theory.
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(equation (8)) by this equation since the former was reducesble to
equation (21), which was similar to & simplified forn of equation (19)

(equation (22))«

ﬂMLM_ﬂﬁww&QyMﬂﬁmﬂﬁad&m@Q&Qﬂ

The theory of sputtering based on thet of meutron cooling,

aue to Keywell'>>), which s somewhat older then the theories of
Henschke ond Langborg, mey be appiicable st moderately high energies.
If an lon of enerey N rebaing & fraction of its encrgy QQ% afker
collision with an atom of the "moderator" then after m collisions it

has energy

-n
\I:\le %

A

Hmamum&prmmmmwﬁmn

In %; ' (23)

S=m-o
S
where \_, the energy after M coliisions is an energy loss than the
Wu&i usimwﬁuqm

=S M)

AMm

L‘
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Equation (23) can be ccmpered with equation (12) end Fig.20
shows equation (23) applied to Neywell's results for silver sputtered
by argon, for which %:o.sq s taking V,_ =3q wvolts.

The theory a8 given above only applics to heavy loms like
argon. In order to extend it to lighter lons Keywell considered the
fast nmoving atoms produced by the ion bambardment to release other atoms
by raddetion dsmage. The eversge fractional energy trenmsferred to
an stom at A " collision of the iom

=€ = am M =-‘\_
\'M-hm\a B

Hence the energy of the | n+1) th recoil stom

:\—/ 36\1,\:6\'2—“&

LR\

The mmber of displocements due to aton of energy \ in & metal of
WW% was taken as

~ A%
'T\s = Ky—
Ny

The mmber of displaced stoms formed st depth * below the surfce
escaping from the surfece wes assumed to be
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m,s is a constant. The depth x wus sssumed to be determined
by the ion progressing by & rendon walk, so thet

v
X:k"\l

where Kk is a constant.

“ !—
8 _ [ev % {_ou‘a Q_Q‘-.)‘ii
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mn={

where A:-kp amd m=%1~\§,’— is the mmber of collisions mede
by the fon. For m{ M & correction was necessary for the fact
thet some of the incident lons rebound from the surface at the first
collision. If the probability of pemctration iz {, and of rebound

.[.rzl_\cP s the yleld cquation becomes
i o —&m™ -b-'\i
:(\7) Z({- +\2&${\) = (21)
vhere ™ = %17,\_/ And $:0 for ntl
Vﬁ\ §=1\ for m=|

Equation (24) bears some resemblance to equation (6) which
applies at high energies. Keywell fitted equation (2) to his
results for verious ges end metal combinations, as shown in Fig.21 for
silver, but the fit sppears %o be less satisfactory for argon than
that for equation (23).

Harrison 95 (%) (57) rosuced a theory based on thet of
neutyon diffusion in which ell particles not in thermal equilibrium
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with the lattice were described by a gas-like model in which the atoms
moved with constant mean free path. Gemsimmméﬁem
only with "fixed" lattice atoms, but binding emergics were neglected.
systen of which only onc could be measured with precision. The
exprecsion for the yield, which requires a long proof and is &ifficult
to apply in praetice is

s= R 2 R[] (25)

where V, is the threshold energy and R.,R, and t, are constants:
Mnmnpﬂmﬂn,mm The theory was fitted to Keywell's
results(99)+(%) gns proved rather more satisfactory than Keywell's
own theory, probably due to the fact that with only one of the four
atomic paramecters capable of accurate measurement, there would be
three adjusteble constents, At low energies equation (25) could be
reduced to squetion (9)(7), Recemtly Harrison(® soems to be
deseribed helow.

mr(ﬁ)wﬂaam-muwmmmmmat
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close-packed directions in the lattice, until e small part of the
energy reaches a surface atom, If this energy is sufficient to
overcome the binding energy of the surface atom the latter may be
sputiered. m;tmuwwmmfwam
is very similer to the well-known experiment of & billiard ball to
move elong the axis of & row of billiard bells in contact, toc hit the
first ball in the row., Homentum is transferved fram ball to ball
s11sbee'”®) showed thet if the imooming particle was imcident
at an angle O to the axls of a chain of atoms, then the angles at

d
Cos/@> S:

where d is the sepevetion of the centres of the atoms and r is
their dlemoter. Under these conditions the trenafer of emergy along
the chain is very efficient, and this mechanisn is considered to be
important in the explanstion of sputtering end rediation damage.

Harsison sod Nagmuson'™®) have suggested that becsuse of the
chain mechanism, sublimation from 2 solid at temperatures well below
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a spot deposit pattern. The experiment would, however, probably
require a millenium for completion. 1In spite of this suggestion of
a sinilarity between sublimation and sputtering, Harrison and Magnuson
went on to caloulate sputtering threshclds using a theory besed on
the choin mechanism and obtaimed values of the onder of, or lower thanm,
those of Morgulis and Tisichemko, i.o. much lower then Wehner's
threshold was 1,164V for antimony sputtered by argon, for which the
Morgulis and Tiskhenko velue is 3¢V, Fowover it seems that sinoe
experinental thresholds are beeoming lowor and lower, and if sublimation
is similar to sputtering and can be comsidered ss sputtering at sero
ion energy, then it 1s quitc likely that there 1 no defimite threshold.

The Langberg threshold values correspond to the energy at
which sputtering first becomes epprocisble; at lower energies sputtering
may be due to atoms which happen to be very loesely bound to the surface
or mey even be near to sublimeting. The Langberg theory would give
very low threshold values if atems were conaidered for which N=| .
end should be edequate for low ion enevgies, but the chein mechanisms
would be required for o rigorous theory of sputtering.

m‘mmwmtmﬁmﬁw,%m
energy at which the yleld curve changes from equation (7) to equation (9),




The evaporation theory of sputtering wwm(m)’gm)
ves developed by Townss'iT), whese tyestment is given have.

An ion is assumed to deliver its emergyW almost
instantencously to a small hemispherical reglon of radius , + If
the energy is propegated as heat en epproximate solution for the
temperature T at distance r from the centre of the impect region
and time t after the impact is

ct

R N

P (/"
where T, is the temperature  before the collisfon and e, s and c
are respectively the demsity, specifig heat and conductivity of the

The vapour pressure of the cathode meterial was essumed to

P:Qv.p(b‘ ;3_'1:_'
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where k is Boltmmann's comstant and o and b are comstants for the
cathode materdal. The mumber of molecules leaving unit area per
second is

o

)):CQ
M

<

where M is the moleculer mass, Vv the average veloeity of molecules
in the vapour state and (, the fraction which stick to the collecting
surface on impact. Hence

Yy = Ca QXPKBQ %)
AT MkT)?

The sputtering yleld wes obtained by multiplying the maximum
evaporation rate by the time for the tempereture to foll to & value such
that the evaporetion rate is halved, and the area over which the
evaporstion is greater then half maximum, am.&mn,

- ~S§§ ?’/a ka 1’1
Eu rsxio GV - @xp [\) = = }17 : '—] (715)
o T (fsbb"“ Mo A3 X0 g.V(PS\a

where t. is the time vequired for the collision. However with
V = 8eV s this geve S-=-3 , for berium syuttered by argon, which is
ridiculously high, although Townes considered it reasonable.

In order to spply this to sputtering in the glow discharge,
Townes caloulatéd the energy dstribution of the fons hitting the cathode,
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by the following method. Consider a typical lon in an elsetric
field £ , storting from rest and having & mean free path in the gas ) .
After moving in the direction of the fiecld an average dlstance \ , it
will have energy E\ , and will then collide with 2 molsoule of
approximetely the seme mass as the ion. The average energy after the
collision will be LE)\ , most of the momentun being in the direetion
of E , and so the emergy bafore the mext collision &8s EXt4E)
Hence after w collisions the aversge energy is

- n
N=EVv e B e-—ot (5) Ex x 2AEN

ey 2couning £ 18 constant over soveral mesn free paths.
This is an upper ldnit for V since mot ell of the ienic velscity is
in the field divection. By conmsidering varictions in the energy
contributions of only the last two free paths, Townes showed that the
number of ions having energy less than \ was given epproximately by
the expression

dn(v) 5 0 e e (X L
S “P(H*a\)[& LEN : E&Jr*)

where M, is the total number of iona.

The sleotric field £ at distance X f{rom the cathode was

sssumed to be glven by

e 2 e (1)
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where d_ is the length of the dark space and E, is the field at the
cathode., Henee it may be shown that

E T3\
N

vhere ] is the current demdity et the cathode, V, 1s the cathode
fall of potential, § 4s the secondary electron coefficient end k is
the iondc mobilitys

The motdon of sputtered material through the gas was assumed
te coour by a diffusion processs For the case of the cathode and
colleoter of sputtered material being parallel plancs separated by a
distence 4 , the number of ateoms deposited per second on the collsctor

7o IR L

where C, is the fraction of the atoms which, having returned to the
cathode, adhere to it and J 1s the mmber of atoms emitted from the



cathode in unit time (proportiensl to the rate of sputtering |“) es
defined in section l.1) given by

3, = Al N
dn AN

s
where N, is the energy required to relsase one atom from the cathode

o

surface and

ey EX>>\I°) 3
where is the total discharge

The first expression depends mtmlgan the yield fumctiom, and not
the aistribution of ion energlies, and was expected to be less sccurate
mmm,wwmmmwm

function. ammmﬁmmmmmtmwu

= b
3-1(\ L C (‘7“‘ lls)
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where o and b are adjustable comstamts, was applied o Rockwood's
results (see section 2.1) and Fig.7 shows the theoretical line drawn
through the experimental points. It will be noticed that the line
does not really curve quite sufficiently to £it the points adequately.
Ome inconsistency in Townes' paper is the statement that the theory
should be more relisble in 99/ neon - 1ji argon, in which a dlscharge
oonsists essemtially of evgon ions moving in neon gas, tham in pure
argon, where charge transfer makes the ionic mean free path strongly
dependant on lonic veloeity, However the axpression for the energy
distribution function was derived on the assumption of equal atomic and
ioniec mass, although it could of course be adapted for unequal masses.
There ere also & nusber of misprints in the mathematical expressions

The theory 1 too insecurate to justify the use of the
complicated expressions(a), No allowence wes made for the effect of the
angular distribution of the ioms incident on the cathode. There is no
experimental evidence for the derived yleld fumoction equation (26) but
this could be replaced by some other expression, such as equation (7).
mm:munmm’mmummm.m
which EN Vo &

The problem of the diffusion of sputtered msterial through
the ges has been considered theoretically in some detail by Feker and




Ekzaléus(wz), for a eylindrical discharge tube with plane parallel
clectrodes perpendiculay to the axis of the tube end extending to the
wells. They showed that, because the emiassion velocity of the sputtered
atoms is much grester than the equilibriunm veloeity in the gas, the
concentretion of sputtered atoms passes through e mexdlmum in front of

the oecthode, and they confimed that the mejority of the sputtered

atoms @iffuse back to the cathode.




R s

11 CORCLUSION

A muber of dlserepencies exist between the results of various
workers, which have been deseribed. Firstly there is the question cs
to whether or not there is & threshold energy. As more sensitive
methods of detecting sputtering are used so the threshold energles
become Jower. It hes been suggested that there is mo threshold energy,
sputtering simply merging into the background sublimetion at low
energies (seotion 10.2.3). The energies \, end V, in scustions (7)
and (9) indicate where the sputterin: becomes apprecisble but not the
lowest energies for sputtering. Below\, the sputtering is probably
due to the few loosely bound stoms on the target surfece.

Secondly a discrepsncy exists regarding sputtering in
helium, some workora finding nome whereas others observed 1t ot quite
low energics, e.g. Morgulis and Tiuchenio (Fig.d8). The explenstion
is probebly the presence of impurities eemsing sputtering, in many
ocages, but as regerds Horgulis and Tiskherko it may be the use of &

A vigorous theory of sputtering will probebly require the
Silsbee chain mechanisy and Harrison appears to be attempting to
obtain such a theory. However the Langberg or Henschke theories sppear
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to be gquite adeguate at low energles. It is uniikely that an scourate
theory of sputtering in the glow discharge will be obtained since it
must combine a theory of sputtering, a theory of the glow discharge and
a diffusion theory for the sputtered meterial in the gas.
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