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tions from thin films formed by reactions at the target. Because the cclors
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COLOR PRODUCTION FROM ENERCETIC IONS IMPINGING ON METALS
' Kenneth.w. Ehlers .
Lavrence Radiation Laboratory
. University of California -

Berkeley, California

June 25, 196 : - S

It has been obsarved that energetic gaseous ions mark thelr region

of impingement on certain metels in color. Under identical conditions of -

fitic:

&

bombardment, multicharged ions of the some go
different colors. The colors are sensitive to the type and cnergy of the

jon as well as to the mebal bombarded. These colors may recult from reflec-

At

indicate that thicker films ars produced with inereased ion energy, ioun

penetration depth as predicted by theory is compared with the depth indicated

by the colors cbserved.
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COLOR PRODUCTION FRCM EWEz CETIC IOW3 IMPINGING O NE ALQ
Kenneth'W, Ehlers
Lawrence. Radiation Laborgtory
University of Californis =

Berkeley, California

June 25, 1962

During analysis oP the ionic output of exper nentel ion scurcéé
opurated in a mass snfctrame»er arrangement (Fig. 1), it vas obs efve&'that
energetic ions mark metal surfaces in an interesting monner. This &isible
‘indicatiom of.the region Bombarded by the various ion beams is‘ﬁ§t alwmys' 
‘whaﬁlwouldee expectéd from & freshiy shutteraed metél sﬁrface, but is often
-  brilliantly éolofed. Iﬁ thé,regibn of ion energy of this iﬁvestigatioﬁ»~
appfékim&tely 5 thBO'keV-— hbce colors have ranged tﬁroughoﬁt ﬁhevvisible.
épéétrum frcm violst to red. The colox s, which seem extreme ely T OGUVLDlE,
éepena on the type and energy'of the impecting ion s well as the kind of
'ﬁetalvboméarded.

| The‘ion éourca being tested, and sgbsequeatly used for this investi-
gation, was desigﬁed td Gpera%e continuously and to produée teans of tens
':Of milliamperes of multiply charged heavy icus. .The Ceulaéb‘repﬂlling forces':
iﬁ ion beams with suéh high-current density often spread the team, in line
with the megnetic ©leld, far beyona the limits ¢of {he carreno~mczi oring
Fara&ay cup. Tﬁerefpre,* obtain an indzcauion of 'he 1imits of the bean,
I placed an aluninum ﬁ&aﬁe at the 180-&&@ fOCul plane of a mnlﬁlnly caar el
nitroéen'ion beam. I had préviouslv observed that énergetig ions vould marik

the *egfon of their- xmrmngemepu, but the effect n&d never oeen inves tigated



- made by the N ion beam as the extraciicn potentizl was xa

-

as I had assuned that‘tha marks were caused by opubtiering or a bresakup of
adsorted mo1ecale~ on the surface of the metal. Upon removel of the plate

I noﬁed that the ion beams had not.only marked the surface of the aluminu,

_but also that uhe ma*k¢ from caca of the charged obatCo of nitrogen was a

'different color. In Fig. 2, a photagrapﬂ of this original pluue, the lwrges

R R 3 e - ) ' L . A
line to the right (W) is an ollveﬁmown color. The line formed by tnevﬁg
ions is bl e, and the NB is yellow. The faint rackground morkings were

o
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Additional plabes wer exposed to the lon beams and it was determined

+that the effect was nice_y reproducitle. Alﬁh”zyh,tza colors ave quite dlis-

tincU, xt is possible that uhLS effect couvld have gone unnobiced except Tor

the rrescncc cf the multiply charged icng of the same gos which, wder the
same‘cperaﬁing conditions, had resulted in different colored marking For

: each line, nitrogen wes the impacting element; however, as W = nel, the encrgy

W of the more highly chargeﬁ ions is & dircet mﬁlﬁiple of the numéer of times
n each ié'ioniZeé.‘ The B in this case répreccents the extraction potenti al or
positive bias applied to the arc structura.

" To deLcrmlnn vhether the ionic charge veriation was in 1tself a color-

determining naramataf, aluwsinum nlaue were bombaerded at half potential and,

2

. ‘ . . ' + . A
Jin this case, the markings left by ths N2 assuned the came color as B at

' s : . D4 . ’
full pOuential. In Fig. 3 tne colors of marks produced by K change from
ligh% brcwn' blue as the energy inhrﬂaﬂes ;fam 1».8 to 26 keV. IMarkinge
'?rcm D in uurn, cﬁmnée frcm tlue to Je’lor asg th@ eﬂeﬂby is increased from

about 22 o 59 kev,, Thus the indications are that:the resulting color is a



Y

fuﬁcticn of ¢harge oﬁly in that it affects the energy of the isﬁ.

| Althbugh nitro gen iong mark alunminum extremely wnll, they arm Ln;
effective in hsrking coppe:.. With a 10-kV ertracwioa pﬂtﬂnuial end ‘the ion -
source oberafing on air, fhe copper plate'shown,in Fiv. 4 wvas bombarded.

A

Tt can be seen thﬁt the flrst thrue chwrge& states of nitrogen succc@d only

-+ in spu cering-away-the copper guxface. TLG otygcn {ons in tu:n b ve marked

very clearly W¢th colc anging‘from violeﬁ to yellow.

In Mg, 5 a ccmbination of metale was bombarded ﬁ*ta He' ﬁ well o
wi th traces of nitrovcn and oxygen, wwlch vere impurities left within the
source}structure fram a precéding operation. In this case a single aluminws
plate vas placed normal to the magnetic- ficld end %arallcl o the wppor edge

the extracted icn boam. The purrpose of this 31%0&, which defined the ur

edge of the ion beam, was to partially neutralize ﬁhe repeliing forces -of

' ' 1 ' .2 - .
space charge. As capn be seen, under the some opevating conditlcons the

metals mark to varying degrees and in various colors, molybdemum bﬂ¢nr tﬁe

“most Aifficult. to mark with the pases tried. The aluminum neutrolizing plate;

in this case and in others tried, is not murked by the ion beams that grare
its surface.
o

When an lon in the energy region of 5 Lo 50 keV strikes a metal sure

face nosicionea normal to its trajectory, it haz sufficient cnergy to pa L«netr"
)

the lattice of atoms that comprise the targ@t ﬁurface an& lodge within. The

impacting ion neeu only overcome barrier~'of the orﬁer of lO eV to dislodge
a target'atom% fram ts prc;crred location to en int st;tial gite, or to

sputter ayay an atamw locateﬂ near tnc e'ux'xace:.g After a poriod of buﬁbara—-

ment th lautice QOHoiStc of novmal vacancies (yrenkel deiectu) plup ny



“the maximuet radiation demage can oceur.
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dislocabions. caused by the energetic jons. IL 1ﬁ in the Veloelty rcgion of

these ions that the Cross. section for elastic nu“lear colligion neuemea *zrge

and’ dominates the'ionization-cross section, and 31nce the nuclear collision

-

is effective in producing atomic displacement it is in this energy vegion that

«

3
" fThe ¢ pab,li ty exists for the formation of alloys of the target element
and the impinging {on. These alloys can be of the nature of stakle chemical

compounds . (such as the. oxides and nitrides), vh¢cn inthis case must remain

stable in mhe pr° ence of vacuums cf the ordcr of 10 -6 nm Hy, end at target

o

teﬁberatureS'which nay ‘reach several‘hundred degrees centigrade. It may well

g*.)

be for this reason that nitrogen was unable to merk copper (Fig. &),

nitrides of coppar,  should they form, would be extr 2mely wastable in “he
) _ . Lo : . : .

enviromment described. The same is true of the nitrides and oxides of

b .
silver, and when an uncocled silver target was bombarded, it too h wad only

sputiering indications in thi region impacted by oxygen and nitrogen ions.

-

If the implnginc nwrticla were an inert gas ion, en alloy could exist
in ﬁhe form of a solid solution which may or. may noﬁ be -stable. Parring 4if-
fusioﬁ,'howevery all the possible effects and reactions b“tt een the target
and the'incoming parﬁielé-shoulé‘éﬁist in a thin laycr extending in from “hé
surface of the target. Th icknesu of the layer shouid'be_a.function of
the ranéé énergy'of the particular combinetion of energetic lon and target.l
If the thickness of this 1éyer, Including its index of refraétion ig eduiva-
lent to a quarte* of a wave length (Of 0dd multiples of /L) in'ﬁhe visgitle

pucbrnm, the layer may anpcar colored,; as in hevtoq 5 rings. Mpalking this

assumptlon, and including a udity index of refrac*ion, the first set of colored

-
-
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vings (A/4) vou.ld md‘icate a , Pilm thickness rﬁagipg fron IOOOI_X (violet) to
1750, 2 (red) | |

To check *this }.wpo thesis i"c was 'aeccscar;,r to have z"ﬂmc-enh"gy infor-
mgtioﬁ in an é:zer@y region Por vhich there is ve v Little experimental evidence.
on ‘che. theoretical- side , however, the penetmtion into metale of ioms with an
enei‘ey ol 50 keV and less h"s been dj.scu“!:"d Tty K. Q. Rielr;e]n.s Ty ir:éo_ LOY -
ating the theoretical considerations of M. “*onr,6 Nicleen has'amfived at
, expressions for predicting the range energy of louns in metals. ' The *::pre.ssio%s
relé;te to the %wo sittmtioné in ~':fhit:h the target atom- (Ag, P) aither
heavief or lig;h‘cer tfzzazm the impacting atom: (A., » By Y. A% the velocity of
ions in thi's energy region, the Crose soétioﬁ for c}eumn capture 18 gencer-
ally of such magnitude that cimrfge can te peglected, and the incoming particle
ia regeriad &5 a ng.un,ral atom throuchout its »rocess of clowlng dovn. Nielcen'’s
expreselons have been used to caleulste the ponctration depth {ug/cu ).of_ 200e

of ‘the ion-metal combinations that have

l'j'
@
2
"
%l'
e
[0}
o
bzj
e
fhed

ure 6 1‘3 plot of the
ipenetra"cion depth (in angsiroms) for severel combinations in vhich the Ininge
ing ion is heavier then She target atom. The distridution in density of
rarticles trapped at varicus depthec within the wg,ea, as shova in the insert
in Fo €, is t’mt reported Ty Hielsen. The pos‘i.tim. % on the abscisss of
the distribubion curve is the depth ploiuted. | |

_C’ases in vhich the incoﬁing ion is li{;iﬁ;er,t‘ an the target atomt are}
plotted in similor fashion in Fig. 7. . Heve the distr: iTution of priicle
den’sv'ty 1~r’iﬁh penetration depth will be sa .uu aifi'@ren as the’ .u_lu sing
particle. in almost every colli "lon u.:.fe rs a lerge ac;lbctmn, c.nc‘l aj flfusion

effects deminate the clowing-down process. The value of the width ¢f the

v



formed may be either more or less sputiering-resictont than the rarent me

-T- | UCRI~5345 Devised

n Fige Ts

s

digtribution curve at half height (2 1) /2 is the depth pictted

Tt will be noted that in both ceses the penetrotion depth is a linesr funcdion &

of the ions! impacting energy.
With the Gaussian Lype of distribubtions in both cases thers 18 cons
siderable vange straggling, and the penetvetion depths, as plotted in Figs.
2 . 2 &

6 and T, become only a measuve of the range. Thus to pimpolnt.a range ex- .

perinentelly becomes diffigult;a as the indicated range depends upon how

deeply target saturation extends into the taill of the Gauscian. This iIn turn
tecomes & probability function which depends upon the mumber of Lfons required

to saturate the deeper levels of the range, while ag the same time the sur-

face i3 boing removed by sputtering action. In this energy range spubberding

effects in most cases reach a maxbmm. After the target surface has been

ppuctered away for a while, the distrilutions in both cases will probably

eppear quite similar.

I? the impinging ions remain in the target lattice bty feorming a thin

- Pilm alloy, the deusity of the alloy will certeinly be different from that of

the perent metal. ~If the density changes duringvﬁbe bombardment, then the

effective range will change as the target becomes saturated.  The Tormatior

K

of thin target. Pilms will aleo affect the sputbering ratios; as the Filus

It is known,for example, that the oxide Cilm on aluminum is much more resist-

amt to sputtering tThan alumimm 145012,

If the sputbtering ratio {atoums

vemoved per implaging ion) 1s high, it is Aifficuls to see how any thint

filﬁ-can~he produced.

In this short investigetion into the cause of the colored ion marke
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'.mg 85 m.troz,en on aluminum wos the ion-metsl combination. t r’eccwcé the

R

mos{; gtitention. To minimize effects from impurities within the meca.lj 1100—_
series (25) alwinum was 'used throughout. Before insortion i ‘ tue vacwan

) system t‘ne metal received the auanaf.mi dippiz gg or pmcf.ling TYoCess , vhich
ineluaes al ar"\atc,ly d.e.ppmsf in a hot caustic solubicn _:md nitric acid. This

process removes the. procec tive oxide ;il..z pr# or te attacking the metal sur-

‘J':’ace. - A Tresh oxide fil?.m re—fom° alxost :ura“cdz tely, hox-:ever, and therefore

(o]

it x-r@s importanﬁ"iio imow vhether the observed ¢olors were at 2ll related %
the oxide £1lm B deup.r‘se the Ffaet that in all probability 1t was le 35 than
100 A ‘*ﬁ.cl'.s A machanical seraper res consbrueted ‘!:I“’Gh s ope voed through.
'a vecwmm ceal in ocne wall of the vacuus chember, and the cluninum surface was
:‘t'epéa"cec‘ii:{ scf&ped’ wile undergoing bombardment by nitrogen ions. o ﬁ:‘&f’ﬁ‘ef--— :
ences i‘n.color coula'.'!:}@ noted between arcas that m& an oxide ccﬁtiné;' or had
had the oxide coet :mu p”vsica.lly removed. o SR S
- There ’is & miniwm exposure time for & colored mark to form > ahich v
seeﬁis related %o - uhe c:..rrent acnsi y of ulc iod "é*un a8 vel_l as "'o ite ef”w@r .
Regai*dless of enerzy, singly fonized n?tro:;m 2Tk i’irsﬁ, i J’\nva.*t', and so
S one  An approxi mate minimizm exposure time has héen ex};e4;~‘mcaz1tal¢;r &et’emine&
‘o be eoual to the mumber of cbarges reclu:i.x'éd ‘o -aggure one gas ion for cach
metellic atonm ‘t.é the expected penelration dep‘éh. For sd.minﬁr 1"1‘4 results
in o charge of approximately O.l’,ﬁillicoulmb lper cmg/A;A, or the ion source
used the 'e:»:tmcted beam curreat of ‘sl Mly ior ize@ nitrogen was sreater by
about cne order of m_.mi tude than "th.. Tthe tripl;} fonized mu OLCIT. .ﬁ"
terns of gctuﬂl nitragen tcmas this factor hcmes 33.. Altnough he penetra- -
tion diz:-t:e'mce éi" "bh.e Ix’}{' is’ gr@aﬁer;-mc‘mce_& "sm;ca-vcha;‘g ef‘fuci: do not-

spread the beam ovexr such a large arn,a; end thus the iﬁcree.se ia required



.

approzimately 10 minutes ot ez:posr we time, the mork changes to yellow with

B0 1017035646

t
5
1 ]

ul\w"‘g’u + E;Vi Boed
) i % - 3 - 4 > . - -' 5 ~.
exposure time over the time rec;uirﬂa by the 3'3.’ to zaarl«: is scamevhat less then
one crder' of magnil {tude. - AL ho ash a currvent soalysis }n“ F 'rra.:,rs_revealea a
o ay - . ! . l!"';‘ B . » -
small current of N extracted from the ion scurce, a col ed mark fvcea th

ion has nevey appes red d during the varicus exposures, vhich have ranged from

5 minutes to 1 hour. The ninimme-exposure-time opproximation indicates thet

S : 4 ‘
from the owount of N bema present, exposure btlme in excess of 10 hours
would be required bafore “his mark would appear.

:aecausc the currént density of the dap i!k:, jon beam is niot uniforn,

FRY

the nmarlk it malws_on' the métallic um‘«;c’a is nob alwsys unifors in color. in

generdl this is most evid’em a’b the edges of the beam, where the current’

274,

density approaches zero, and the boxders of the mork are often of a dilferent.

color from the area impacted by the tull of the homs. These torder cc,_’,

indicate a. thimner £ilm thickness Ty being of & color more tom;—:d the vieclev

than the principal color of the mark. ;. Y. 'The color of a m“:ci: has alzo
been cbserve to chc.r@c. during the initisd cxposure to the boam. Typlcally,

. ‘ o J+ i ‘ e
the. mark produced by a 30-keV ni‘trogozi ion on almimm ( I‘Ej Tat 10 kV extracs

tion muentlul) s 8- violc% ox- blue when first discoimed; hm:aver, afteyr

a lignt -blue border. .Aﬁﬂi‘tiomx exposure time Tesulls in no sddi’ :‘Lc color
changes; sli:houé:h the area of the mark grows to inelude the lo\ercrn-cw penbe
density wegions of the beam.’

The dete in Fig. 8 have been plotted om the assumption thait the

mr.za‘iuon in colors obsexﬂ:céa is a : sult of 'a variotion in thim-u. bW *131(:1'

ness as indiceted by‘ mflection “*In thic case t = }&/"f vhere © represents

the Pilm thickness in angstrams; i the index of I‘mfmeiO’l ; and A the weve
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len;’ch (in A) of the co" or obmrved. Also, the '"‘thecf:é'ticai -éaz;:,b of energe’ tic
n‘f‘trown fons in a}_tmlntm (.}.2'0331 Fi . 7Y is cmpa-%d wih fhe pe p‘-e‘l;:c‘c‘.tion_&eych
85 ind:?."ca'beé =) *the mer}éin{n; dolora‘ obtadned exps Mnar tally. . | E
Singly ion:t.zad' 1ﬁtrog;en iong in tha exwrb “rerion Lolcv a.wut 12 eV

marl the alw ufnm ace with's browm color. This f:il»so‘ is tyve of the
lecular .LO"L), I*Tg
helf the extraction pcten‘h’i&}.l. The maxkin = color in thils lover crersy »resion

s ira 'uh-c’q The rmlc.t‘i'\: yzrmc"a eneryy is eégual ts onee

is guite consistent, ranzing from vericus shades of brown to near black, and

» S

le G s ve 1 v i int crancae Lhat resulits Trom thi
is a wdmohadm‘uo hoc?csrvcﬁo interfcrence Tthat roesult (o} n
CoPilms W U el ) 3 than | .~ Az the fon cr iy incroases above
:£'”* 4s yho e hicw'~ g is less than A/k 9 ns the fon cne nerodces abo
12 keV the wmarking 1=~ccmc colored, startin s with violelt and pwo f“LSSi}.:jr in
]

crder. (‘e}lm , green, yollow, oranga, m'cm} with increaced ion eneryy.  Owing

to the inabili‘ty ¢f the source structure to hold high extraction potentisls

-

i‘cf wiended pﬁ:iuds of time, ne red rork vos ever chosrved wntil this 4iff
cz,.l'tv WS overcome. The red rarking vas Jmn obteined with ni
a‘bou‘b 50 eV enercy Te:s ot 16.5 &V extraction posential).

© The curves in Fig. 8 are ﬁu"’ficié'xt}.y simllar o guggect that the

colorad indications obtained sxparimontally are truly indicaters of roxnge

energy. Since it would e difficult to ascicn an index of refzaction Lo the

2 % W W - . . : . 2 B R TP NNy S J 53 e 62 e
thin-Tilm wedl m, a unity index of refrascticn 4o assimed in Fig. ©. Should
the effective refractive infex ‘ty greever then wlty, the penstration as

indicated by color would be less. © Thls would btring the two curves closer

together; however, 1% wor'ic? ehange the slopz of the experinsnta _lg ontain )

curve. That the expes rTimentully obtoined dato de not sypear Lo retura tO 2810

. 5, gt &l

PRI e e s Ales Bemenrpde o .
iz iaterssting, and may acw:i‘,l;y suggzest that the target 'Gt}l’lﬂ.x.wf deoTonses
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o+ -Other lon-om-metal combinstions with !-kl,f/.f:,:,‘J <1, such as mr;,rgcn'ozi.

-coppér,f chroaiwa, and aluninum, end nitrogen on mognesium, p“céuc Yl ;-J.:.h.:.‘ AT

il

chaz"m*er _Sﬁiéﬁ. - Reproducibl & results with a:itfﬂc:géri on mgnfssiim vere Gife
V'ficz;l's to gobﬁaia s eppavently becatses of Lne hirh vapor prossure of’ m,.,(;zm siwm ,‘
which tends to evaporate xmar'e}x:\of:e&to moderate ancunts of tx "“2‘: POWEY

Jitrogen on beryllium, @ f ccabination wii ;,», AL,»’&E >3, was taric—:_c’; 5 nd
it proved very in‘i: rasting. | As 'the deneity of borylliuwm 1o swall {(1.82- |

3 . . Y o 9
gfce}, energetic nitrogen ilons can penetrate to greoter depihs (Fige 6).

-

Figzz're'é) éhowé the viﬂryllimn u’*ar wounted on an aluminm plate. Cloze ohoer-
votion of the marks made Yy nitroren icns with e e;«rrjaz in excess of apyronie
v'ﬁ“a'tew'ﬁb'liev roveals that the edges are rx;:o'*ﬁi of 2 JUll spechrum of colors.
The bdmcr eolors of the merk made by fg ¥ ot 26 weV in P ig. O chonse dn verny
narrew tands -'*m‘n yu.?lf‘*f throush red, aml beck ilnto the violot. Thus to 50T

the pe:s e;’a:c'ation depth showm in Flg. 10 the colors wore vecomnized in ordesr

K

through the first set of colored texdz (V) aad on imto the next set of

colored bonds (3?\/ by, The ctual color of the mein area of

di 1"iculd t0 define and of no usz in attonpbing Yo determine the film thicke
negs. A considerably longer exposure tisme {appromimately 1 howr) was neeled

to fully develop the morks made &b higher energy, end as visual coboervabion

.

of the ‘t:z::crvcai: wr,.:zg bombardnmeant weo not adequote 1t is nob ]mom for certain

b

that 4

[y

« 3 \ 7 -y, A e 2 o © T L B ey o 5 T S, R
he marks were fully developed. Once ageln, however, the penetralbicsd

(4
g
H
G
ja¥]
for
[¢]
C—‘L
B
s
&

deo’ch as indicoted by color {Fig. 10) wos in excess of thab
theory

Sh L A manber of metal targets have been bombarded with helium, since with

o

A A -~ e pmeny & . - e Lt n e e e g i\ anan 1 O A o) -
- this inert gas 1t is not very nﬂo atle that frve chamical combinaticns of the

gas with the target would occur.. As noted ia Fig, S heliwm does mark the
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metale to varying degrees. Perhsps the oot inleorxes 11, csmm‘t»i:aa im s au:{ the

' y at - - 4 9 5 "
Coonly one thus '4&1 Investigated to oany decreey is He' con copper. Vhen first

w LW ? o ) . v b
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This report was prepared as an account of Government -
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, comp]eteness,
or usefulness of the information contained 'in this
report, or that the use of any information, appa-
‘ratus, method, or process disclosed in this report
may not 1nfr1nge prlvate]y owned rights; or

‘B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any 1nfor-_.
‘mation, apparatus, method, or process dlsc]osed in
this report.‘ ' '

- As used in the above, "person acting on behalf of the

* Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such c¢ontractor prepares, disseminates, or provides adccess
to, any information pursuant to his employment or contract

- with the Commission, or his employment with such contractors.
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